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(Crystal designs and functional properties of metal-organic frameworks)

Abstract

The field of metal-organic frameworks has been extensively investigated over the
past few decades with a focus on functional material research and crystal engineering.
One of the challenges in this field is to forecast the crystal structure from the building
units. This research discusses the crystal structures and functional properties toward
catalysis, spin-crossover, and the structural dynamic behaviors in a novel series of metal-
organic frameworks and metal-supramolecular frameworks containing various
carboxylates and N-donor organic ligands. In the first system, carboxylato zinc(Il) metal-
organic frameworks with 1,2-bis(4-pyridyl)ethane exhibit diverse structural frameworks
and act as active heterogeneous catalysts for the high-yield cyanosilylation reactions and
show highly size-selective properties for the substrate benzaldehyde. Next, the study of
the magnetic properties of new spin-crossover iron(ll) complexes with 2,2'-
dipyridylamino/s-triazine-based ligands and triply-bridged dinuclear copper(ll)
complexes are reported. Interestingly, the spin-crossover properties of these complexes
present distinct behaviors which are both ligand- and anion-dependent. The investigation
carried out clearly shows the importance of supramolecular contacts in the cooperativity
of the spin-transition process. Finally, a variety of novel cobalt(Il) coordination polymers
and supramolecular frameworks reveal solvent-induced reversible structural dynamic
behaviors with chromotropism.

Keywords: crystal engineering, metal-organic framework, heterogeneous catalyst, spin-

crossover, structural dynamic behaviors, magnetic properties
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Executive Summary

Metal-organic frameworks (MOFs) also known as coordination polymers, are
crystalline compounds consisting of infinite lattices built up of the inorganic secondary
building unit (metal ions or clusters) and organic linkers, connected by coordination
bonds of moderate strength. Distinct from traditional inorganic materials, MOFs can be
synthesized from well-defined molecular building blocks thanks to both the reliability of
molecular synthesis and the hierarchical organization via crystal engineering. Crystal
engineering may be regarded as the rational design and building of crystal structures from
well-chosen constituent molecules. Although great progress has been achieved through
several decades of intense investigation in this area of chemistry, there is still no general
approach to predict precisely the arrangement of molecules in crystalline lattices. The
obvious reason for this situation is the potential involvement of numerous factors during
the crystallization process in addition to the specific nature of the molecular building
blocks. Accordingly, external factors such as solvent, temperature, pH, pressure, super-
saturation or the presence of impurities may play a crucial role in crystallization. The
crystal engineering of MOFs has drawn great interest from the scientific community in
the last 15 years. This enthusiasm for MOFs is due to their high structural versatility,
porosity and their broad variety of properties, functions and potential applications, such
as gas adsorption and storage, magnetism, luminescence, catalysis and ion exchange.

In this research, a novel series of transition metal complex-assemblies in
inorganic-organic hybrid materials including MOFs and metal-supramolecular
frameworks containing carboxylates and N-donor organic linkers have been synthesized
by various techniques, and then spectroscopically and crystallographically characterized.
Their functional properties i.e. catalysis, spin-crossover, and the structural dynamics will
be studied. An emphasis is therefore given to the analyses of the crystal structures and
functional properties of many product systems. Thus, this research can be separated into
three parts:

Part | addresses the syntheses, structural characterization and catalytic properties
of carboxylato metal-organic frameworks containing 1,2-bis(4-pyridyl)ethene. Two new
MOFs, {[Zn(dpe)(u-OOCCHz3)2](H20)}n(1) and {[Znz(dpe)s(u-OOCC:Hs)4](dpe)-
(ClO4)2}n(2) (dpe = 1,2-bis(4-pyridyl)ethene), have been prepared and investigated. Their
structures were determined by X-ray crystallography. The different structures of both
compounds indicate that the different steric constraints for a methyl group (acetato,
compound 1) and an ethyl group (propionato, compound 2), as well as the counterion
effects (ClO4~ for 2), play an important role in the formation and structure of these
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coordination polymers. The 1D (1) and 2D (2) networks exhibit voids that contain guest
water molecules for 1 and perchlorate/dpe for 2. Interestingly, both Zn(11) compounds act
as active heterogeneous catalysts for the high-yield cyanosilylation of acetaldehyde in
dichloromethane and show highly size-selective properties for the substrate
benzaldehyde. The metal sites in each compound have been studied in some more detail
by using doped species with Mn(Il) and Cu(ll) and the EPR properties.

Part Il deals with the study of the magnetic properties of new spin-crossover
(SCO) iron(I) complexes and triply-bridged dinuclear copper(ll) complexes. In the first
instance, the investigation of the SCO properties of a series of six new iron(ll) complexes
of formula trans-[Fe(L)], where L = 2,2’-dipyridylamino/s-triazine-based ligands and X =
S or Se, is reported. The SCO properties were investigated by means of single-crystal X-
ray diffraction studies, magnetic susceptibility measurements, photomagnetic (LIESST)
studies and differential-scanning calorimetry (DSC) experiments. Interestingly, the SCO
properties of these iron(1l) compounds present distinct behaviors which are both ligand-
and anion-dependent. Secondly, new triply-bridged dinuclear copper(ll) compounds are
described, for which the magnetic properties have been examined, both experimentally
and theoretically. These complementary studies have allowed to assess magneto-
structural correlations, and to develop a computational procedure to predict accurately the
magnetic coupling constant, J, for such molecules. All copper complexes have been
characterized spectroscopically and structurally. Their magnetic properties have been
investigated by means of magnetic susceptibility measurements and theoretical
calculations, applying state of the art density functional theory (DFT) methods, where the
effect of the type of functionals and of the basis sets used to represent the electron density
has been explored.

Part 111 addresses the syntheses, structural characterization of cobalt(ll)-
supramolecular networks and their functional properties toward dynamic structural
transformation with chromotropism, which are separated into four systems including
solvent-induced reversible crystal-to-amorphous transformation properties of cobalt(l1) 4-
aminomethylpyridine-sulfate with chromotropism, flexible metal-supramolecular
framework of 2D cobalt(Il) coordination polymer with 3,5-pyridinedicarboxylate, next,
water-induced reversible crystal-to-amorphous structural transformation of [Co2(2,4-
pydc)2(bpa)(H20)6](H20)2, and water-induced structural dynamics of cobalt(Il)
coordination and supramolecular frameworks containing benzene-1,2,4,5-tetracarboxylic
acid and trans-1-(2-pyridyl)-2-(4-pyridyl)ethylene. All results verify that the solvent
molecules play a key role by acting as an essential support to the structure of the host
framework and it is important for expanding the field of crystal engineering by
controlling the weak interaction of MOFs.

The research outcome includes 18 international publication papers.
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PART I
CARBOXYLATO METAL-ORGANIC FRAMEWORKS CONTAINING 1,2-
BIS(4-PYRIDYL)ETHENE: TOPOLOGY AND CATALYTIC PROPERTIES

Introduction

The design and construction of coordination polymers, often called metal organic
frameworks, have attracted great attention owing to their interesting topologies, their potential
applications in catalysis, gas storage, molecular recognition, and their magnetic, electrical, and
non-linear optical properties [1-10]. Generally, the preparation of such materials can be
influenced by many factors, such as the nature of organic ligands, the coordination preference of
central metal ion, the crystallization conditions, the metal/ligand ratio, and the reaction solvent
system, etc. [11-16]. Numerous examples of metal organic frameworks were constructed making
use of hydrogen bonding, z—z contacts, and/or other weak and non-covalent interactions [17 - 18].
In the vast amount of the reported work, a variety of 1D, 2D, and 3D metal organic frameworks
have been successfully obtained via the use of coordinating functional groups, such as
carboxylates, 4,4’-bpy-based ligands, and mixtures of both carboxylate and 4,4’-bpy ligands [19-
22]. In coordination networks in general the 4,4’-bpy ligands may act in a bidentate bridging, or
monodentate terminal modes, resulting in 1D linear, zigzag, ladder, molecular antenna railroads
and chains, 2D bilayer, square and rectangular grid networks, or 3D non-interpenetrated and
interpenetrated networks.

Therefore, the diversity and topologies on the molecular architecture have now been
further extended by using a more flexible organic linker, i.e. 1,2-bis(4-pyridyl)ethene (dpe)
(Scheme 1), during the synthesis of the coordination assembly and related to recent literature [23-
27].

In the present study, the semi-flexible ligand dpe (see Scheme 1), the effect of the steric
hindrance of different carboxylato ligands (acetato and propionato ligands) and the influence of
the nature of the anion used, on the solid-state structure of the corresponding coordination
materials have been investigated. Thus, multicomponent polymeric networks have been
synthesized from zinc(ll) ions, dpe and a carboxylato ligand. It appears that their single-crystal X-
ray structures reveal a significant influence of a methyl (acetate) and an ethyl (propionate) group
on the assembly of the coordination framework, as well as the effect of counteranion on the
observed coordination topology. The compounds {[Zn(dpe)(u-OOCCHs).](H20)}. (1) and
{[Zns(dpe)a(u-O0CC;Hs)4](dpe)(ClO4) 3 (2) have been synthesized and characterized using
XRD and EPR of their doped Mn(ll) and Cu(ll) derivatives. The thermal stability and catalytic
properties of both compounds in the cyanosilylation of aldehydes have been investigated.
Furthermore, the potential use in cation-exchange for compound 2 has been explored.

7\ N\ 7\
"M N
4,4'-bpy dpe  \

Scheme 1.1 The conformations of rigid ligand 4,4'-bpy and semi-flexible ligand dpe.

Experimental
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Synthesis

1. Synthesis of {[Zn(dpe)(u-OOCCHs3),](H20)}x (1)

An aqueous solution (15 mL) of Zn(NOs)2-6H.0 (0.306 g, 1.0 mmol) was added to a
solution of dpe (0.182 g, 1.0 mmol) in ethanol (10 mL). Next, an aqueous solution (20 mL) of
NaO,CCHjs (0.138 g, 2.0 mmol) was added under continuous stirring. This solution was allowed
to stand unperturbed for the slow evaporation of the solvent at room temperature, producing
colorless needle crystals of 1 after a few days. Yield ca. 69%. Elemental Anal. Calc. for
CisH1sN20sZn (383.71): C, 50.08; H, 4.73; N, 7.30. Found: C, 50.09; H, 4.84; N, 7.59%. IR
(cm™): va(COO0) 1575, v(COO) 1416, 5(0O-C-0) 644.

2. Synthesis of {[Zns(dpe)a(u-OOCC:Hs).](dpe)(ClO4)2}n (2)

An aqueous solution (10 mL) of Zn(NOz3)2:6H20 (0.313 g, 1.0 mmol) was added to a
solution of dpe (0.182 g, 1.0 mmol) in ethanol (10 mL). Subsequently, an aqueous solution
(10 mL) of NaCOOCH:CH;(0.201g, 2.0 mmol) was added, followed by KCI0O4(0.152 g,
1.0 mmol) under continuous stirring. Next, a few drops of 98% CH3;CH,COOH were added,
yielding a clear colorless solution, which was allowed to stand unperturbed for the slow
evaporation of the solvent at room temperature. Colorless crystals of 2 were collected from the
solution by filtration after several days. Yield ca. 70%. Elemental Anal.Calc. for
C72H70Cl2N10016Zn3 (1598.46): C, 54.10; H, 4.41; N, 8.76. Found: C, 53.72; H, 4.74; N, 9.07%.
IR (cm™): v4(COO0) 1569, vs(CO0) 1417, 6(O-C-0) 643, v(ClO,) 1104-1045.

3. Synthesis of {[Zns(dpe)s(u-OOCC;Hs)4](dpe)(ClO4)2}n (2) doped with Cu?* (2a) and Mn?* (2b)

An aqueous solution (10 mL) of Zn(NOz3)2:6H20 (0.313 g, 1.0 mmol) was added to a
solution of dpe (0.184 g, 1.0 mmol) in ethanol (10 mL). Subsequently, an aqueous solution
(10 mL) of NaCOOCH,CHs; (0.201g, 2.0 mmol) was added, followed by KCIO4(0.152 g,
1.0 mmol) and 0.003g (0.002 mmol) of Cu(NOs)2-3H.0 (or 0.003g Mn(NO3).-4H,0
(0.002 mmol)) under continuous stirring. Next, a few drops of CH;CH,COOH 98% were added,
yielding a clear colorless solution, which was allowed to stand unperturbed for the slow
evaporation of the solvent at room temperature. After several days, colorless crystals of 2a (or 2b)
were obtained. The crystals were filtered, washed with the mother liquor and dried in air. Yield
ca. 66% (ca. 58% for 2b). The IR spectra of 2a and 2b are similar to that of 2.

Crystal structure determination

The X-ray single-crystal data for compounds 1 and 2 were collected at 293(2) Kona 1 K
Bruker SMART CCD area detector diffractometer using graphite monochromated Mo Ko radiation
(A =0.71073 A) at a detector distance of 4.5 cm and swing angle of —35°. A hemisphere of the
reciprocal space was covered by combination of three sets of exposures; each set had a
different ¢ angle (0°, 88°, and 180°) and each exposure of 40 s covered 0.3° in w. Data reduction
and cell refinements were performed using the program SAINT[28]. An empirical absorption
correction by using the SADABS[29] program was applied, which resulted in transmission
coefficients ranging from 0.642 to 0.823 and 0.600 to 0.680 for compounds 1 and 2, respectively.
The structures were solved by direct methods and refined by full matrix least-squares method on
(Fobs)? with anisotropic thermal parameters for all non-hydrogen atoms using the SHELXTL-PC V
6.12 software package [30]. The H atoms were introduced at calculated positions and refined with
a fixed geometry with respect to their carrier atoms. One water oxygen atom of 1 and the
perchlorate groups of 2 were found disordered and were refined with site occupancies of 0.5.
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Catalytic reactions

A typical cyanosilylation reaction was performed as follows: 40 mg (0.006 mmol,
0.2 mmol of Zn) of MOF catalyst was suspended in 5 mL of dry dichloromethane (CH:Cl,) or
tetrahydrofuran (THF), followed by the addition of the aldehyde (1.5 mmol) and trimethylsilyl
cyanide (3 mmol). The reaction mixtures were stirred at room temperature under argon. The
reaction conversions as a function of time were determined by gas chromatography (GC) analysis.

Results and discussion
Synthesis and structure

Crystalline materials were obtained for both compounds prepared from zinc(ll) ions, dpe
and carboxylato ligands in ethanol-H>O solvent mixtures. Other solvent combinations were used,
i.e. methanol-H,O and acetone—HO, but the solvent pair ethanol-H.O gave the best results in
terms of yield and quality of crystals. Moreover, other counter anions (i.e. PFs, BFs and
CF3S0O37) were examined. Unfortunately, the quality of these crystals was not good enough for
single-crystal X-ray analysis. Compounds 1 and 2exhibit different topologies, induced by the
different carboxylate ligands used, as well as the counteranion effects (ClIO4 for 2), play an
important role in the formation and structure of these coordination polymers.

The combination Zn(l1)/dpe/acetate generates a 1D zig—zag polymeric chain of lresulting
from the secondary building units with tetrahedral geometry (Fig. 2(A)). The complete
replacement of acetate by propionate for the case of the CIO4~ ion results in the formation of a 2D
network (compound 2; Fig. 5). This simple framework is built from trinuclear propionato-bridged
units that are linked to two adjacent ones, to form a triple-stranded chain.

Crystal structure of {[Zn(dpe)(n-OOCCHs3):](H20)} (1)

The 1D molecular structure of compound 1 exhibits only one type of zinc(ll) ion, with a
tetrahedral N>O; coordination environment (Fig. 1). Each Zn(ll) ion lies on an inversion centre
and is surrounded by two oxygen atoms belonging to two acetato ligands and two nitrogen atoms
occupying by two pyridine N-donors from two different (bridging) dpe moieties. Two acetato
ligands [O1 and Ola] act as a monodentate terminal ligands. The Zn—-O and Zn—N bond distances
can be considered as normal for this type of ZnN.Ocoordination environment [31]. The distance
Zn-02 of 2.982(1) A is too long to be considered as coordination.

The metal organic framework is formed from mononuclear units which are connected
through two dpe ligands to the other Zn(ll) ions, generating 1D zig—zag infinite chains (Fig. 2A).
These chains show z— interactions along dpe units (with centroid-to-centroid distances ranging
from 3.711(1) to 4.704(1) A) and are connected to each other producing the closely packed 2D
layers (Fig. 2B). Each layer is linked to one layer above and to one layer below through hydrogen
bonded lattice water molecules forming “ABAB..” layers (Fig. 2C), and the corresponding
schematic mode, illustrated top layer and bottom layer by blue and green, respectively (Fig. 2D).
The corners of these layers, made up by the Zn(OOCHs3), groups, are surrounded by the
disordered water molecules and all of these are connected to the acetato ligands in corners via
relatively strong O-H---H hydrogen bonding interactions (O5a---02=2.690(1) A and
05b---02 = 2.865(1) A). Through these hydrogen bonds the zig-zag layers are connected with
each other via the guest water molecules (O5) to form a 3D supramolecular network with an
empty cavity (Fig. 3).
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Fig. 1. Representation of part of the molecular structure of 1 showing the atom labeling scheme
for the zinc(ll) ion. The H atoms are not shown for clarity. Symmetry operations: (a) 1 —x, Y,
05-z

Fig. 2. (A) 1D zig-zag infinite chain of 1, (B) the z—= interactions along dpe units form 2D layers,
(C) and (D) each layer is stacked atop of each other to form a square grid structure in the top view
and the corresponding schematic mode.
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Fig. 3. 3D packing structure of 1 projected on the bc plane, and illustrating the intermolecular
hydrogen bonding by the dotted lines.

Crystal structure of {[Zns(dpe)s(u-OOCC;Hs)4](dpe)(ClO4)2}n (2)

The influence of counteranion and steric effect on the molecular architecture has been
investigated by using a propionato ligand during the synthesis of the coordination assembly from
reaction of the Zn(NOs),-6H.0, dpe and propionato ligand in an EtOH/H,O mixture with an
incorporated ClO4 anion during synthesis procedure. Indeed, the solid-state structure of
compound {[Znz(dpe)a(u-OOCC;Hs)4](dpe)(ClO4)23n (2), bearing ethyl groups, shows significant
differences compared to that of 1 (holding methyl groups).

The 2D molecular structure of compound 2 exhibits two different types of zinc(ll) ions
with octahedral-based N3Os (Zn1) and N2Os4 (Zn2) geometries (Fig. 4). Znl is characterized by a
strongly distorted octahedral coordination environment, owing to the small bite angle of the p-
0,0’,0’ bridging mode of one of the two propionato ligands (the angle O3-Zn1-04 is only
59.4(2) A). The basal plane is constituted of three oxygen atoms belonging to two propionato
ligands (02, O3 and 04) and one dpe ligand (N3). The octahedron is completed by two dpe
nitrogen atoms (N1 and N2), at the axial positions, linking Znl to two symmetry-related Znla
ions, generating a polymeric chain exhibiting the sequence {Znl, Znla, Znl, Znla,...}
along c axis ( Fig. 5). The Zn-0O and Zn-N bond distances are in normal ranges for this type of
coordination moiety [32].

Zn2 lies on an inversion centre. The coordination environment around the Zn2 ion is an
almost undistorted octahedron, since the basal angles, varying from 88.7(2)° to 91.3(2)°, are close
to the ideal value of 90°. At the basal plane, Zn2 is coordinated by four oxygen atoms (O1, O3,
Ola and 0O3a) from different propionato ligands. The axial positions are occupied by nitrogen
atoms N4 and N4a, belonging to two dpe ligands (located on an inversion centre) at common
distances. Zn2 is bridged to two symmetry-related Znl ions via two p-O,0'- and two p-0,0',0'-
propionato ligands, generating a linear trinuclear [Znla, Zn2, Zn1] cluster (Fig. 5).

The trinuclear [Znla, Zn2, Zn1] clusters are connected to each other, in a head-to-tail
fashion, through the coordination of the zinc(ll) ions by dpe ligands, producing a 1D chain
exhibiting the sequence {Zn2, Zn2, Zn2,...} for the central metal ion and {Znl, Znla, Znl,
Znla,...} for the external zinc(Il) ions. This arrangement gives rise to triple-stranded chains,
illustrated by the blue, green and yellow dpe ligands in Fig. 5. These coordination polymeric
chains are compared to those observed for compound 1 (see Fig. 2 and Fig. 5). In contrast to the
methyl groups in 1, the ethyl groups of the propionato ligands in 2 do not allow a close packing of
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the zig-zag polymeric chains, as the result of steric constraints (Fig. 6). This spatial organization
allows the coordination of dpe ligands at the two external positions of the trizinc moieties (red-
colored dpe ligands coordinated to Znl and Znla along a axis; Fig. 5), connecting the triple-
stranded chains to each other to form a 2D network. Consequently, each layer in 2 exhibits two
distinct types of channels, narrow channels (3.820 x 13.719 A?) within the triple-stranded chains
and larger channels (13.578 x 13.719 A?) between the triple-stranded chains are found (see Fig.
7). Indeed, the shorter interlayer Zn---Zn separation distance is 7.054(3) A for compound 2, while
that of 1 is 9.401(3) A.

The herringbone-type architecture exhibits large cavities that can accommodate bulky
guest molecules, namely non-coordinated dpe ligands and disordered perchlorate anions (Fig. 7)
which are hydrogen-bonded to each other (O(CIO.)---H-C = 2.527(6)-2.671(6) A. In addition,
these guest molecules do significantly interact with the metal organic framework. The non-
coordinated dpe ligands are hydrogen bonded to pyridine rings of dpe ligands to adjacent layer
(N5---H-C = 3.471(6)-3.662(6) A) and the disordered perchlorate anions are also hydrogen
bonded to the pyridine rings of the dpe ligands to adjacent layer (O5B---H-C = 2.459(6)-
2527(6) A, OBA---H-C =2.362(6)-2.617(6) A, 06B---H-C = 2.598(6)-2.612(6) A, and
08B---H-C = 2.558(6)-2.675(6) A). This intricate network of supramolecular bonds produces a
three-dimensional structure.

Fig. 4. Representation of the molecular structure of 2 showing the atom labeling scheme for the
zinc(l1) ions. The perchlorate anions, the lattice dpe molecules and the H atoms are not shown for
clarity. Symmetry operations: (a) —x, 2 -y, 1 -z

- OaWa s e el

Fig. 5. 2D coordination network in 2. The dpe ligands involved in the formation of trinuclear
zinc(11) units are shown in blue, green and yellow-orange and those connecting the 1D triple-
stranded chains are shown in red.
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Fig. 6. lllustrations of the steric hindrance due to the acetato methyl groups (shown in the space-
filling mode) in 1(A) and propionato ethyl groups in 2 (B), which prevents close contacts between
the 1D zig-zag chains.

..
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c

Fig. 7. Representation of the 2D network of compound 2, illustrating the large cavities which
contain non-coordinated dpe ligands and disordered perchlorate anions (space-filling mode).

Effect of the couteranion and carboxylato ligand on the topologies of compounds land 2

Single crystal X-ray analyses revealed that compounds 1 and 2 have different structural
topologies. The use of slightly different carboxylato, namely the acetato and propionato moieties
as secondary co-ligands of [Zn(ll)/dpe] coordination units, applying the similar reaction
conditions, but with additional CIO4 ions for 2, indeed leads to the formation of drastically
distinct networks (Scheme 2). The combination of Zn(Il) ions, dpe ligands and acetato co-ligands
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in 1 generates a 1D zig-zag polymeric chain (Scheme 2A) resulting from the assembly of
mononuclear chain secondary building units with tetrahedral geometry. The sole replacement of
acetate by propionate without additional CIO4 ion, did not result in a crystalline product. Hence
the KCIOswas added to the reaction during synthesis procedure, and these results in the
formation of 2D network (Scheme 2B) confirming that CIO4™ anions influence in the formation of
the framework. This simple framework is built from trinuclear propionato-bridged units that are
linked to two adjacent ones, to form a triple-stranded chain. These triple-stranded chains are
connected to each other via dpe ligands (vertical red lines in Scheme 2B). This indicates that not
only the steric hindrance between acetate and propionate ligands but also the nature of the counter
ion is one of the factors that can affect the overall structure of coordination networks [33].
Therefore, the combination of effects between steric hindrance of carboxylate ligands and anions
play an important role in the construction of metal organic frameworks.

\A/\/ \/ : Zn(ll) B:I;

-4

5 (N 1
T

/ / CH,CO00" 4 CHCO0"
\\Q/%/ O~ 313
1 (1D) 2 (2D)

® = Zn(ll) ion == = propionato ligand - = 1,2-bis(4-pyridyl)ethene (dpe)

Scheme 2. Coordination networks of mononuclear 1D zig—zag chain of compound 1 and
trinuclear 2D layers of compound 2.

Thermogravimetric analysis

The thermal analysis of 1 (Fig. 8A) exhibits a two-stage decomposition of the material. A
first weight loss of 4.49% is observed in the temperature range 52-95 °C, which corresponds to
the release of one lattice water molecule (calculated 4.69%). The structure is stable up to about
230 °C, when it starts to decomposes gradually to produce a white residue of ZnO at ca. 300 °C.
The thermogravimetric analysis of compound 2 (Fig. 8B) shows a first weight loss in the
temperature range 100-300 °C, characterizing the loss of guest dpe ligand and two propionate
ligands (experimental value, 21.09%; calculated, 20.54%). In the temperature range 300—400 °C,
the decomposition of the coordination material is observed. As for compound 1, a white residue
(ZnO) of 2 is obtained when the sample is heated to 400 °C.
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Fig. 8. Thermogravimetric analysis of compounds 1(A) and 2(B).

Zn(I1) compounds doped with Cu(l1) and Mn(l1)

To learn more on the details of the coordination site, the influence of the nature of the
doping metal ion, namely Cu(ll) and Mn(ll), has been investigated by EPR. This study illustrates
the flexibility of the coordination geometry of Cu(ll) compared to Mn(ll). Such investigations are
of great interest in the context of potential cation-exchange properties of metal organic
frameworks with structure retention. All doped compounds have been characterized by IR
spectroscopy and EPR at room temperature and 70 K (see Fig. 9 and Fig. 10). The IR spectra of
the doped compounds are similar to that of the original Zn(1l) compound, thus indicating that the
structure and therefore the environment around the zinc(lI1) centers are essentially not altered.

The polycrystalline EPR spectrum of the trinuclear secondary building units of Zn(ll)
compound 2 doped with Cu(Il) shows signals revealing the presence of only one type of Cu(ll)
species which is characterized by a four-lines hyperfine pattern with g, =2.314;
(with Ay =124, Fig. 9A) g, =2.080; this would be in agreement with a distorted-octahedral
geometry [34]. No super-hyperfine splitting is resolved. These EPR data are could be indicative of
the occurrence of only one predominant site for the Zn(Il) ions in 2, which has been replaced by
Cu(Il) ions. In fact only a small fraction of Zn ions in site | species are replaced by Cu or Mn, so
in a very small amount (by far not every Zn in site | is replaced. In the molecular structure
of 2 two distinct coordination geometries for the zinc(Il) ions are present, i.e. a highly distorted
octahedron (site I) and a rather perfect octahedron (site Il in Fig. 9B) [35]. The simple EPR, i.e.
one species, could suggest that the EPR spectrum of the Cu(ll) ion is due to only one site, and
hardly any in the other site. So it could be that the EPR parameters are due to the outer two ions,
as a central Cu(Il) would have a different EPR (compressed octahedron). However, given the low
resolution no firm conclusion about a single species is allowed. Similarly, the doping with Mn(11)
ions leads to a heteronuclear compound, whose EPR spectrum shows only a simple spectrum with
one set of six lines, characterizing a Mn(ll) species (Fig. 10A). These data would suggest that
only one from the two potential coordination sites has experienced cation exchange. Probably the
Mn(11) ions are occupying only site 1l (Fig. 10B), since Mn(ll) has the tendency to form rather
regular octahedral complexes.
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Fig. 9. (A) Polycrystalline EPR spectrum of 2 doped with Cu(ll), recorded at 70 K and (B)
Trinuclear Zn(11) units of 2 where zinc(l1) ions (pink) have been replaced by Cu(ll) ions (green)
in only one site I.
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Fig. 10. (A) Polycrystalline EPR spectrum of 2 doped with Mn(ll), recorded at 70 K and (B)
Trinuclear Zn(11) unit of 2, where only the central Zn(I1) sites have been replaced by Mn(ll) ions
(orange).

Catalytic properties

Both MOFs 1 and 2 have been tested as heterogeneous catalysts for the cyanosilylation of
acetaldehyde and benzaldehyde. Thus, the selectivity and activity of the 1D (1) and 2D (2)
coordination polymers have been examined. Typically, the powdered catalyst is suspended in
CH.Cl; or THF. The aldehydic substrate and trimethylsilyl cyanide (1:2 molar ratio) are
subsequently added at room temperature and the reaction is carried out for 24 h (Scheme 3) [36].
The course of the reactions has been monitored by gas chromatography.
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Blank reactions have been performed by carrying the cyanosilylation of acetaldehyde and
benzaldehyde without solid catalyst, at 25 °C. These test reactions give only conversions of 18%
for acetaldehyde and 10% for benzaldehyde, after a reaction time of 24 h. When solid 1 is used as
catalyst, a conversion of 74% (and even 82% when using 2) of acetaldehyde is reached after 24 h
reaction time in CH.Cl, (Table 1 and Fig. 11). This high conversion suggests first of all that both
catalysts act as a efficient catalyst for this reaction, and that both acetaldehyde and trimethylsilyl
cyanide can diffuse through the pores to attain the Lewis metallic sites, to generate 2-
(methylsiloxy)propionitrile with a yield of 74% (1) and 82% (2).

O MOF N'C;.\l() CN
| SV IRl N ———
Solvent
R i

R H

R=CHs, phenyl
Scheme 3. Cyanosilylation reaction.

When benzaldehyde, a sterically more demanding substrate, is used under similar reaction
conditions, a conversion of only 14% is observed (18% for 2; Table 1). This significantly lower
reactivity, hardly better than the blank, suggests that the dimension of the channels of the porous
coordination polymer plays an important role and leads to size selectivity.

Next, the influence of another organic solvent, namely THF, on the conversion of
acetaldenyde has been examined for each MOF catalyst. For instance, in THF,
compound 1 promotes the conversion of only 57% acetaldehyde (59% for 2; Table 1). So, the
reaction is less efficient in THF, which may be explained by a competitive binding of the
substrate and the solvent to the metal site. This competitive binding obviously does not occur with
CHCl; as the solvent.

For instance, the reactions performed of 2 are more efficient than for 1 (Table 1). These
disparities regarding the distinct catalytic activities in CH2Cl, and THF may be explained by
structural features characterizing both compounds. As mentioned above, the crystal packing of the
2D framework of 2 generates huge cavities filled with perchlorate anions and non-coordinated
1,2-bis(4-pyridyl)ethene (dpe) molecules. Most likely, both solvents are capable of displacing the
dpe guest molecules of 2, therefore increasing the accessibility of the aldehydic substrate to the
metal centers, as compared to the close contacts between the 1D zig-zag chains in 1.

The catalytic activities of compounds 1 and 2 for the cyanosilylation of aldehydes have
been compared with those of zinc(ll) porous coordination frameworks, as well as with other
porous coordination frameworks. As reported earlier by our group [37], {[Zns(4,4'-bpy)ss(pu-
02CH)4(H20)2](C|O4)2(H20)2}n (3D), {[Zn3(4,4’-bpy)4(u-02CCH2CH3)4](CIO4)2(4,4’-
bpy)z(H20)4}n (ZD) and {[Zn3(4,4’-bpy)3(y.-02ccH3)4(H20)2](PFe)z(HzO)z}n(lD), have been
tested as heterogeneous catalysts for the cyanosilylation of acetaldehyde and benzaldehyde. For
example, the conversion of 3D framework (95%) is significantly higher than that of 2D and 1D
frameworks (86% and 71%, respectively). This significant reactivity suggests that the dimension
of the channels of the MOF plays an important role and leads to size selectivity. When, the
catalytic properties of both Zn(1l) compounds are compared with those of copper(Il) coordination
frameworks, i.e. the 2D networks {[Cus(4,4'-bpy)s(u-OOCH)4(H20)2](ClO4)2(H20)6}n, {[Cu(4,4'-
bpy)(L-OOCH)(NO3)]}n and {[Cux(4,4'-bpy)2(1-OOCCHs3)3](PFe)(H20)}n @ much lower activity
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is observed [38]. The higher catalytic activities of 1 and 2 may suggest that the Lewis acidity of
these zinc(l1) compounds is higher than that of the tested copper(ll) ones.

Table 1. Cyanosilylation of aldehydes catalyzed by compounds 1 and 2.

Catalyst | Types | Substrate Solvent | Time (h) | Conversion (%)

1 1D acetaldehyde | CH.,Cl, | 24 74
acetaldehyde | THF 24 57
benzaldehyde | CH,CI, | 24 14

2 2D acetaldehyde | CH.,Cl, | 24 82
acetaldehyde | THF 24 59
benzaldehyde | CH,CI, | 24 18

100 -

Acetaldehyde / CH2Cl2

Acetaldehyde / THF

Conversion/ %
2]
o

Benzaldehyde / CH2CI2

T T L] T
0 5 10 15 20 25
Time (h)

Fig. 11. Cyanosilylation of acetaldehyde and benzaldehyde with MOF 2 as catalyst.

Conclusions

In summary, two new metal organic frameworks, [Zn(ll)/dpe/carboxylato] crystalline
solids based on 1D and 2D coordination networks of different topology have been prepared and
characterized crystallographically. The influence of small secondary ligands, namely common
monocarboxylato ligands and the nature of the counter ion, on the overall solid state structure of
both compounds have been investigated. This study suggests that the steric hindrance of the
carboxylato co-ligand (acetato or propionato) and the effect of counteranion may have drastic
effects on the resultant coordination networks. These results clearly indicate that a priori minor
synthetic changes give rise to the formation of drastically distinct frameworks. Such studies are
important in crystal engineering, as they contribute to increase knowledge about ligand steric
effect on framework topologies. Furthermore, the catalytic activities of zinc(ll)-dpe-carboxylato
compounds in the cyanosilylation of aldehydes have been investigated. Both compounds display
good heterogeneous catalytic properties and show a high conversion of acetaldehyde in
dichloromethane and also showed highly size-selective for the substrate compound with
benzaldehyde.
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PART Il
SYNTHESES, STRUCTURAL CHARACTERIZATION OF COORDINATION
COMPOUNDS AND THEIR FUNCTIONS TOWARD MAGNETISM AND
SPIN-CROSSOVER PHENOMENA

This part deals with the study of the magnetic properties of new spin-crossover (SCO)
iron(1l) coordination compounds and triply-bridged dinuclear copper(ll) complexes. In the
first instance, the investigation of the SCO properties of a series of six new mononuclear
iron(11) compounds of formula trans-[Fe(L)], where L = 2,2'-dipyridylamino/s-triazine-based
ligands and X = S or Se, is reported. The SCO properties were investigated by means of
single-crystal X-ray diffraction studies, magnetic susceptibility measurements, photomagnetic
(LIESST) studies and Differential-Scanning Calorimetry (DSC) experiments. Interestingly,
the SCO properties of these iron(ll) compounds present distinct behaviours which are both
ligand- and anion-dependent. Secondly, twelve new triply-bridged dinuclear copper(ll)
compounds are described, for which the magnetic properties have been examined, both
experimentally and theoretically. These complementary studies have allowed to assess
magneto-structural correlations, and to develop a computational procedure to predict
accurately the magnetic coupling constant, J, for such molecules. All copper complexes have
been characterized spectroscopically and structurally, and their global topologies categorize
them into two classes, namely class F for the antiferromagnetic compounds (three examples
in the present work), and class B for the ferromagenetic ones (hine examples in the present
work). Their magnetic properties have been investigated by means of magnetic susceptibility
measurements and theoretical calculations, applying state of the art density functional theory
(DFT) methods, where the effect of the type of functionals and of the basis sets used to
represent the electron density has been explored.

I1-1: Spin-crossover iron(IT) compounds containing (2,2’-dipyridylamine/s-
triazine)-based ligands

In the present investigation, the SCO properties of iron(ll) compounds from those
2,2'-dipyridylamino-substituted-triazine ligands have been examined. Hence, six new
mononuclear Fe(ll) compounds of formula trans-[FeL2(NCX)] (where X = S or Se) have
been successfully synthesized and fully characterized. The effect of the substituents of the
2,2'-dipyridylamine/s-triazine-2(NCS)2 based ligands on the SCO properties of the
corresponding iron(ll) compounds has been appraised. These compounds are divided into
three categories depending on the different substituents.

Category 1: Subtlety of the Spin-Crossover Phenomenon Observed with
Dipyridylamino-Substituted Triazine Ligands

Introduction

The phenomenon of spin crossover (SCO) is a particular and very interesting
illustration of the ligand-field theory.1,2 For octahedral coordination complexes of transition-
metal ions, the d orbitals split into two sets, i.e. the tg and eq sets, whose energy difference is
given by the crystal-field splitting parameter Aqct.3 The size of Aot determines the electronic
structure of the d*-d” metal ions. Thus, for iron(II) complexes, a small Ao Will favour the
high-spin state (HS, egtzg*, S = 2) while a large Aot Will produce a low-spin (LS, t2, S = 0)
compound. With an appropriate ligand-field strength (namely for an intermediate Aot Value),
the transition-metal compound may exhibit LS ++ HS bistability through the application of an
external stimulus, like temperature, pressure or light.4—7 Hence, such SCO materials may find
potential applications in molecular switches, data storage devices and optical displays,
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especially in the case of Fe' ions, for which the LS state is diamagnetic.8-11 Therefore, SCO
species have received a great deal of attention from the scientific community for the past
decade.12,13 A great number of SCO Fe' complexes have been synthesized that were
principally obtained from ligands based on nitrogen-containing aromatic donor groups (such
as pyridine and azole rings).14-19

For the past seven years, we have been involved in the design and preparation of SCO
iron(Il) compounds with polypyridine ligands.20—22In particular, the use of a ligand derived
from the s-triazine ring and 2,2'-dipyridylamine units, namely 2,4,6-tris(dipyridin-2-ylamino)-
1,3,5-triazine (dpyatriz),23 has led to remarkable SCO systems.22,24,25 Subsequently,
Murray and coworkers have developed a variety of dipyridylamino-substituted-triazine
ligands,26-30 which were easily prepared from the highly versatile building block 2,4,6-
trichloro-1,3,5-triazine.31-33 The utilization of these ligands has allowed the preparation of
SCO coordination compounds, hence corroborating the great potential of
(2,2'dipyridylamine/triazine)-based ligands to generate molecular switches.

In the present study, we have taken advantage of the straightforward and highly
selective substitution of the chloride atoms of 2,4,6-trichloro-1,3,5-triazine to synthesize two
related dipyridylamino-substituted-triazine ligands, namely 4,6-dichloro-N,N-di(pyridine-2-
yl)-1,3,5-triazine-amine (Cldpat) and 6-chloro-N'-phenyl-N,N-di(pyridin-2-yl)-1,3,5-triazine-
2,4-diamine (Cladpat) (Scheme 1), whose sole difference lies in the replacement of one of the
two chloride atoms of Cldpat by an aniline unit, producing Cladpat. Actually, the use of these
similar ligands to bind iron(ll) ions leads to the formation of mononuclear coordination
compounds with similar molecular structures, but dissimilar magnetic behaviours, thus
revealing the drastic effect of tiny structural changes on the physical properties of related

molecules.
C HN" :

A fi@

&Y N ~ T\
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Cldpat Cladpat

Scheme 1. Triazine-based ligands 4,6-dichloro-N,N-di(pyridine-2-yl)-1,3,5-triazine-amine
(Cldpat) and 6-chloro-N’-phenyl-N,N-di(pyridin-2-yl)-1,3,5-triazine-2,4-diamine (Cladpat).

Results and Discussion
Synthesis

As evidenced by earlier studies by Murray26-29 and some of us,22,24,25 s-triazine-
based ligands containing at least one 2,2'-dipyridylamine unit allow the preparation of SCO
iron(11) compounds. Herein, it was decided to investigate the potential ability of the simplest
member of this family of dipyridylamino-substituted-triazine ligands, namely 4,6-dichloro-
N,N-di(pyridine-2-yl)-1,3,5-triazine-amine (Cldpat; Scheme 1), to generate SCO properties
upon coordination to an iron(ll) ion in the presence of thiocyanates or selenocyanates. Hence,
Cldpat was prepared in THF by the reaction of 2,2'-dipyridylamine with 1 equiv. of 2,4,6-
trichloro-1,3,5-triazine, in the presence ofN,N-diisopropylethylamine (DIPEA).
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Next, one of the chloride atoms of Cldpat was replaced by an aniline group with the
aim of examining the influence of this slight modification of the ligand on the magnetic
properties of the ensuing iron(ll) complex. Thus, the ligand 6-chloro-N’-phenyl-N,N-
di(pyridin-2-yl)-1,3,5-triazine-2,4-diamine (Cladpat; Scheme 1) was synthesized from Cldpat
through substitution of one of its chloride atoms by aniline, using sodium carbonate as a base
in acetone/water. The molecular structure of Cladpat could be determined by single-crystal X-
ray diffraction. The solid-state structure of Cladpat shows that the molecules are strongly
associated by strong hydrogen-bonding interactions [Naniiine—H: - -Nriazine = 2.972(3) A; [ang]
Naniline—H—Nuriazine = 176(3)°], giving rise to a 1D supramolecular chain along the
crystallographic ¢ axis. Such anticipated H bonds, for which the ligand Cladpat was actually
designed, may be crucial to favour the occurrence of cooperative SCO, if maintained in
complexes of Cladpat.

The coordination compounds 1-3 were synthesized by the direct addition of a freshly
prepared methanolic solution of Fe(NCX), (X = S or Se) to a methanolic solution containing
2 equiv. of the dipyridylamino-substituted-triazine ligand (Cldpat or Cladpat). The solution of
Fe(NCS), was obtained from iron(ll) sulfate and potassium thiocyanate while Fe(NCSe), was
made from iron(ll) perchlorate and potassium selenocyanate.

Description of the Crystal Structure of trans-[Fe(Cldpat)2(NCS).](H20) (1)

Reaction of 1 equiv. of iron(ll) thiocyanate with 2 equiv. of Cldpat generates
compound 1 with a yield of 73 %. Structural information on 1 has been obtained from X-ray
diffraction studies at 100 K. The high R value found is most likely due to unresolved crystal
twinning. Nevertheless, the data collected are satisfactory for a reasonably accurate
determination of the molecular structure of 1. Actually, the iron(Il) centre in 1 exhibits the
anticipated octahedral coordination environment [typically observed for iron(ll) thiocyanate
complexes with this family of ligands 25,34], which is formed by two Cldpat ligands in the
equatorial plane and two trans thiocyanate anions (Figure 1). Surprisingly, The Fe—Npy bond
lengths in the range 2.214(13)-2.264(15) A and the Fe—Nncs distances of 2.090(13) A
characterize a high-spin iron(11) compound. This fact is confirmed by temperature-dependent
magnetic-susceptibility measurements revealing that the FeNgspecies in1, rather
unexpectedly, does not present a SCO process.

The solid-state structure of 1 shows the occurrence of intramolecular lone pair---x
interactions [Cg10---S2 = 3.337(8) A]. In addition, the molecules are associated by means of
intermolecular lone pair---m interactions [Cgl0---S2s = 3.242(7) A], which generate a
supramolecular 1D chain. The chains interact with each other through
Sionepair- - -triazine, contacts, producing a 2D layer in the crystallographic bc plane (Figures 2).
These 2D layers are further connected through hydrogen bonds between lattice water
molecules and the chloride atoms of the triazine rings that give rise to a 3D network.
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Fig. 1. Representation of the molecular structure of compound 1 with partial atom numbering
scheme. The thermal ellipsoids are drawn at the 50 % probability level. The hydrogen atoms
and the lattice water molecule are not shown for clarity. Symmetry operation: a, 1 —x, 1 -y, —
Z

Fig. 2. View of the crystal packing of 1 showing the formation of a supramolecular 2D
network in the bc plane by means of lone pair-- -7 interactions (black dotted lines) between the
triazine rings and neighbouring thiocyanate anions [Cg10---S2 = 3.337(8) A and Cg10---S2s
= 3.242(7) A]. Symmetry operation: s —x, 1/2 +y, 1/2 —z.

Description of the Crystal Structure of trans-[Fe(Cladpat)(NCS);] (2)

Reaction of 1 equiv. of iron(ll) thiocyanate with 2 equiv. of Cladpat produces
compound 2 with a yield of 89 %. Compound 2, which shows SCO properties (see magnetic
studies), crystallizes in the monoclinic space group P2i/c, both at 100 K and at 270 K.The
molecular structure of low-spin 2 is depicted in Figure 3. Compound 2 consists of an
octahedral iron(ll) ion coordinated by four pyridine units from two Cladpat ligands and
two trans N-bonded thiocyanate anions.

Such a FeNs coordination environment is known to potentially produce SCO iron(ll)
species.35 The Fe—Npy distances ranging from 1.965(3) to 2.000(4) A are typical of a LS
iron(11) entity, as is the case for the Fe—Nncs distances of 1.945(4) and 1.948(4) A. These
bond lengths increase by ca. 0.20 A for Fe—Npyand ca. 0.15 A for Fe—Nncs when the
temperature is raised to 270 K, which is indicative of a full spin transition, as also observed
during magnetic studies on 2 (see below).

The distortion parameters 2° and @° reflect the deviation from an ideal octahedral
geometry.38 2° directly measures the distortion from a perfect octahedron while @° defines
the deformation of the octahedral coordination geometry towards a trigonal-prismatic
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environment.12 For a perfect octahedron, 2° = @° = 0. For LS 2,2° = 32 and @° = 43,
whereas the respective values for HS 2 are 43 and 70. The lower 2° and @° values for the LS
compound are typical since LS complexes are less deformed than HS ones.35,37 Hence, AX°
(Z°ns —2°Lnus) and AP° (D°ns — @°s) quantify the magnitude of the structural changes
occurring during the SCO. For 2, A2° = 15 and A®° = 27; the high A®° value observed
for 2 is indicative of a significant alteration of the octahedral geometry upon the LS — HS
transition. Such a large structural variation may be associated with cooperativity between the
iron(Il) centres, possibly through intermolecular interactions (actually, the magnetic
measurements show a relatively cooperative SCO; see below). In fact, the crystal packing
reveals that the iron(ll) molecules are connected through double Naniiine—H- - Ntiazine bONdS,
which generate a 1D supramolecular chain (Figure 4). These hydrogen bonds are affected by
the spin transition (a variation of about 0.025 A is observed); in particular, the N9-H9---N15a
bond experiences a bending of ca. 7 %, the angle varying from 177(6)° to 165(6)° during the
LS — HS transition. In addition, the molecules of 2exhibit intramolecular lone pair---n
interactions39,40 (Cg5---S2 and Cg8---S1 contacts; Figure 4), which are also altered by the
SCO. A closer look at the solid-state structure of 2 reveals that the 1D supramolecular chains
are linked into a 2D layer by parallel-displaced n— interactions,41,42 involving neighbouring
aniline rings [centroid-to-centroid distance Cg9---Cg10 = 3.976(3) A in LS 2]. The shortest
arene—arene contact distances are C17---C39i = 3.257(7) A and C18---C40i = 3.335(7) A, and
rise to 3.283(12) A and 3.397(11) A, respectively, upon LS — HS transition [corresponding
to an increase of the centroid-to-centroid distance of ca. 7 %, from 3.976(3) to 4.236(5) A].
All these supramolecular bonding interactions may favour cooperativity between the
transiting iron(Il) ions.

It has to be noted that the 2° and @° values for HS 2 are comparable to those of 1,
therefore suggesting analogous octahedral distortions for the two high-spin molecules, and
corroborating the metal coordination environment in 1. Reaction of the ligand Cladpat with
iron(ll) selenocyanate [instead of iron(ll) thiocyanate] yields the analogous compound
[Fe(Cladpat)2(NCSe)2] (3), as indicated by elemental analyses, which also exhibits SCO
properties (see the section Magnetic Studies). Although the molecular structure of 3 could not
be determined by X-ray diffraction studies, it is expected that the coordination environment of
the iron(ll) centres in3is equivalent to those of1and2, with two trans N-bonded
selenocyanate ions. Actually, the IR absorption band observed at 2061 cm for
compound 3 is identical to that reported by Murray and coworkers for an iron(ll) SCO
complex from a dipyridylamino-substituted-triazine ligand with trans-coordinated NCSe
ions.30
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Fig. 3. Representation of the molecular structure of compound 2 (LS state, determined at 100
K) with partial atom numbering scheme. The thermal ellipsoids are drawn at the 50 %
probability level, and only the hydrogen atoms involved in hydrogen-bonding interactions are
shown for clarity.

Fig. 4. View of the crystal packing of LS 2 showing Naniline—H" - - Ntriazinebonds [N9-H9---N15a
=3.010(5) A and N16a—H16a---N8 = 2.995(5) A; blue dotted lines] connecting the iron(11)
molecules to generate a 1D supramolecular chain. Intramolecular lone pair- - -7 interactions

(black dotted lines) take place between the thiocyanate sulfur atoms and the triazine rings

[Cg5---S2 = 3.459(2) A and Cg8---S1 = 3.504(2) A]. Symmetry operations: a 1 —x, —1/2 +,

1/2 —z.

Magnetic Studies

The effect of the substituent (ligands Cldpat and Cladpat) and the replacement of
thiocyanate by selenocyanate anions have been investigated by magnetic measurements.
Hence, the temperature dependence of the y7 product of compounds 1-3, y being the molar
paramagnetic susceptibility, were derived from magnetization measurements on bulk samples
in an applied field of 0.5 T for 1 and 3, and 1 T for 2 (see Experimental Section), and in the
temperature range 2-300 K. The data for compounds 1 and 2, shown in Figure 5, corroborate
the structural observations, evidencing the occurrence of a complete thermal SCO for
compound 2, and the — surprising — absence of such a process in the case of compound 1.
Indeed, the xT product of 1 remains practically constant at 3.11-3.09 cm?® mol™* K from 300 K
down to 50 K, the temperature below which a decrease of y7'is observed down to 2.18
cm®mol ! K. The magnetic properties of 1 are thus in agreement with an S= 2 HS ground
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state for the Fe''ion, with g close to 2, throughout the whole temperature range considered,
the decrease at low temperatures being due to zero-field-splitting effects of the S = 2 spins.
Magnetization vs. field measurements at 2 K indeed show saturation at ca. 4.05 Naug at 5 T,
in agreement with an S = 2 spin ground state and a g value slightly above 2. On the other
hand, the y7 product of 2 decreases upon cooling, from similar values to those of 1, i.e. 3.13
cm®mol™ K at 280 K, reaching a plateau at 0.11 cm® mol™* K below 100 K, and down to 0.08
cm®molt K at 5 K. Compound 2 thus undergoes a complete SCO centred at ca. 178 K and
with a limited cooperative character, as indicated by a ATgo of 50 K (80 % of the transition
occurs within about 50 K). In agreement with the structural observations, the process of SCO
is virtually completed at 100 K. These observations are perfectly reproducible upon warming,
thus with no detectable hysteresis, and over various cycles.
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Fig. 5. yT'vs. T plot for 1 (squares) and 2, showing the process of SCO (full circles), the
partial LS to HS photo-induced trapping at 10 K (LIESST effect) and the relaxation back to
the LS ground state and normal behaviour upon warming (empty circles).

The possibility of trapping the HS metastable state at low temperature through
irradiation, the so-called LIESST effect,43 was examined on a thin sample of 2. At 10 K, a
fast increase of y7T'is indeed observed when irradiating with green light, clearly demonstrating
the efficiency of the LIESST effect in this compound (Figures 5 and 6 top). Nevertheless, the
rate of increase rapidly drops and virtually stable values are reached after ca. 1 h
(Figure 6 top). After turning the irradiation OFF and thermalization, the resulting y7 value of
1.42 cm® mol K corresponds to ca. 50 % of trapped HS centres, based on the 7 value of 1 at
the same temperature. An incomplete LIESST effect in thin samples with an apparent steady
state similar to that observed herein may be due to an overlap of the °T,—°E (HS) and *A;—
3T, (LS) bands, resulting in competitive LIESST and reverse-LIESST processes.44 Another
cause of such an incomplete light-induced trapping, even in thin samples, is the competition
of the light-induced LS—HS trapping with the relaxation of the trapped HS species back to
the LS ground state, at the origin of light-induced bistability in cooperative SCO
systems.45,46 Measurements vs. time at 10 K after 1 h of irradiation for 2 indeed show
that 7 rapidly drops in an exponential manner, already reaching values of ca. 0.40 cm® mol™
1K after only 1 h. It is therefore clear that the HS—LS relaxation is fast, even at 10 K
(Figure 6 bottom). An estimation of the characteristic relaxation time at 10 K of 765 s is

BRG5680009 nINHIAN 2559


http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#bib43
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#fig5
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#fig6
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#fig6
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#bib44
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#bib45
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#bib46
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#fig6

22

obtained by adjusting the experimental data to a stretched exponential with g = 0.67 (red line
in Figure 6 bottom). Confirmation of the relative instability of the trapped HS state is
obtained from the measurements upon warming after irradiation (Figure 5).x7 rapidly
decreases to reach values similar to those of a normal LS state at temperatures as low as 55 K,
as could be expected from the thermal activation of a relaxation process that is already fast at
10 K.
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Fig. 6. Top: T vs. time evolution for 2 at 10 K showing the increase due to LIESST during
irradiation with a green light. Bottom: 7' vs. time evolution for 2at 10 K in obscurity after the
irradiation with a green light, showing an exponential-like behaviour. The full red line is a fit
to a stretched exponential with = 0.67 and critical time of 765 s.

Magnetic properties of compound 3 are shown in Figure 7 as a 7' vs. T plot. Similar
to 2, a decrease of yT is observed, from 3.43 cm®mol K at 280 K, down to a plateau at ca.
0.15-0.11 cm®* mol* K below 90 K and down to 0.11 cm®*mol K at 5 K, thus confirming a
likely comparable molecular structure to that of 2. Compound 3 thus also presents a complete
SCO, although centred at a lower temperature, e.g. 166 K, and more gradual than that of 2,
with a ATgo of ca. 80 K. Such a low cooperativity in a selenocyanate compound with respect
to its thiocyanate analogue is documented, and is possibly related to the participation of the
more diffuse Se atom in intermolecular interactions.47,48 This is likely the case here since
the S atoms in the structure of 2 do participate in the network of intermolecular interactions
(see above). The lower SCO temperature in 3 with respect to 2 is more surprising since the
replacement of S by Se in NCX-based SCO compounds usually results in an increase in the
SCO temperature.47-51

BRG5680009 nINHIAN 2559


http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#fig6
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#fig5
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#fig7
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#bib47
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#bib48
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#bib47
http://onlinelibrary.wiley.com/doi/10.1002/ejic.201201085/full#bib51

23

36
[ E
25 Ee
o .
S 2}
/
5 15[ 4
B~ 4
= 1L 7!
#
’ 4
05 7 sz
0 o e

0 50 100 150 200 250 300
rK) —

Fig. 7. T vs. T plot for 3 (rhombus), showing a complete SCO centred at around 166 K. The
data of compound 2 is recalled as light circles for comparison.

Thermal Properties

The molar heat capacity at constant pressure, Cp, of 2 was derived from differential
scanning calorimetry (DSC) measurements over the temperature range 110-290 K. A strong
heat capacity anomaly is detected between 135 and 245 K, culminating at ca. 180 K, which
can be associated with the SCO phenomenon in 2. Indeed, both the temperature range and
maxima are in excellent agreement with the magnetic data. A lattice heat capacity was
estimated from data below 135 K and above 245 K (dashed line in Figure 8), allowing the
determination of the excess heat capacity associated with the SCO phenomenon in 2 (inset in
Figure 8). The related excess enthalpy and entropy were derived by integration of the excess
heat capacity and amount to 8.08 kJ mol™ and 44.6 J mol™* K™, respectively. Both figures are
relatively large, which is usually taken as a consequence of a cooperative character of the
SCO. In particular, the excess entropy is well above the purely electronic component, RLn5,
thus containing a significant content arising from the coupling of the electronic transition with
lattice phonons. The so-called domain model (developed by Sorai and widely used in SCO
studies when calorimetric data are available52) allows such a cooperative character to be
guantified through the number n of like-spin SCO centres within an interacting domain; the
larger the domains are, the more cooperative the transition is. Values of nclose to 1 are
typical of solution-like gradual SCO,53-55 while values of ca. 10 to 9547,56,57 have been
derived for cooperative to very cooperative systems. Here, the excess heat capacity of 2 is
very nicely reproduced by this model withn= 3.33 (red line in the inset of Figure 8),
indicative of a relatively weakly cooperative SCO, and in agreement with the magnetic
studies.

In summary, the present study has shown that an apparent minor modification of a
ligand, namely the substitution of one of the chloride atoms of Cldpat by an aniline group
(ligand Cladpat) gives rise to a drastic change of the magnetic properties of the corresponding
iron(Il) complexes. Indeed, the coordination compounds 1 and 2, which exhibit identical
coordination spheres for their metal centre, display distinct magnetic behaviours; 1 is a high-
spin species whereas 2 is a SCO complex with a (weakly cooperative) transition. These
opposite comportments are obviously due to the different ligands. Since the coordination
bond lengths and angles are comparable for 1 and HS 2, the distinct magnetic properties
observed are most likely caused by different ligand-field strengths (i.e. Cldpat has a smaller
Aoct Value). Theoretical studies and the preparation of dipyridylamino-substituted triazine
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ligands bearing electron-withdrawing and/or electron-donating substituents may help to
understand these disparities. Therefore, these investigations will be carried out and the results
will be reported in a future paper.
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Fig. 8. Molar heat capacities of 2 showing a broad hump associated with the SCO. The
dashed line is the estimated lattice component. Inset: excess heat capacities associated with
the SCO in 2. The full line is a fit to the domain model of Sorai with n = 3.3.
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Category 2: Influence of supramolecular bonding contacts on the spin crossover
behaviour of iron(ll) complexes from 2,2'-dipyridylamino/s-triazine ligands

Introduction

The spin-crossover (SCO) phenomenon is a particularly interesting manifestation of
the ligand-field theory.[1, 2] Hence, for octahedral d*—d transition-metal complexes that may
be either low spin (LS) or high spin (HS), the occurrence of SCO is associated to intermediate
ligand-field strength,[3] for which the transition-metal compound may present HS «<LS
bistability through the application of an external stimulus like temperature, pressure or
light.[4-7] Such behaviour is obviously very attractive, especially with d® Fe(ll) ions for
which the LS state is diamagnetic and sharp differences in optical properties are often
associated with the SCO; therefore, SCO compounds may find applications in molecular
switches,[8] data-storage devices[9, 10] and optical displays.[11-13] Consequently, SCO has
received a great deal of attention from the scientific community during decades, and this area
of research is experiencing a tremendous development since the past 5 years.[14-18] Thus,
many SCO iron(ll) complexes have been reported, typically exhibiting an octahedral [FeN¢]
core obtained from ligands containing aromatic nitrogen-donor groups, such as pyridine or
azole rings.[19-22]

Since 2006, we have been involved in the design and preparation of various types of
pyridine-containing ligands for the generation of SCO compounds.[23-27] In particular, one
of the families of ligands developed is based on the 1,3,5-triazine (or s-triazine) ring.[28] For
instance, the ligand 2,4,6-tris(dipyridin-2-ylamino)-1,3,5-triazine (dpyatriz),[29] including
three 2,2’-dipyridylamine units on a s-triazine ring, has allowed to synthesize iron(ll)
coordination compounds with interesting SCO properties.[23, 28, 30, 31] Then, Murray and
co-workers have described various dipyridylamino-substituted-triazine ligands, which have
produced a number of SCO compounds with distinct transition behaviours,[32-36] thus
illustrating the potential of this category of ligands to create molecular switches.
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In the present study, two new members of this family of 2,2’-dipyridylamino/s-
triazine ligands have been prepared. The straightforward and selective substitutions of the
three chloride atoms of 2,4,6-trichloro-1,3,5-triazine by phenolic reagents and 2,2’-
dipyridylamine yield the related ligands 2-(N,N-bis(2-Pyridyl))-4,6-bis(phenoxy)-
(1,3,5)triazine (L1, R = H; Scheme 1) and 2-(N,N-bis(2-Pyridyl))-4,6-
bis(pentafluorophenoxy)-(1,3,5)triazine (L1F, R = F; Scheme 1). These two ligands, which
differ by the replacement of the hydrogen atoms of the phenoxyl groups of L1 by fluorides
(L1F), have been designed to investigate the role played by supramolecular interactions (i.e.
7 -7 interactions, halogen bonding) induced by the distinct aryl groups on the SCO properties
of the corresponding trans-[FeL>(NCS).] complexes.

Results and discussion

Synthesis and crystal structures. The ligands 2-(N,N-bis(2-Pyridyl))-4,6-
bis(phenoxy)-(1,3,5)triazine (L1) and 2-(N,N-bis(2-Pyridyl))-4,6-bis(pentafluorophenoxy)-
(1,3,5)triazine (L1F) are readily prepared via a two-step reaction in THF from 2,4,6-trichloro-
1,3,5-triazine, following a straightforward synthetic procedure (Scheme 1)

R
R R R R
R OH R R . NH S
o | | R o R
=N N, ==
_.J;b R R R o R R R S /
N| N 2 equiv. R R R 1 eguiv. N| N |
J\ s NN -_— i A A
cl N cl R=H.F /U\/l\ R 0 N N N
-
R 0 N Cl R
=" N
R |
.
LI, R=H
LIFR=F

Scheme 1 Preparation of ligands 2-(N,N-bis(2-Pyridyl))-4,6-bis(phenoxy)-(1,3,5)triazine (L1)
and 2-(N,N-bis(2-Pyridyl))-4,6-bis(pentafluorophenoxy)-(1,3,5)triazine (L1%)

Compound 1, trans-[Fe(L1)2(NCS)2]-2CHCl., is obtained with a yield of 70% by
direct addition of a freshly prepared water/methanol solution of iron(ll) thiocyanate (1 equiv.)
to a dichloromethane solution containing 2 equiv. of L1. 1, which exhibits SCO properties,
crystallizes in the triclinic space group P-1, at 100, 240 and 300 K. A representation of the
molecular structure of 1 (low-spin state) is depicted in Figure 1. Selected bond lengths and
angles are listed in Table 1.

The iron(ll) centre in 1 displays the expected octahedral coordination environment,
typically observed for iron(ll) thiocyanate complexes with this family of dipyridylamino-
substituted-triazine ligands.[?® 31381 The metal ion is coordinated by two L1 ligands in the
equatorial plane of the octahedron, the apical positions being occupied by two trans
thiocyanate anions (Figure 1). At 100 K, the Fe—Npyrigine distances in the range 1.981(2)-
1.992(2) A are characteristic of a LS iron(I1) ion. The Fe—Nncs bond lengths of 1.943(2) A are
also indicative of a LS state. These coordination bond lengths increase by ca. 0.22 A for Fe—
Nipyriine and ca. 0.13 A for Fe—Nncs when the temperature is raised to 300 K (Table 1), which
describe a full spin transition that has been observed as well by variable-temperature magnetic
susceptibility measurements (see below). At 240 K, the distances found, i.e. 2.149(2)-
2.163(2) A for Fe—Npyrigine and 2.051(2) A for Fe—Nncs, correspond to a HS/LS mixture of
about 78/22, in agreement with bulk magnetic studies.

The distortion parameters 2° and @° gauge the magnitude of the deformation of the
coordination geometry relative to a perfect octahedron (for which X° = @” = 0).[15, 41, 42]
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For LS 1, 2° = 31 and &’ = 37 and these values increase to respectively 46 and 67 for the HS
state (Table 1). AX" (Z°ns — 2°1s) and AD" (P'us — D'is) thus illustrate the extent of the
structural changes that take place during the spin transition. For 1, AX" = 15 and A®" = 30.
The high A®" value indicates a severe distortion of the original octahedral geometry towards
a trigonal prismatic structure, feature that is commonly noticed upon LS — HS transition.[15]
Such a structural distortion may induce cooperativity between the switching centres, which is
normally reflected by an abrupt LS < HS crossover phenomenon. Actually, the magnetic
studies (see below) reveal a weakly cooperative behaviour since a complete HS-to-LS
conversion is realized within a temperature range of ca. 90 K.

Table 1 Coordination bond lengths (A) and angles (°), and supramolecular interactions for
compound 1 at three different temperatures

Bond 100 K (LS) 240K 300 K (HS)
Fel-N1 1.943(2) 2.051(2) 2.075(4)
Fel-N2 1.992(2) 2.163(2) 2.216(3)
Fel-N3 1.981(2) 2.149(2) 2.203(3)
Fel:--Felintes? 10.138(2) 10.239(2) 10.301(4)
Angle 100 K 240K 300 K
N2-Fel-N3 86.8(6) 83.5(8) 82.4(1)
N2—-Fel-N3a 93.3(6) 96.5(8) 97.6(1)
N1-Fel-Nla 180 180 180
ZFelee 31 40 46

@4 37 58 67
H-bonding contacts 100K 240K 300 K
C11-H11A:---02 3.559(3) 3.609(4) 3.642(8)
C27-H27A..-C13 3.415(3) 3.508(4) 3.526(7)
Lone pair--m interactions 100 K 240 K 300 K
Cg5--S1 3.459(1) 3.561(1) 3.598(2)

2 Closest inter-monomer Fe---Fe distance. ® Symmetry operation: a, 1-X, 1-y, 1-z. ¢ 2° = the sum of |90 — 6] for
the 12 N—Fe—N angles in the octahedron.[43, 44] ¢ @° = sum of |60 — 4| for the 24 N-Fe—N angles describing the
trigonal twist angle.[15, 41]

o

Fig. 1 Representation of the molecular structure of compound 1 (LS state, determined at 100
K) with partial atom-numbering scheme. The hydrogen atoms and the lattice dichloromethane
molecules are not shown for clarity. Symmetry operation: a, 1-x, 1-y, 1-z.

The crystal packing of 1 shows that the iron(ll) centres weakly interact along the
crystallographic ¢ axis through C—H---O and C-H--'x contacts (which are affected by the
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transition; see Table 1), producing a supramolecular 1D chain (Figure 2A). These chains do
not significantly interact with each other (Figure 2B), which may explain the moderate
cooperativity of the SCO behaviour observed by magnetic measurements (see below).

In addition, the molecules of 1 display intramolecular lone pair- -7 interactions[45]
between the thiocyanate sulfur atoms and the triazine rings (Cg5---S1 = 3.459(1) A).

Compound 2, trans-[Fe(L1)2(NCSe),]-4CH,Cl,-4CH3;0OH, is obtained with a yield
of 63%, applying the same synthetic procedure as that used to prepare 1, replacing iron(ll)
thiocyanate by iron(ll) selenocyanate. As anticipated, 2 is a SCO compound, which
crystallizes in the monoclinic space group P2i/c in its LS state. A view of the molecular
structure of 2 is shown in Figure 3.

Fig. 2 Views of the crystal packing of LS 1 showing A) the formation of a supramolecular 1D
chain along the crystallographic c¢ axis by means of weak C—H---O and C-H:-x contacts
(respectively C11-H11A.--02 = 3.559(3) A, green dotted lines and C27-H27A---C13 =
3.415(3) A, red dotted lines); B) the arrangement of the chains in the ab plane illustrating the
lack of significant interactions between them

Fig. 3 Representation of the molecular structure of compound 2 (LS state, determined at 100
K) with partial atom-numbering scheme. The hydrogen atoms and the lattice dichloromethane
molecules are not shown for clarity. Symmetry operation: a, 1-x, 1-y, 1-z

Unsurprisingly, the coordination environment of the iron(ll) ion in 2 is similar to
that of 1 (see Figures 1 and 3). The observed octahedral geometry is formed by four pyridine
donors in the equatorial plane (belonging to two L1 ligands) and two axial NCSe™ anions. The
Fe—Npyrigine bONd lengths ranging from 1.992(4) to 2.009(4) A and the Fe—Nncs. distances of
1.940(4) A (Table 2) are typical for a LS iron(ll) system, and are comparable to those found
for 1 (Tables 1 and 2). Unfortunately, crystallographic data for HS 2 could not be obtained.
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Actually, single crystals of 2 did not diffract enough at room temperature, most likely as the
result of solvent evaporation (and particularly dichloromethane).

The crystal packing of LS 2 reveals the formation of a 1D chain of iron(ll)
complexes that are connected by parallel-displaced 77 interactions involving the phenyl
ring [C21, C22, C23, C24, C25, C26), with a centroid-to-centroid distance of 3.717(4) A
(Cg7---Cg7j; see Table 2 and Figure 4A). These n stacks are characterized by short C:--C
contact distances of 3.208(8) A (C22---C23j) and 3.234(9) A (C22---C24j). It has to be noted
that these 7---m stacking interactions (which are not occurring in 1) give rise to a different
orientation of the corresponding phenyl rings in compounds 1 and 2 (see phenyl rings of the
oxygen atom O2 in Figures 1 and 3). These chains are weakly interacting with each other via
n---w (C8---C10d) and C-H- - (C4-H4A.--C17g and C5-H5A.--C18g) long contacts (see
Table 2 and Figure 4B).

Surprisingly, although the iron(Il) complexes appear to better interact with each
other compared to those in 1, the SCO behaviour of 2 is clearly much less cooperative;
actually, the transition is very gradual as the HS state is fully converted into the LS state
within a temperature range of over 150 K. This feature may be explained by the presence of
numerous solvent molecules in the crystal lattice of 2. Indeed, compound 2 is surrounded by 8
solvent molecules, i.e. 4 CH3OH and 4 CHCl,, while only 2 CH.CI, are found for 1.
Therefore, all these solvent molecules in 2 (which are interacting with each other and with the
complex; see hydrogen bonds in Table 2) most likely affect the propagation of the spin
transition; hence, the behaviour of 2 resembles that of a diluted system, in which the metal
centres within the solid are transiting independently, thus resulting in a non-cooperative
conversion following Boltzmann population of states.

Finally, similarly to 1, the molecules of 2 display intramolecular lone pair---x
interactions between the selenocyanate selenium atoms and the triazine rings (Cg5---Sel =
3.501(2) A).

Fig. 4 Views of the crystal packing of LS 2 showing A) the formation of a supramolecular 1D
chain via parallel-displaced m---m interactions (Cg7---Cg7j = 3.717(4) A (the inset illustrates a
parallel-displaced =7 stack); B) the feeble interactions of the chains (one chain is shown in
green) by means of weak m--- (C8---C10d = 3.796(8) A) and C-H---n (C4-H4A.--Cl7g =
3.607(7) A and C5-H5A.--C18g = 3.552(7) A) contacts. Symmetry operations: d, —x, 1-y, 1—
z; 0, X, 1/2-y, 1/2+z; j, X, 1-y, -z

BRG5680009 nINHIAN 2559



31

Compound 3, trans-[Fe(L1%)2(NCS)2]-2CHsCN, is prepared with a yield of 65% by
direct addition of a freshly prepared water/acetonitrile solution of iron(ll) thiocyanate (1
equiv.) to an acetonitrile solution containing 2 equiv. of L1F. As the previous two complexes,
3 exhibits spin-transition properties. 3 crystallizes in the triclinic P-1 space group at 100, 190
and 280 K. Selected coordination bond distances and angles are listed in Table 3. A view of
the molecular structure of 3 is depicted in Figure 5.

Table 2 Coordination bond lengths (A) and angles (°), and supramolecular interactions for
compound 2 (low-spin and high-spin states)?

Bond 100 K (LS)
Fel-N1 1.940(4)
Fel-N2 1.992(4)
Fel-N3 2.009(4)
Fel--Felinte® 8.642(4)
Angle 100 K (LS)
N2—-Fel-N3 86.5(2)
N2-Fel-N3a 93.6(2)
N1-Fel-Nla 180
2Fel°c 25

@°d 32

7T interactions 100 K (LS)
Cg7---Cqg7j 3.717(4)
C22---C24j 3.234(9)
C22---C23j 3.208(8)
C8---C10d 3.796(8)
C-H--& contacts 100 K (LS)
C4-H4A.---Cl7g 3.607(7)
C5-H5A---C18g 3.552(7)
Lone pair-r interactions

Cg5--Sel 3.501(2)
Hydrogen bond

Ols-Hl1s-O2s 2.828(12)
0O1s-H1s-02s 150(8)
02s-H2s:*N5 3.074(9)
02s-H2s-N5 155(7)

a Symmetry operation: a, 1-X, 1-y, 1-z; d, —x, 1-y, 1-z; g, X, 1/2-y, 1/2+z; j, -, 1-y, —z. ® Closest
inter-monomer Fe---Fe distance. ¢ 2° = the sum of |90 — #| for the 12 N-Fe—N angles in the
octahedron.[43, 44] ¢ @° = sum of |60 — 4| for the 24 N—-Fe—N angles describing the trigonal twist
angle.[15, 41]

Fig. 5 Representation of the molecular structure of compound 3 (LS state, determined at 100
K) with partial atom-numbering scheme. The hydrogen atoms and the lattice dichloromethane
molecules are not shown for clarity. Symmetry operation: a, 1-x, 1-y, 1-z.
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The coordination environment of the iron(ll) ion in 3 is analogous to those of
compounds 1 and 2. The equatorial plane of the octahedron contains four pyridine donors
belonging to two L1F ligands, and the axial positions are occupied by two thiocyanate anions.
At 100 K, the Fe—Npyrigine and Fe—Nncs coordination bond lengths are typical for a LS FeNs
(Table 3), and are comparable to those of 1 and 2. For HS 3 at 280 K, these bond distances
increase by respectively ca. 0.22 and 0.12 A (Table 3), thus giving characteristic values for
this spin state. This full LS—HS transition is corroborated by magnetic measurements (see
below). At 190 K, the Fe—Npyrigine and Fe—Nncs distances are indicative of a LS/HS mixture of
about 95/5, in agreement with the data obtained by magnetic-susceptibility measurements.

The distortion parameters 2° and &° amount to respectively 30 and 36 for LS 3, and
to 41 and 72 for HS 3. Hence, the corresponding AZ" and A®° values of respectively 11 and
36 again reflect a strong distortion of the octahedral geometry upon LS—HS transition. As
mentioned above, such a distortion is often associated with cooperativity between the
transiting centres. In the present case, A®" = 37 is higher than that found for the related
complex 1 (A®° = 30). Therefore, a greater cooperative behaviour is expected for 3 in
comparison to 1; in fact, a clearly more abrupt transition (see the corresponding y7 vs. T plots
below) is observed for 3, which may be rationalized by specific crystal-packing features
induced (at least in part) by the fluorinated ligand L1F.

Table 3 Coordination bond lengths (A) and angles (°), and supramolecular interactions for
compound 3 at three different temperatures

Bond 100 K (LS) 190 K 280 K (HS)
Fel-N1 1.937(1) 1.943(1) 2.056(3)
Fel-N2 1.979(1) 1.985(2) 2.194(2)
Fel-N3 1.988(1) 1.989(1) 2.207(2)
Fel..-Felinter® 8.350(1) 8.412(1) 8.643(2)
Angle 100 K 190 K 280K
N2-Fel-N3 86.16(5) 86.19(6) 81.83(9)
N2-Fel-N3a 93.85(5) 93.81(6) 98.17(9)
N1-Fel-Nla 180 180 180
2Fel°c 30 30 41

@4 36 36 72

77 interactions 100 K 190K 280 K
01.--Cl6c 3.112(2) 3.118(3) 3.092(4)
01.--Cl7c 3.255(2) 3.247(3) 3.238(4)
C15.--Cl6c 3.387(2) 3.378(3) 3.385(5)
Cg3---Cg3b 3.757(1) 3.747(1) 3.787(2)
halogen---halogen contacts 100 K 190K 280 K
F8---Fal 2.781(2) 2.803(2) 2.815(4)
Lone pair-r interactions 100 K 190K 280 K
Cg5-+-S1 3.457(1) 3.489(1) 3.579(2)

2 Closest inter-monomer Fe---Fe distance. ® Symmetry operation: a, 1-X, 1-y, 1-z; b, —1+x, y, z; ¢, 1-X,
1-y, 2-7; 1, 2%, 2-y, 1-z. ¢ 2° = the sum of |90 — ¢| for the 12 N-Fe—N angles in the octahedron.[43,
44] ¢ @° = sum of |60 — 6| for the 24 N—Fe—N angles describing the trigonal twist angle.[15, 41]
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Actually, the crystal packing of LS 3 reveals an intricate network of strong
supramolecular bonds (Figure 6). First, molecules of 3 are connected via strong lone pair--'x
(O1---Cl6c and O1:--Cl7c; see Table 3 and Figure 6A) and n---w (C15---Cléc; see Table 3
and Figure 6A) interactions. It has to be noted that the O1---C16c contact distance of 3.112(2)
A is below the sum of the van der Waals radii of O and C (i.e. 3.22 A), thus indicating a very
strong interaction between the fluorinated aromatic rings. These supramolecular bonds
generate a 1D chain that runs along the crystallographic ¢ axis. Next, the 1D chains are
associated by means of nearly face-to-face n---m interactions between coordinated pyridine
moieties characterized by a centroid-to-centroid distance of 3.757(1) A (see Table 3 and
Figure 6B). This spatial arrangement produces a 2D supramolecular sheet in the ac plane
(Figure 6B). Finally, the 2D sheets are connected to each other by double strong F---F bonds
(indeed, the F8---F9I distance of 2.781(2) A is well below the sum of the van der Waals radii
of two F atoms, namely 2.94 A),[46] giving rise to a 3D framework (Figure 6C).

Fig. 6 Views of the crystal packing of LS 3 showing A) the formation of a supramolecular 1D
chain via parallel-displaced pentafluorophenyl---pentafluorophenyl interactions (O1---C16¢c =
3.112(2) A, 01---C17¢ = 3.255(2) A and C15---C16c = 3.387(2) A) (the inset illustrates the
occurrence of a parallel-displaced stack between two pentafluorophenyl rings); B) the
formation of 2D sheets by means of 7---m interactions between coordinated pyridine rings
(Cg3---Cg3b = 3.757(1) A). one supramolecular chain is shown in green; C) the formation of
a 3D supramolecular framework through the connection of the 2D sheets by strong F---F
bonding contacts (F8---F9l = 2.781(2) A) (the inset illustrates the bonding interaction of
pentafluorophenyl rings via double halogen---halogen contacts) a 2D supramolecular sheet is
shown in green. Symmetry operations: b, —-1+x, v, z; ¢, 1-x, 1-y, 2-z; |, 2-x, 2-y, 1-z.

In summary, the transiting iron(Il) centres are very well linked to each other (within
all the crystal lattice, in contrast to 1 and 2). Moreover, the solid-state structure of 3 includes
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less lattice solvent molecules than 1 and 2 (which contains 8 molecules of solvent per iron(ll)
complex); hence 3 is clearly the most compact of the three systems. Therefore, an efficient
cooperative behaviour has to be expected for 3. As a matter of fact, the magnetic studies show
the steepest HS « LS transition for 3, which is completed within a temperature range of ca.
60 K (while it is about 90 K for 1 and 150 K for 2; see below).

As for 1 and 2, lone pair-- & interactions are realized between the thiocyanate sulfur
atoms and the triazine rings (Cg5---S1 = 3.457(1) A).

Magnetic, photomagnetic and thermal studies.

Confirmation of the process of thermal SCO indicated by the structural observations
on single crystals of 1-3 was obtained through magnetization measurements on bulk samples
in the temperature range 5-300 K. The resulting temperature dependencies of the 4T product
(Figure 7), y being the molar paramagnetic susceptibility, evidence for all three compounds a
complete and gradual thermal SCO. For compound 1, the 4T product is 3.19 cm® mol™ K at
300 K, a value typical for an Fe(ll) ion in a HS S = 2 state. 4T starts to decrease already from
300 K to reach values of ca. 0.11-0.07 cm® mol K below 160, which are now indicative of a
fully populated LS S = 0 state. The corresponding transition is centred at T¥2 = 233 K. The
selenocyanate derivative 2 exhibits a more gradual SCO centred at T = 228 K, with a 4T
value of only 2.95 cm® mol K at 300 K (thus suggesting that the transition process has
already started to take place at this temperature), and < 0.10 cm® mol™ K below 130 K. In
contrast, the SCO process, centred at T% = 238 K, is more abrupt for 3 (as the result of a
better cooperativity; see above), with a decrease of T from 3.10 cm® mol* K at 280 K down
to 0.2-0.1 below 200 K. This comparatively more cooperative character is illustrated by a
smaller ATgo value of 50 K (80% of the transition occurs within about 50 K) for 3, compared
to those observed for 1 and 2, respectively 90 and 130 K. These observations are reproduced
upon warming, thus without detectable hysteresis, and over various cycles and batches,
although only for fresh crystalline material in the case of 1. Indeed, a more gradual, though
complete, SCO centred at ca. 173 K is detected for the poorly crystalline powder 1° obtained
upon air exposure of 1, which is ascribed to the loss of lattice solvent molecules (as indicated
by Elemental Analysis; see Experimental section). The observation of a similar T for the
thiocyanate and selenocyanate derivatives 1 and 3 agrees with our previous reports with the
related complexes obtained with the ligand 6-chloro-N-phenyl-N,N-di(pyridin-2-yl)-1,3,5-
triazine-2,4-diamine.[31] It thus seems that the replacement of S by Se in this family of trans-
[Fe"L2(NCX)2] compounds has only little influence on the SCO temperature, incontrast to
other NCX-based SCO compounds.[47-51]

Confirmation of the relatively cooperative character of the SCO for 3 was obtained
from Differencial-Scanning Calorimetry (DSC). Indeed, while only very broad poorly
energetic humps are detected for 1° and 2, the molar heat capacity of 3 at constant pressure,
Cy, exhibits a strong anomaly between 200 and 280 K, culminating at ca. 237 K (see Figure
8), which can be attributed to the SCO phenomenon in 3. Both the associated excess enthalpy
and entropy are relatively large, respectively at 11.70 kJ mol ~ and 49.6 J mol~ K, which is
usually seen as a consequence of a cooperative character of the SCO.[52, 53] In particular, the
excess entropy is well above the purely electronic component, RLn5; it thus encloses a
significant content arising from the coupling of the electronic transition with lattice phonons.
Fitting the excess heat capacity of 3 to Sorai’s domain model[54] results in a number of
interacting molecule per domain of n = 6.2 (red line in the inset of Figure 8), which is
characteristic of a relatively cooperative SCO, in agreement with the magnetic studies.
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squares) showing the complete and gradual SCO. Lines are only guides to the eye.

1600

1200

800

p

C_ (Jmol'K™")

400

160 200 240 280
X

120 160 200 240 280
r'(K)

Fig. 8 Molar heat capacities of 3 showing a broad hump associated with the SCO. The dashed
line is the estimated lattice component. Inset: excess heat capacities associated with the SCO
in 3. The full line is a fit to the domain model of Sorai (see text and ref. 44) with n = 6.2.

Preliminary photomagnetic studies on thin samples of 1°, 2 and 3 indicate that a HS
metastable state can be trapped for all three compounds at low temperatures through the so-
called LIESST effect,[55] although with distinct efficacies. Indeed, while an increase of 4T is
detected upon irradiation in the 500-650 nm range at 10 K, the initial rate of increase is
highest for 1°, and smallest for 3, for similar sample thickness. In addition, the rate of increase
drops more rapidly for 2 and 3, with stable values, corresponding to incomplete trapping of at
most 40 and 20 % HS respectively, reached at longer irradiation times. On the other hand, a
full HS state can be trapped in the case of 1°. Upon warming, an increase of 4T is first
observed, which corresponds to the Zero-Field Splitting effect of trapped HS species.
Subsequently, a decrease gradually sets in, which is due to the thermally-activated relaxation
back to the LS state that is reached at ca. 85 K. A characteristic Tuesst temperature of 58 K
can be defined,[56] through the first derivative of 4T. For the other two compounds, 4T
decreases already from 10 K to reach values similar to those of the normal LS state at ca. 70
K. Thus, even with a partial trapping, relaxation of the trapped HS species back to the LS
ground state is not as fast at low temperatures as in the previously reported compound trans-
[Fe(Cladpat)>(NCS).].[31] Therefore, considering that the three samples had similar
thickness, the most likely origin of the lack of efficiency of the LIESST effect in 2 and 3 is an
overlap of the *T.—°E (HS) band with a LS band (possibly 'A;—3T:), giving rise to
competitive LIESST and reverse-LIESST processes.[55, 57, 58]
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empty circles), the (partial) LS to HS photo-induced trapping at 10 K (full circles) and the
relaxation back to the LS ground state and normal behaviour upon warming (black empty
circles).
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SCO systems based on 2,2’-dipyridylamino-substituted triazine ligands and
Fe(NCS).. As mentioned earlier, iron(Il) complexes of the type trans-[Fe''L>(NCS).], where
L is a 2,2’-dipyridylamino-substituted triazine ligand (Scheme 2), usually display SCO
properties, and the two new members of this family of compounds, namely 1 and 3, verify
this characteristic. Since the first report of such a SCO system by some of us,[23] we and
Murray and co-workers have reported a number of 2,2’-dipyridylamino/triazine-based
complexes.[31-33, 35, 36] Relevant structural features and SCO properties of these
coordination compounds are described in Table 4. To date, 14 different trans[Fe""L,(NCS)]
complexes have been obtained from 13 distinct ligands. Out of them, two do not show SCO
properties; in fact, the simplest member of this family of ligands, namely when R* = R? = ClI,
does not generate an iron(ll) SCO compound.[31] Surprisingly, the trans-[Fe"L,(NCS),]
complex whose ligand L contains two diphenylamine substituents is also a non-SCO material.
All other compounds exhibit SCO properties (complete or incomplete transitions), with T
values (T% corresponds to the temperature at which half of the transiting iron(ll) centres have
changed their spin state) ranging from 110 up to 260 K, indicating that the transition can be
fine-tuned through selection of the R groups (and the possibilities are limitless). All
compounds display very gradual to gradual spin transitions, the more abrupt one (ATg = 39
K) being obtained when R! = dipyridylamine and R? = phenol. It is actually a 1D polymeric
chain[35] wherein the cooperativity between the iron(ll) ions appears to be relativity efficient.
By comparison, when dipyridylamine is replaced by a phenol, i.e. when R! = R? = phenol, a
significantly more gradual behaviour (ATs = 90 K) is observed for the corresponding
monomeric species. No hysteretic behaviours have been observed for all these systems;
however, it is assumed that careful design of a 2,2’-dipyridylamino-substituted triazine
ligand(s) L with well-chosen R substituents will allow to enhance cooperativity between the
iron(I1) centres that may favour the occurrence of hysteresis.

It can be noted once again that lattice solvent molecules have a great effect on the
SCO properties of a coordination compound. Indeed, for the trans-[Fe''L,(NCS).] complex
with R! = dipyridylamine and R? = pyridine-4(1H)one, distinct SCO behaviours have been
obtained in dichloromethane and in chloroform/methanol. In dichloromethane, the compound
exhibits a very gradual transition (ATge = 77 K) centred at T%2 = 175 K, while a more abrupt
transition (ATgo = 55 K) is observed in CHCIs—CH3OH, at a higher temperature (T2 = 200 K).
This clearly illustrates the sensitivity of the SCO phenomenon, where not only the
coordination sphere of the metal ion is important but also the interactions between the
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complexes in the solid-state and the involvement of lattice solvent molecules (as observed for
instance in the present study with compounds 1 and 1°)

Scheme 2 Representation of the trans-[Fe"'L,(NCS),] complexes whose structural and SCO
properties are described in Table 4. R and R? symbolize different substituents on the triazine
ring (see Table 4)

Table 4 Structural and SCO properties of crystallographically characterized trans-
[Fe""L2(NCS),] compounds with 2,2’-dipyridylamino-substituted triazine ligands L (Scheme
2)

R* R? Nuclearit ~ SCO SCO  hysteres T2  AX AD’ Lattice  Ref.
y character behaviour is solvent(s)
chlorine chlorine  monomer - no - - - - H,0 [31]
chlorine aniline  monomer gradual; complete no 178 15 27 no [31]
ATgOa =50 K
K
chlorine  dipyridylamin polymer very  incomplete no ~20 13/9° 26/0° CH:OH  [36]
e gradual; (half SCO)® 5K
ATso ~50K
dipyridylamine dipyridylamin monomer gradual; complete no 200 12 31 no [23]
e ATgo =40K K
dipyridylamine  pyridine-  polymer very complete  no 175 12/13° 22/24° CH.Cl, [35]
4(1H)one gradual; K
ATBO =77K
dipyridylamine  pyridine- polymer gradual; complete no 200 12/11° 21/6° CHCl5- [35]
4(1H)one ATg =55 K K CH;OH
dipyridylamine phenol polymer gradual; incomplete no 190 8/1° 20/6° H,0-CH3;OH [35]
ATBU =39K K
dipyridylamine hydroquinone polymer gradual; incomplete no 260 4/3¢ 9/8¢ CH,Cl, [35]
ATBO =50K K
dipyridylamine  aza-15-  polymer very complete no 110 ¢ - CH:OH  [33]
crown-5 gradual; K
ATBO =80 K
dibenzylamine dibenzylamin monomer gradual; complete no ~17 13 27 no [32]
e ATgo = 50 K 0
KE
diphenylamine diphenylamin monomer - no - - - - CH,Cl, [32]
e
aza-15-crown-5  aza-15-  monomer  very complete no -~24 14 31 n-CsH,OH [33]
crown-5 gradual; 0K
ATgo ~ 80 K
phenol phenol ~ monomer  very complete no 233 15 30 CHCl;  this work
gradual; K
ATBU =90 K
pentafluorophen pentafluoroph monomer gradual;  complete no 238 11 36 CHsCN  this work
ol enol ATg =50 K K

3ATgo is the temperature range within which 80% of the transition considered occurs. ® The full LS state
is not reached as only half of the iron(ll) centres are transiting[36]. ¢ The compound exhibits two
crystallographically distinct iron(l1) centres. ¢ Only the X-ray structure of the LS compound has been
reported.[33] ¢ A different polymorphic form of this compound exhibits a very gradual spin transition
(ATgo = 85 K) centred at 300 K.

In summary, three new members of the still small (but increasing) family of SCO
compounds based on the 2,2’-dipyridylamino/s-triazine moiety have been obtained and fully
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characterized. The investigation carried out clearly shows the importance of supramolecular
contacts in the cooperativity of the spin-transition process. Indeed, the triazine ligand
containing the fluorinated phenolic groups generates a Fe(ll)/NCS complex (i.e. 3) whose
SCO is significantly more abrupt (ATso = 50 K) than that of the equivalent coordination
compound (i.e. 1) with the ligand bearing simple phenolic substituents (ATg = 90 K). These
distinct behaviours are obviously due to the fluoride atoms; actually, the F atoms give a =-
acidic character to the phenyl rings, hence favouring the occurrence of strong intermolecular
n---7 interactions (which do not take place in the solid-state structure of compound 1, which
lacks the F atoms). In addition, the F atoms are involved in strong intermolecular
halogen:--halogen bonding contacts, improving further the cooperative character of the SCO.
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Category 3: Drastic Effect of Lattice Propionitrile Molecules on the Spin-Transition
Temperature of a 2,2’-Dipyridylamino/s-triazine-Based Iron(11) Complex

Introduction

The spin-crossover (SCO) phenomenon is a particular property of d*-d’ transition metal
ions in which they may change their spin state from low spin (LS) to high spin (HS) and vice
versa when appropriate donor atoms are coordinated to the metal centers, providing intermediate
ligand-field strength.(1-3) This HS < LS conversion may occur through the application of an
external stimulus such as temperature, light, or pressure.(1, 4-6)

SCO was first observed in 1931 by Cambi and co-workers, who serendipitously
discovered that the magnetic properties of iron(lll) coordination compounds of the type
[Fe(dithiocarbamate)s] showed temperature-dependent reversibility of their magnetic moments,
from pert = 1.9ug (S =%/2) at low temperatures to pert = 5.9ug (S = 5/2) at higher ones.(7) More than
eight decades later, SCO represents an important research area of molecular magnetism, as
illustrated by the continuously growing number of groups worldwide that are devoted to the
design and investigation of new SCO materials.(8) The great potential of SCO compounds toward
practical applications was recognized with 1D coordination polymers of the type {Fe'(4-R-1,2,4-
triazole)s] X2} (for instance, with R = H or NH; and X = BFs or NOs"), which show room-
temperature spin transition associated with wide hysteresis loops.(9-12) Such materials have
indeed been used to conceive a display device.(11, 13) Thus, the switching properties of these
“bistable” molecules make them highly attractive because they may find a number of applications
in molecular electronics.(11, 14-19) Most iron-based SCO compounds are iron(ll) complexes
with a [FeNs] octahedral geometry that is typically formed by aromatic nitrogen donor groups,
e.g., pyridine or azole rings.(20-25) For about 7 years, we have been developing a family of
ligands based on 2,2'-dipyridylamine (dpa) unit(s) attached to a 1,3,5-triazine (or s-triazine)
ring.(26) The first member of this family, namely, 2,4,6-tris(dipyridin-2-ylamino)-1,3,5-triazine
(dpyatriz), was reported by some of us in 2003.(27) This ligand, containing three dpa groups on
the s-triazine ring,(28) allowed for the preparation of iron(ll) coordination compounds with
attracting SCO properties.(26, 29, 30)Concurrently, Murray and co-workers have described a
number of dipyridylamino-substituted-triazine ligands, which have engendered various SCO
materials exhibiting diverse transition properties.(31-36) Recently, we have described the iron(ll)
complex trans-[Fe(L1F)2(NCS),]-2CHsCN (1N©S.2MeCN), with L1F = 2-(N,N-bis(2-
pyridyl)amino)-4,6-bis(pentafluorophenoxy)-(1,3,5)triazine,  which  exhibits a relatively
cooperative SCO character.(37) In the present study, we report on the preparation and
characterization of the comparable selenocyanate analogue complex
[Fe(L1F)2(NCSe),]-2CHsCH,CN  (1N©Se.2PrCN), which shows solvent-dependent SCO
properties.(38-41). These particular features are unraveled through thermal, magnetic, and
variable-temperature structural studies, which are analyzed and compared with the properties of
related compounds.
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Results and Discussion

Synthesis and Crystal Structure of Compound 1N¢%¢

The ligand 2-(N,N-bis(2-pyridyl)amino)-4,6-bis(pentafluorophenoxy)-(1,3,5)triazine
(L1F) was prepared as described earlier for the preparation
of 1N®S.2MeCN.(37) Compound 1N¢*¢.2PrCN, i.e., [Fe(L1F)2(NCSe)z]-:2CHsCH.CN, was
obtained with a yield of 60% by reaction of iron(Il) perchlorate hexahydrate (1 equiv), potassium
selenocyanate (1 equiv), and ligand L1F (2 equiv). 1NC.2PrCN is triclinic, space group PI, in
the whole 100-300 K range (single-crystal data collections performed at 100, 200, 260, and 300
K). A representation of the molecular structure of 1N%¢ at 100 K (low-spin state) is depicted in
Figure 1.

Fig. 1. Representation of the molecular structure of the iron(11) complex1N®Se.2PrCN (LS state,
determined at 100 K) with partial atom-numbering scheme. Hydrogen atoms and lattice
propionitrile molecules are not shown for clarity. Symmetry operation:a=1-x,1-y, 1-z.

The coordination environment of the iron(ll) ion in 1N“S¢is analogous to that of the
previously reported compound 1N¢S,(37) The octahedral geometry is formed by two L1 ligands
in the equatorial plane and two trans, N-coordinated selenocyanate anions (Figure 1). The Fe—
Npyriginebond lengths of 1.981(1) (Fe—N2) and 1.979(1) A (Fe-N3) are representative of an LS
iron(11) ion (Table 1). Consistently, the Fe—Nncse distances of 1.930(1) A are also indicative of an
LS state. Actually, all Fe—N coordination distances observed in 1N°S¢ are very similar to those of
the related thiocyanate compound 1N°S (measured at 100 K).(37) At 300 K, these bond lengths
increase by ca. 0.17 A (Fe—Npyrigine) and 0.11 A (Fe—Nncse), hence illustrating the occurrence of a
full (i.e., 100%) spin transition that is corroborated by variable-temperature magnetic
susceptibility measurements. Such bond distance variations are typical for this type of SCO
FeNs system.(42) Finally, the distances observed for IN¢¢.2PrCN at 260 K, i.e., 2.007(4)-
2.011(3) A for Fe—Npyrigine and 1.948(3) A for Fe—Nncse, suggest the occurrence of a 1:7 HS/LS
mixture, as estimated by properly weighing the bond length values found for the pure LS and HS
states, shown in Table 1. In fact, the 7 value of about 0.42 cm® mol* obtained at 260 K by bulk
magnetic studies indicates the presence of ca. 15% HS centers, in fair agreement with the
structural results.

The octahedral distortion parameters £ and ® estimate the magnitude of the deformation
of the coordination geometry with respect to a perfect octahedron (for which the X and ® values
are 0).(43-45) Upon LS — HS transition, the coordination angles vary from 86.25(6) and
93.75(6)° to 82.85(13) and 97.15(13)°, respectively; as the angles move away from the ideal value
of 90°, the increased distortion of the octahedron can be interpreted by the entropy-driven SCO
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phenomenon.(46) Accordingly, for LS 1N“5® ¥ = 31 and @ = 25, and these values are increased
for HS 1N©%¢ to 44 and 64, respectively. The AY (Zns— Zis) and AD (Pus — Dis) parameters
characterize the extent of the structural changes induced by the spin transition. ForIN®s® AY and
A® amount to 13 and 39, respectively; the rather high A® value is indicative of an alteration of
the octahedral geometry when the iron(ll) centers transit from the LS to the HS state. Such strong
structural deformation may affect the mutual interaction, in the crystal, of the transition metal ions
spins, hence potentially enhancing the cooperativity between the switching sites that would lead
to an abrupt LS < HS crossover event.(43) Because the AD value of the related thiocyanate
compound 1N©S.2MeCN is also high (namely, 36(37)), cooperative behavior may be expected as
well for solid 1N°S¢.2PrCN.

The crystal packing of LS 1N“S.2PrCNreveals an intricate network of supramolecular
interactions that strongly connect the iron(ll) molecules. The metal complexes form a 1D
supramolecular chain along the crystallographic c axis by means of parallel-displaced n--w
interactions involving pentafluorophenoxy rings (Figure 2A). Actually, a very strong lone pair---n
contact(47, 48) is observed between the oxygen atom O1 and a neighboring pentafluorophenoxy
unit; for instance, the contact distance O1---C20g of 3.076(2) A is significantly below the sum of
the van der Waals radii of O and C (i.e., 3.22 A). Moreover, the C15---C20g contact distance of
3.323(2) A also reflects a strong arene---arene stacking interaction (the sum of the van der Waals
radii of two C atoms is 3.40 A). In fact, the C¢FsO---CsFsO contacts are shorter in
LS 1N©%e.2PrCN compared to LS 1NS.:2MeCN (for which the shortest O---C contact distance
amounts to 3.112(2) A(37)). Similar to that of1N®S.2MeCN, the iron(ll) complexes are associated
through nearly face-to-face -7 interactions between coordinated pyridine to generate another
1D chain that runs along the crystallographic a axis (Figure 2B). These supramolecular bonds are
characterized by a centroid-to-centroid distance Cg4---Cgdp of 3.682(1) A, which again is smaller
than that of1N°S.2MeCN (3.757(1) A(37)). Along the a direction, the 1D supramolecular chains
are further stabilized via lone pair- -7 contacts involving the selenocyanate anions (Figure 3).
Thus, the selenium atom Sel interacts with an adjacent pentafluorophenoxy ring (Sel---Cg7
distance of 4.320(1) A), with the shortest contact distances being Sel---C22b = 3.531(2) A and
Sel---C23b = 3.772(2) A (Figure 3), which are close to the sum of the van der Waals radii of Se
and C, namely, 3.60 A. In addition, a very short close contact is observed between Sel and F6b;
indeed, the corresponding separation value of 3.192(1) A is well below the sum of the van der
Waals radii of Se and F, i.e., 3.37 A. Sel is also involved in an intramolecular lone pair---m
interaction with a triazine ring (Sel---Cg5 = 3.585(1) A; Figure 3).

Along the c direction, the formation of another type of 1D chain is observed, which is
formed through double lone pair (CeFs)---n(triazine) interactions (Figure 4), with centroid-to-
fluorine distances Cg5---F1c and Cg5---F2¢ of 3.238(2) and 3.443(2) A, respectively. These 1D
chains are connected to the chains formed by the parallel-displaced mcerso® - *mesrsointeractions (see
above and Figure 2A), in a parallel fashion. Furthermore, the chains interact with the lattice
propionitrile molecules via lone pair---m contacts with pentafluorophenoxy rings (Figure 4). These
noncovalent bonding interactions are characterized by distances of N1S---C21 = 3.202(3) A and
N1S---C26 = 3.278(3) A (Figure 4 ; N1S---Cg7 = 3.413(2) A), which are within the sum of the
van der Waals radii of N and C, i.e., 3.25 A.
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Fig. 2. Views of the crystal packing of LS 1N°¢.2PrCN showing (A) the formation of a
supramolecular 1D chain along the crystallographic c axis by means of parallel-displaced = n
interactions between pentafluorophenoxy rings, with Cgé---Cgég = 4.589(1) A (the inset shows
the labeling of the atoms involved in short supramolecular contacts (see Table 1), which are
displayed as green dotted lines), and (B) the formation of a supramolecular 1D chain along the
crystallographic a axis by means of 7 -7 interactions between coordinated pyridine moieties,
with Cg4---Cgdp = 3.682(1) A (red dotted line) (the inset shows the labeling of the atoms
involved in short supramolecular contacts (see Table 1), which are displayed as green dotted
lines). Symmetry operations: g=1-x,1-y,2—-z;p=2-x,1-y,1-2

Fig. 3. View of the crystal packing of LS 1N“*¢.2PrCN illustrating the occurrence of
intermolecular lone pair---7 interactions (green dotted lines) between the selenocyanate anions
and adjacent pentafluorophenoxy moieties (Sel---C22b = 3.531(2) A, Sel---C23b = 3.772(2) A,
and Sel---F6b = 3.192(1) A) and intramolecular lone pair---m interactions between the
selenocyanate anions and triazine rings (Sel---Cg5 = 3.585(1) A). The inset shows the labeling of
the atoms involved in lone pair- -7 interactions. Symmetry operation: b=-1+X, y, z.
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Fig.4. View of the crystal packing of LS 1N®5¢.2PrCN showing the formation of a supramolecular
1D chain along the crystallographic c axis through double lone pair(CsFs)- - n(triazine)
interactions characterized by the short contact distances N7---F1c = 3.104(2) A and C12---F2c =
3.014(2) A. Symmetry operation:c=2-x,1-y, 2 -z

The 2D supramolecular sheets in the ac plane are connected to each other by triple
strong F---F bonds (bc plane; Figure 5); indeed, the contact distances F8---F9k and F8Kk---F9 of
2.780(2) A and F4---F7e of 2.885(2) A are all below the sum of the van der Waals radii of two F
atoms, namely, 2.94 A.(49) All of these supramolecular bonding interactions generate a 3D
framework of tightly packed iron(11) complexes, indicating the likely cooperative character of the
SCO, as indeed corroborated by magnetic and thermal studies (see below).

Fig. 5. View of the crystal packing of LS 1N°%¢.2PrCN showing the formation of 2D sheets in
the bc plane by means of strong F---F bonding contacts (green dotted lines; F8---F9k = 2.780(2)
A and F4---F7e = 2.885(2) A). Symmetry operations: e =2 —-x,2—-y,2—-z;k=2-x,2-y,1 -1

Furthermore, the magnetic and thermal studies disclose an interesting behavior
of 1NC%.2PrCNupon aging or annealing. Indeed, a displacement of the transition temperature
toward a lower value is observed upon progressive loss of lattice propionitrile molecules. To
understand this phenomenon, we have attempted several crystallographic studies on single
crystals of 1NS¢.2PrCN. First, measurements at temperatures above 300 K typically resulted in
rapid  crystal  degradation, impeding the  determination of the  structure.
Actually, 1N©%¢.2PrCN also degrades within a few days, when left in air, at room temperature.
Following the strategy adopted for the magnetic studies (see below), i.e., warming to 300 or 320
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K for short periods of time and subsequent cooling to 100 K, we have collected seven single-
crystal X-ray diffraction data sets of 1N°S¢.2PrCN (. No changes are observed around the iron(ll)
ion or in the crystal lattice, where the propionitrile molecules are found. However, as manifested
by a slight worsening of the agreement indices, these temperature-dependent studies have led to a
progressive deterioration of the single crystal. Further thermal annealing above 320 K results in
the complete loss of crystallinity; accordingly, the structural modifications associated with the
elimination of propionitrile molecules from the crystal lattice could not be assessed by single-
crystal diffraction studies.

Magnetic and Thermal Studies

Differential scanning calorimetry measurements on freshly prepared polycrystalline
powders showed an endothermic/exothermic event upon warming/cooling, as expected for the
SCO transition occurring in 1N°%¢.2PrCN. However, upon repeating the measurements on
powders left in contact with air, a second anomaly appeared at lower temperatures, whereas the
original one was significantly lowered. After 1 week in contact with air, only this second anomaly
at lower temperatures remained. In a similar manner, variable-temperature magnetic
measurements showed a behavior highly dependent on the thermal history of the sample within
the magnetometer. The first heating scan, performed up to 350 K, evidenced a complete thermal
SCO centered at ca. 283 K, whereas the first cooling (to 5 K) and second heating (to 330 K) scans
showed a conversion occurring in two similar steps centered at ca. 280 and 215 K. After this
second warming scan, the conversion occurred again as a single step centered at ca. 217 K. No
further variation of the behavior was then detected in further temperature scans. The similarity
between the observations made with these two techniques points to a modification
of 1NCSe.2PrCN occurring upon prolonged air exposure at RT or shorter periods of time at
temperatures in the 330-350 K range in a He depression (the sample is subjected to vacuum at
room temperature prior to insertion in the magnetometer sample space, so the modification seems
to require slightly higher temperatures than 300 K), in agreement with the rapid loss of
crystallinity of single crystals observed above 320 K. The two-step magnetic transition (evidenced
also by the two DSC anomalies) corresponds to a situation in which two distinct phases are
present in the material, i.e., with partial modification of pristine 1N°5¢.2PrCN. Thermogravimetric
measurements were thus carried out to ascertain a possible loss of the lattice propionitrile
molecules. The data shows a 6.6% weight loss centered at 382 K, with an onset at around 330 K.
These data agree perfectly with the loss of all propionitrile molecules from the crystal lattice
(theoretical value, 6.86%). Under the dynamic conditions used here, the loss of propionitrile is
completed at ca. 390 K, slightly above its conventional boiling temperature at ambient pressure.
Clearly, upon moderate heating, 1N°S¢.2PrCN tends to lose its lattice propionitrile, which, in the
solid state, is only weekly bound by van der Waals interactions. Powder diffraction methods
reveal that the resulting material is polycrystalline, with an infrared spectrum almost identical to
that of 1N°S¢.2PrCN; notably, the NCSe™ vibrations at 2055 and 2098 cm slightly broaden, the
former being shifted by ca. 6 cm™ toward lower wavenumbers. Not unexpectedly, the modified
phase can thus be ascribed to desolvated 1N¢*e,

The temperature dependence of the 7 product of 1N¢%¢.2PrCN and 1N“%¢, obtained
reproducibly by thermal annealing of fresh 1N°S¢.2PrCN for 2 h at 80 °C, is depicted in Figure 6,
evidencing LS <« HS transitions centered on 283 and 220 K for 1N®S¢.2PrCN and 1NC¢®e,
respectively. The conversions are complete, with 7 increasing from ca. 0.02-0.04 ¢cm® mol* K
below 220 K and above 120 K, respectively, a typical value for an Fe(ll) ion in a LS S = O state,
to ca. 2.97 cm® mol* K at 350 K and ca. 3.04-3.08 cm® mol™* K above 300 K, respectively; both
values are indicative of a mostly HS S = 2 state.
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Fig. 6. xT vs T plot for 1N%¢.2PrCN (red dots) and 1N©*¢ (blue dots) depicting their full SCO
process and corresponding temperature dependence of their excess enthalpies normalized to that
involved in the process of SCO (black dashed lines). Note that the latter is equivalent to the
temperature dependence of the HS fraction yns(T). The inset T vs T plot compares the SCO
of 1N®Se.2PrCN with that of the analogue compound 1N©S.2MeCN (gray dots). Full lines are
guides to the eye.

The SCO curves of both materials are indeed very similar in shape, with that
of IN®Se simply being shifted to lower temperatures by ca. 63 K. The value of ATs, the
temperature range over which 80% of the LS < HS conversion takes place, is indeed the same at
about 65 K, slightly higher than that observed for 1N°S.2MeCN, namely, ATg = 50 K (see inset of
Figure 6).(37)This less efficient cooperative character shown by 1N¢.2PrCN (compared to that
ofINCS.2MeCN) might be interpreted by two concurrent effects: the presence of bulkier
propionitrile molecules, compared to acetonitrile, and that of the more diffuse Se atom, resulting
in weaker supramolecular interactions (with respect to those involving an S atom) and molecules
and Fe(ll) ions being kept (on average) further apart than when S atoms are present. This latter
contribution seems to be particularly relevant, as the desolvated 1N°S® material has a similar
(larger) ATgo (of ca. 70 K).

The temperature dependence of the molar heat capacity
of 1N®Se.2PrCN and 1N©®¢ exhibit a marked anomaly, in the 240-320 and 180-260 K ranges,
respectively, and culminating at 280 and 218 K (Figure 7, top). These features are in perfect
agreement with the magnetic data and are thus due to the SCO process in 1N°S¢.2PrCN and 1NCSe,
The corresponding excess heat capacities allow the associated excess enthalpy and entropy to be
determined as 9.71 kJ mol-tand 34.6 J mol* K2, respectively, for 1N°5¢.2PrCN and 8.27 kJ mol-
Land 37.9 J mol K™ foriN®Se, Normalizing AH(T) to the corresponding AHsco also provides the
temperature variation of the HS fraction, yns(T), depicted as dashed lines in Figure 6, which is
again in excellent agreement with the magnetic data. To provide a comparable estimation of the
cooperative character of the SCO in 1N®S®.2PrCN and 1N©®¢, their excess heat capacities were
fitted to Sorai’s domain model,(50) often used in SCO systems, cooperative or not, for which
accurate calorimetric data are available.(51-54) The model gives a measure of the cooperativity
through the number, n, of like-spin SCO centers per interacting domain. Here, the derived best fits
(red lines in Figure 7, bottom) provide moderate numbers of interacting molecules per domain
atn=8.1and 5.2 for 1N°%¢.2PrCN and 1N°%¢, respectively. These values are in the same range as
that of the 1N“S.2MeCN analogue (n = 6.2) and indicate a similar cooperative character of the
SCO in these materials, significantly inferior to the value of 14.2 we recently reported for the
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related [Fe(L1)2(NCS),]-2CHsOH (L1= 2-chloro-4-(N,N-(2-pyridyl)amino)-6-
(pentafluorophenoxy)-(1,3,5)triazine).(42) Although it gives rise to a decrease in the SCO
temperature by nearly 60 K, the loss of the lattice propionitrile molecule does not seem to affect
significantly the way the electronic transition couples to the lattice phonons, the major component
of the SCO cooperativeness.
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Fig. 7. (Top) Molar heat capacities of INCSe-2PrCN and 1NCSe showing a significant
endothermic anomaly arising from the process of SCO. The dashed lines are the respective
estimated lattice components. (Bottom) Excess molar heat capacities associated with the SCO of
INCSe-2PrCN and 1NCSe. The full red lines are fits to Sorai’s domain model (see text and ref
50), withn=28.1and TSCO =281.7 Kand n = 5.2 and TSCO = 219.4 K for LNCSe-2PrCN and
INCSe, respectively.

X-ray Powder Diffraction Studies

As mentioned above, the temperature effect on the solid-state structure
of 1NCSe.2PrCN (with possible structural changes) could not be investigated by single-crystal X-
ray diffraction as a result of the degradation of the material when T > 320 K. Therefore, X-ray
powder-diffraction studies were carried out to explore potential temperature-dependent structural
changes in1N“%¢.2PrCN. Powder diffraction data, collected in the 300-370 K range (shown in
Figure 8) and analyzed by the structureless Le Bail whole pattern profile method, allowed the
relative changes of the lattice parameters to be retrieved (cell volume and the size and shape of
the thermal strain tensor). These results are numerically reported in Table 1 and are graphically
depicted in Figure 9. The shape and orientation of the thermal strain tensor, elongated in the [110]
direction, was then compared with the known crystal structure, which evidenced the presence of
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weakly bound slabs parallel to the (110) plane and is thus prone to more significant thermally
induced dilatation.

30°C

1h

v
| 100°C

R e
20(°)

Fig. 8. Variable-temperature X-ray powder diffraction data, collected between 30 and 100 °C.
Vertical axis (back to front: temperature increase). The blue portion refers to the
pristine 1N°Se.2PrCN species, transforming into the (still triclinic and contracted, see text)
unsolvated phase (the two weak low-angle peaks at 5.6 and 7.3°, highlighted by the black arrows,
belong to an unknown contaminant generated by partial degradation). The red portion contains 12
XRPD traces collected under isothermal conditions (in air) at 100 °C (5 min each).

Table 1. Linear and Volumetric Thermal Expansion Coefficients of 1N“.2PrCNin the Form of
Oln x/0T (x =4, b, ¢, a, B, y and V)?

Jln a/0T Jln b/0T Jln ¢/0T oln a/0T Jln B/0T oln y/0T Jln V/0T

+160 +74 +78 +9 -18 +78 +227

2 Units in M K. Values were computed by fitting the TXRPD-derived data in the 30-95°C range, where a nearly linear
trend was observed.
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Fig. 9. (Top) Relative lattice parameter changes (including cell volume), measured by TXRPD
data. Horizontal axis, temperature (T, K); vertical axis, (Xt —Xao)/X30 (X =a,b, ¢, a, B, v, and V).
(Bottom left) Thermal strain tensor for the 30-95 °C range, computed by Ohashi’s
method(63) and drawn  with  Wintensor.(64) (Bottom right) Crystal packing
of 1NC%.2PrCN viewed approximately down [110], highlighting the (110) plane, separating slabs
of weakly bound molecules, which conform to the longest axis of the thermal strain tensor shown
on the left.

Prolonged heating at 370 K showed a progressive change of the diffraction trace, which
was completed after ca. 1 h. After eliminating a few peaks (attributed to an unknown
contaminant), a reliable unit cell for the HT phase was obtained (using TOPAS-R):(55) a=
8.87,b=11.21,c= 1540 A, o = 102.3, p = 84.3, and y = 103.4°,V = 1454 A% GOF(20) =
21.(56) The crystal symmetry and the lattice parameters herein proposed match those found for
the pristine solvated phase (V = 1557 A%at 300 K). The difference in the molar volume (AV =
—103 A?®) is well-matched with that expected for the loss of two PrCN molecules (64 A3, as
estimated by SMILE(57)). After cooling to room temperature, diffraction data were collected with
an overnight measurement. Unfortunately, the powder pattern, due to partial degradation,
contained too many peaks, making the crystal structure determination of the desolvated phase
impossible.

The loss of the lattice propionitrile molecules will irremediably affect the solid-state
packing of the iron(ll) complexes. Actually, the propionitrile molecules connect the
[Fe(L17)2(NCSe),] complexes, through lone pair---m interactions (Figure 10), generating a 1D
supramolecular chain, and are therefore involved in the observed SCO properties of 1N¢S¢.2PrCN.
Consequently, their removal will have an effect on the magnetic properties of the material. In fact,
the spin-transition properties of the propionitrile-free compound 1N°%¢ are modified compared to
those of 1NC%¢.2PrCN (see above), as reflected by the lower T, (220 K instead of 283 K) and
slightly lower cooperativity (n/ATgo value of ca. 5.2/70 K instead of 8.1/65 K).
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Fig. 10. View of the solid-state structure of 1N°S¢.2PrCN showing the interaction of a
propionitrile molecule with two pentafluorophenyl rings (in space-filling mode) belonging to two
neighboring iron(Il) complexes, through lone pair- -7 interactions.

In summary, for about 8 years, our group and that of Murray(31) have been
investigating the SCO properties of a particular family of iron(Il) systems obtained from 2,2'-
dipyridylamino-substituted triazine ligands. Through ligand design, it has been possible to obtain
members of this group of SCO complexes with interesting properties.(42) In the present study, a
new compound belonging to this family was prepared that exhibits solvent-dependent SCO
properties. Indeed, the loss of propionitrile molecules present in the crystal lattice
of INCSe.2PrCN results in a strong alteration of its SCO behavior, which is reflected by an
important shift of the transition temperature, fromTy, = 283 K to 220 K (for the desolvated
compound 1N, This variation of the magnetic properties is most likely due to a modification of
the crystal packing of the transiting molecules, hence exemplifying the great sensitivity of the
SCO phenomenon. In addition, the results reported herein illustrate the potential of (2,2'-
dipyridylamine/triazine)-based iron(ll) complexes to generate SCO materials with singular
properties.

References
1. Giitlich, P.; Goodwin, H. A. Top. Curr. Chem. 2004, 233, 1- 47
2. Spin-Crossover Materials: Properties and Applications; Halcrow, M. A., Ed.; John Wiley
and Sons:Chichester, UK, 2013.
3. Boca, R. A Handbook of Magnetochemical Formulae; Elsevier: London, 2012; pp 159—
186.
4. Real, J. A.; Gaspar, A. B.; Munoz, M. C. Dalton Trans. 2005, 2062— 2079

5. Bousseksou, A.; Molnér, G.; Real, J. A.; Tanaka, K. Coord. Chem. Rev. 2007, 251, 1822
1833

6. Gutlich, P.; Hauser, A.; Spiering, H. Angew. Chem., Int. Ed. Engl. 1994, 33, 2024— 2054

7. Cambi, L.; Szego, L. Ber. Dtsch. Chem. Ges. 1931, 64, 2591 2598

8. Cluster Issue: Spin-Crossover Complexes Eur. J. Inorg. Chem. 2013, 573- 1070.

9. Krober, J.; Codjovi, E.; Kahn, O.; Groliére, F.; Jay, C. J. Am. Chem.

Soc. 1993, 115, 9810 9811
10. Cantin, C.; Daubric, H.; Kliava, J.; Servant, Y.; Sommier, L.; Kahn, O. J. Phys.:
Condens. Matter 1998, 10,7057— 7064
11. Kahn, O.; Martinez, C. J. Science 1998, 279, 44— 48
12. Roubeau, O. Chem.—Eur. J. 2012, 18, 15230— 15244
13. Létard, J. F.; Guionneau, P.; Goux-Capes, L. Top. Curr. Chem. 2004, 235, 221 249
14. Gaspar, A. B.; Seredyuk, M.; Giitlich, P. Coord. Chem. Rev. 2009, 253, 2399- 2413
15. Gamez, P.; Costa, J. S.; Quesada, M.; Aromi, G. Dalton Trans. 2009, 7845 7853

BRG5680009 nINHIAN 2559


javascript:void(0);
javascript:void(0);

16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

51

Bousseksou, A.; Molnar, G.; Salmon, L.; Nicolazzi, W. Chem. Soc. Rev. 2011, 40, 3313-
3335

Gutlich, P.; Garcia, Y.; Goodwin, H. A. Chem. Soc. Rev. 2000, 29, 419— 427

Sato, O. Proc. Jpn. Acad., Ser. B 2012, 88, 213- 225

Ruben, M.; Breuning, E.; Lehn, J.

M.; Ksenofontov, V.; Renz, F.; Gutlich, P.; Vaughan, G. B. M. Chem.—Eur.

J. 2003, 9, 4422 4429

Aromi, G.; Barrios, L. A.; Roubeau, O.; Gamez, P. Coord. Chem. Rev. 2011, 255, 485—
546

Olguin, J.; Brooker, S. Coord. Chem. Rev. 2011, 255, 203- 240

Boca, M.; Jameson, R. F.; Linert, W. Coord. Chem. Rev. 2011, 255, 290- 317

Murray, K. S. Eur. J. Inorg. Chem. 2008, 3101- 3121

Halcrow, M. A. Coord. Chem. Rev. 2009, 253, 2493 2514

Kitchen, J. A.; Brooker, S. Coord. Chem. Rev. 2008, 252, 2072— 2092

Quesada, M.; de la Pefia-O’Shea, V.

A.; Aromi, G.; Geremia, S.; Massera, C.; Roubeau, O.; Gamez, P.;Reedijk, J. Adv.
Mater. 2007, 19, 1397 1402

Gamez, P.; de Hoog, P.; Lutz, M.; Driessen, W. L.; Spek, A.

L.; Reedijk, J. Polyhedron 2003, 22, 205-210

Gamez, P.; de Hoog, P.; Lutz, M.; Spek, A. L.; Reedijk, J. Inorg. Chim.

Acta 2003, 351, 319-325

Quesada, M.; Monrabal, M.; Aromi, G.; de la Pefia-O’Shea, V.

A.; Gich, M.; Molins, E.; Roubeau, O.; Teat,S. J.; MacLean, E.

J.; Gamez, P.; Reedijk, J. J. Mater. Chem. 2006, 16, 2669— 2676

Quesada, M.; de

Hoog, P.; Gamez, P.; Roubeau, O.; Aromi, G.; Donnadieu, B.; Massera, C.; Lutz, M.;Spe
k, A. L.; Reedijk, J. Eur. J. Inorg. Chem. 2006, 1353—- 1361

Scott, H. S.; Ross, T. M.; Chilton, N. F.; Gass, .

A.; Moubaraki, B.; Chastanet, G.; Paradis, N.; Létard, J. F.; Vignesh, K.

R.; Rajaraman, G.; Battena, S. R.; Murray, K. S. Dalton Trans. 2013, 42, 16494-16509
Scott, H. S.; Ross, T. M.; Batten, S. R.; Gass, I. A.; Moubaraki, B.; Neville, S.

M.; Murray, K. S. Aust. J. Chem. 2012, 65, 874— 882

Ross, T. M.; Moubaraki, B.; Batten, S. R.; Murray, K. S. Dalton Trans. 2012, 41, 2571~
2581

Ross, T. M.; Moubaraki, B.; Neville, S. M.; Batten, S. R.; Murray, K. S. Dalton

Trans. 2012, 41, 1512-1523

Ross, T. M.; Moubaraki, B.; Turner, D. R.; Halder, G. J.; Chastanet, G.; Neville, S.

M.; Cashion, J. D.;Létard, J. F.; Batten, S. R.; Murray, K. S. Eur. J. Inorg.

Chem. 2011, 1395- 1417

Neville, S. M.; Leita, B. A.; Offermann, D. A.; Duriska, M.

B.; Moubaraki, B.; Chapman, K. W.; Halder, G. J.; Murray, K. S. Eur. J. Inorg.

Chem. 2007, 1073 1085

Wannarit, N.; Roubeau, O.; Youngme, S.; Teat, S. J.; Gamez, P. Dalton

Trans. 2013, 42, 7120-7130

Gomez, V.; Benet-Buchholz, J.; Martin, E.; Galdn-Mascarés, J. R. Chem.—Eur.

J. 2014, 20, 5369-5379

Costa, J. S.; Rodriguez-Jimenez, S.; Craig, G. A.; Barth, B.; Beavers, C. M.; Teat, S.
J.; Aromi, G. J. Am. Chem. Soc. 2014, 136, 3869 3874

BRG5680009 nINHIAN 2559



52

40. Wei, R. J.; Tao, J.; Huang, R. B.; Zheng, L. S. Inorg. Chem. 2011, 50, 8553- 8564

41. Amoore, J. L. M.; Kepert, C. J.; Cashion, J. D.; Moubaraki, B.; Neville, S.
M.; Murray, K. S. Chem.—Eur. J.2006, 12, 8220 8227

42. Nassirinia, N.; Amani, S.; Teat, S. J.; Roubeau, O.; Gamez, P. Chem.
Commun. 2014, 50, 1003-1005

43. Halcrow, M. A. Chem. Soc. Rev. 2011, 40, 4119- 4142

44. Marchivie, M.; Guionneau, P.; Létard, J. F.; Chasseau, D. Acta Crystallogr., Sect. B:
Struct. Sci. 2005, 61,25- 28

45. McCusker, J. K.; Rheingold, A. L.; Hendrickson, D. N. Inorg. Chem. 1996, 35, 2100—
2112

46. Konig, E. Struct. Bonding (Berlin, Ger.) 1991, 76, 51— 152

47. Mooibroek, T. J.; Gamez, P. CrystEngComm 2012, 14, 1027— 1030

48. Mooibroek, T. J.; Gamez, P. CrystEngComm 2012, 14, 3902— 3906

49. Mooibroek, T. J.; Gamez, P. CrystEngComm 2013, 15, 1802— 1805

50. Sorai, M.; Nakazawa, Y.; Nakano, M.; Miyazaki, Y. Chem. Rev. 2013, 113, PR41- 122

51. Nakamoto, T.; Tan, Z. C.; Sorai, M. Inorg. Chem. 2001, 40, 3805—- 3809

52. Roubeau, O.; deVos, M.; Stassen, A. F.; Burriel, R.; Haasnoot, J. G.; Reedijk, J. J. Phys.
Chem. Solids2003, 64, 1003—- 1013

53. Arcis-Castillo, Z.; Zheng, S.; Siegler, M.
A.; Roubeau, O.; Bedoui, S.; Bonnet, S. Chem.—Eur. J. 2011, 17,14826— 14836

54. Roubeau, O.; Castro, M.; Burriel, R.; Haasnoot, J. G.; Reedijk, J. J. Phys. Chem.
B 2011, 115, 3003-3012

55. TOPAS, 3.0; Bruker AXS: Karlsruhe, Germany, 2005.

56. de Wolff, P. M. J. Appl. Crystallogr. 1968, 1, 108— 113

57. Eufri, D.; Sironi, A. J. Mol. Graphics 1989, 7, 165— 169

58. SAINT, SADABS, and SHELXTL; Bruker AXS Inc.: Madison, WI.

59. Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.
L.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R. J. Appl.
Crystallogr. 1999, 32, 115- 119

60. Burla, M. C.; Camalli, M.; Carrozzini, B.; Cascarano, G.
L.; Giacovazzo, C.; Polidori, G.; Spagna, R. Acta Crystallogr., Sect. A 1999, 55, 991 999

61. Sheldrick, G. M. Acta Crystallogr., Sect. A 2008, 64, 112— 122

62. Le Bail, A.; Duroy, H.; Fourquet, J. L. Mater. Res. Bull. 1988, 23, 447— 452

63. Ohashi, Y. In Comparative Crystal Chemistry; Hazen, R. M.; Finger, L. W.,
Eds.; Wiley: New York, 1982; pp 92— 102,

64. Kaminsli, W. WINTENSOR, V.1.4; University of Washington: Seattle, WA, 2011.

65. Guionneau, P.; Marchivie, M.; Bravic, G.; Létard, J. F.; Chasseau, D. Top. Curr.
Chem. 2004, 234, 97-128

66. Quesada, M.; Prins, F.; Bill, E.; Kooijman, H.; Gamez, P.; Roubeau, O.; Spek, A.
L.; Haasnoot, J. G.;Reedijk, J. Chem.—Eur. J. 2008, 14, 8486— 8499

BRG5680009 nINHIAN 2559



53

11-2: Crystal structures, magnetic properties and theoretical studies of triply-
bridged dinuclear copper(l1) compounds

Introduction

The magnetochemistry of Cu(ll) systems have received much attention because of their
interesting structural and magnetic properties, as well as their application as molecular based
materials [1,,3]. In these materials, the Cu(ll) ions exhibit a d° electronic configuration and,
hence, can be considered as suitable candidates representative of basic models of magnetic
coordination compounds, especially in di- and polynuclear Cu(ll) systems [4,5]. A deep
understanding of magneto-structural correlations is highly desirable to be able to predict the
magnitude of the coupling constant, its character and the corresponding physical mechanism, thus
allowing one to design and synthesize new molecular based materials with improved magnetic
properties. Hence, magneto-structural correlations for a series of compounds with different
structural and magnetic properties are usually derived either from experimental measurements or
theoretical calculations. Clearly, compounds with strong ferromagnetic coupling are of great
interest for potential technological applications [4-5,,,,,,,12].

Among the different Cu(ll) families with ferromagnetic properties, previous work has
focused on the design, magnetic properties and magneto-structural correlations of the hetero
triply-bridged dinuclear Cu(ll) systems because this particular type of compounds exhibit
moderate to strong ferromagnetic interactions [6,7,8,9,10]. In this type of systems, the magnetic
interaction occurs via bridging ligands, although various pathways are possible [10], which
depend on the coordination geometry of the Cu(Il) ion, the Cu---Cu separation, the bond angles
involving the bridging atoms, the dihedral angle between the planes containing the Cu(ll) ions
and the distance from the Cu(ll) to the bridging ligands. Structurally, the Cu(ll) ions are in a five-
fold coordination which, however, corresponds to a rather broad range of geometries, from
regular trigonal bipyramidal (TBP) to regular square-based pyramidal (SP). In a previous work
[10], the possible topological arrangements of the dinuclear unit have been organized in six
different classes: Class A corresponds to co-planar bases with a square pyramidal geometry for
both Cu(Il) environments and the two bridges (aquo or hydroxo) lying in the equatorial positions;
Class B contains compounds with non-coplanar bases with a square pyramidal geometry for both
Cu(Il) ions with carboxylato and hydroxo bridges in the equatorial positions; Class C includes
compounds with non-coplanar bases with a square pyramidal geometry for both Cu(ll) ions and
two carboxylato bridges lying in the equatorial positions; Class D stands for non-coplanar bases
with a square pyramidal geometry for both Cu(ll) ions, one single-atom or triatomic bridge in an
equatorial-equatorial configuration and two carboxylato bridges in an axial-equatorial
configuration; Class E stands for non-coplanar bases with a trigonal bipyramidal geometry for
both Cu(ll) ions and one hydroxo bridge in an axial-axial configuration; and, finally, Class F
refers to non-coplanar bases with square pyramidal and trigonal bipyramidal geometries, two
bridges occupying the axial-equatorial positions, with the third one in an equatorial-equatorial
configuration. The knowledge of these topologies is useful to unravel the relationships between
structural features and the value of the intramolecular magnetic exchange interaction in the triply-
bridged dinuclear unit.

In previous studies, the magneto-structural correlations have been investigated for some
of these compounds by the simple Extended Huckel (EH) method and a linear correlation has
been found for class B compounds allowing a first step towards a proper understanding [10].
However, to obtain more quantitative relationships it is necessary to go beyond the semi-empirical
EH method and to make use of more reliable electronic structure methods as demonstrated by
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recent studies on other triply bridged dinuclear Cu(ll) compounds which employed state of art
density functional theory (DFT) based methods [11,12]. Six different exchange-correlation
functionals have been used in order to fully understand the magneto-structural correlation and
also to accurately predict the broad range of magnetic coupling constant (J) values exhibited by
class B and class F compounds with ferro- and antiferromagnetic behavior, respectively. The DFT
calculations have revealed that, for ferromagnetic class B compounds, the calculated J values
almost quantitatively correlate with the sum of Addison’s 7 parameter [13] of each Cu(ll) ion. The
calculated and experimental J values of all compounds are in agreement [12], especially for the
long-range separated hybrid LC-oPBE method [14]. In particular, the DFT calculations properly
reproduce the magnitude of the magnetic coupling constants in the whole range of topologies
studied. However, the calculated J values of class B compounds exhibit a rather large dependence
with the type of hybrid exchange-correlation functional and may even show noticeable deviations
from the experimental values, especially in the ferromagnetic compounds. Therefore, the precise
interpretation of the magnetic interactions in class B compounds with ferromagnetic interactions
still require further attention and either accurate wave function based calculations or a more
systematic study aimed precisely to better understand the performance of current DFT approaches
in describing this type of systems is needed. There is little doubt that wave function based
calculations using for instance the Difference Dedicated Configuration Interaction (DDCI)
method will properly describe these systems as highlighted in the review paper by Moreira and
lllas [15] although it is also clear that without a modeling of the external ligands, these
calculations are likely to be computationally unfeasible. Therefore, in the present work we focus
on the second possibility and, to this end, we extend the investigation of the magneto-structural
correlations and accurate prediction of intramolecular magnetic interaction of this series of
compounds by adding seven newly synthesized compounds of class B and analyzing
simultaneously the effect of the type of DFT method and of the basis set used to represent the
electron density. We will show that the current exchange-correlation functionals, which properly
describe magnetostructural correlations involving antiferromagnetic interactions, face difficulties
in properly reproducing the J values and trends along the series of ferromagnetic compounds
which, therefore, constitute a challenge for state of the art exchange-correlation functionals.

Experimental

The new compounds can be generally described as members of the [Cuz(L)2(u-OH)(u-
OH,)(u-0.CR)]X, series where L = bpy = 2,2'-bipyridine, 4,4’-dmbpy = 4,4'-dimethyl-2,2'-
bipyridine and 5,5’-dmbpy = 5,5'-dimethyl-2,2'-bipyridine; R = H for formate, CH; for acetate,
CH,CHs for propionate and C(CHs); for trimethylacetate and X = CF3SOs; and ClOg4. In
particular, the following compounds are considered: [Cuz(bpy)2(u-OH)(u-OH2)(u-
OzCCHs)](CFsSOs)z (1), [CU2(4,4’-dmbpy)2(u-OH)(p-OHz)(p-OzCH)]- (C|O4)2 (2), [CU2(4,4'-
dmbpy)2(p-OH)(u-OHz)(1-O2CCHs)](Cl04)2 (3), [Cu2(5,5'-dmbpy)2(u-OH) (pn-OHz) (u-
O2CCH3)](ClO4)2 (4), [Cuz(5,5'-dmbpy).(u-OH)(p-OHa)(1-02.CC(CHs)3)](ClO04). (5), [Cua(5,5'-
dmbpy)2(p-OH)(n-OH2)(u-0O2.CCH3)](CF3S0s).  (6) and  [Cuz(5,5'-dmbpy)2(u-OH)(u-OHz) (u-
0,CCH2CH3)](CF3SOs3)2 (7) which structure can be easily understood by inspection of Scheme 1.
The crystal structures, magnetic properties and a systematic theoretical study are described in the
forthcoming sections.
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Materials and measurements

2,2'-bipyridyl, 4,4'-dimethyl-2,2"-bipyridine and 5,5'-dimethyl-2,2'-bipyridine were
purchased as commercial chemicals from Aldrich. All reagents are commercial grade materials
and were used without further purification. Elemental analyses (C, H, N) were determined on a
Perkin—Elmer PE 2400 CHNS/O Analyzer. IR spectra were recorded on Spectrum One FT-IR
spectrophotometer as KBr disc in the 4000-450 cm® spectral range. Solid-state (diffuse
reflectance) electronic spectra were measured as polycrystalline samples on a Perkin—Elmer
Lambda2S spectrophotometer, over the range 8000-18000 cm.

Magnetic susceptibility measurements for compounds 1-7 were carried out with a
Quantum Design SQUID MPMS-XL magnetometer working in the temperature range 2-300 K at
magnetic fields of 500 G (2-30 K) and 10 kG (2-300 K). Diamagnetic corrections for the
measured susceptibilities were estimated from the Pascal tables. The EPR spectra of
microcrystalline samples of 1-7 were recorded at X-band frequency (v ~ 9.4214 GHz) with a
Brucker ES-200 spectrometer in the temperature range 300-4 K.

Synthesis

Here we describe in some detail the synthesis procedure and experimental conditions for
[Cu2(bpy)2(£-OH)(1-OHy) (1-O2CCH3) ] (CF3S0s)2 (1).

A warmed methanol solution (10 ml) of bpy (0.156 g, 1.0 mmol) was added to a warmed
aqueous solution (20 ml) of Cu(CF3S0s), (0.361 g, 1.0 mmol). Then, an agqueous solution (5 ml)
of NaO,CCHjs (0.204 g, 3.0 mmol) was slowly added. The mixture was warmed with adding DMF
(2 ml), yielding a clear dark blue solution. On slow evaporation at room temperature for 6 days,
the product 1 was isolated as violet-blue block-shaped crystals. The crystals were filtered off,
washed with the mother liquid and air-dried. Yield: ca. 75%. Anal. Calc. for CasH22CuzFsN4O10S5:
C, 34.62; H, 2.78; N, 6.73. Found: C, 34.60; H, 2.80; N, 6.69%.

Crystallography

X-ray data for single-crystal samples of compounds 1, 2, 4, 6 and 7 were collected at 100
K, whereas those of compound 3 and compound 5 were collected at 150 and 173 K, respectively.
Reflection data were collected on a 1K Bruker SMART APEX CCD area-detector diffractometer
using rotating mode, graphite-monochromated Mo Ka: radiation, (A = 0.71073 A) at a detector
distance of 4.5 cm and swing angle of -30°. A hemisphere of the reciprocal space was covered by
combination of three sets of exposures; each set had a different ¢ angle (0°, 88°, 180°) and each
exposure of 40 s covered 0.3° in w. Raw data frame integration was performed with the SAINT
code [16], which also applied correction for Lorentz and Polarization effects. An empirical
absorption correction by using the SADABS [17] program was applied, which resulted in
transmission coefficients ranging from 1.000 to 0.678, 0.746 to 0.603, 1.000 to 0.818, 1.000 to
0.850, 0.891 to 0.665, 0.945 to 0.614 and 0.746 to 0.614 for 1-7. The structures were solved by
direct methods and refined by full-matrix least-squares method on (Fops)? using the SHELXTL-PC
Version 6.12 software package [18].

All hydrogen atoms of compound 1-4, were determined at the difference map and refined
isotropically riding with the heavy atoms. For compound 5, all hydrogen on carbon atoms were
fixed except O-H hydrogen atoms whose positions were refined. One hydrogen atom of an aqua
bridging molecule could be not located and the position was fixed according to geometry
optimization from theoretical calculations. In addition, three methyl groups of trimethylacetate
appear to be disordered. All hydrogen atoms on carbon atoms of compound 6 were fixed except
O-H hydrogen atoms whose the positions were refined. One triflate group was also found to be
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disordered. For compound 7, all H atoms were determined at the difference map and refined
isotropically and bonded to the heavy atoms except hydrogen atoms on C(6) and C(8) which were
fixed.

Computational details

A series of DFT calculations with state of the art exchange-correlation functionals has
been carried out considering the isolated dinuclear Cu(ll) cations in vacuo. The electron density
was described either explicitly considering all electrons or using small core (LANL2) effective
core potential (ECP) for the Cu atoms which allows one to take scalar relativistic effects into
account. For the all electron calculations we used a rather large standard basis sets of Gaussian
Type Orbitals (GTO) which is the same as in previous works [11,12] and is defined as follows: 6-
3111+G extended with an f-function (exponent(f) = 0.528) for Cu and 6-31G(d) for the remaining
atoms. For the calculations where the Cu innermost 10 electrons are described through a
relativistic ECP, two different basis have been used which are either the standard LANL2DZ or
the more extended standard LANL2TZ [19] the rest of atoms are described at the all electrons
level with the 6-31G(d) basis set. We will refer to the three sets of calculations as AE, ECP-DZ
and ECP-TZ, respectively.

The DFT calculations have been carried out using a variety of exchange-correlation
functionals including hybrid schemes such as the well-known B3LYP and BHHLYP [20,21], the
MO06 and M06-2X meta-GGA functionals developed by Zhao and Truhlar [22-24] and the short-
(HSE) [25] and long-range (LC-wPBE) functionals [14] proposed by Scuseria et al. In all cases
the calculations were carried out within the unrestricted (spin-polarized) formalism. Clearly, in
this type of formalism, the spin symmetry is not guaranteed. [26-2728] Nevertheless, in the
unrestricted Kohn-Sham formalism one can approximate triplet (T) state using a single Slater
determinant with two unpaired electrons (i.e., S; = 1). However, to estimate the energy of the open
shell singlet state it is possible to make use of the broken-symmetry (BS) approach imposing S,
=0. In this way, the singlet-triplet gap energy has been obtained on the basis of the expectation
value of the Heisenberg Hamiltonian as in Eq. (1)

H =-J§,.S, (1)
that using the appropriate mapping [15] leads to the approximate relation:
J =2[E(BS) -E(T)] (2)

where E(BS) is the energy of the broken-symmetry state and E(T) is the energy of the spin
unrestricted approximation to the triplet state [29]. Here, it is important to stress that Eq. (2) takes
into account the so-called spin projection to approximately recover the spin symmetry lost in the
BS approach and which is inherent to the use of a single Kohn-Sham determinant [30-32]. Here
one must advert that alternative methods for calculating J couplings without the use of spin
symmetry [33] lead to results that are not always accurate [34] when high quality range separated
functionals like those employed in this work are used. Nevertheless, one must admit that
magnetostructural correlation involving mainly antiferromagnetic compounds do not suffer from
this limitation. Moreover, it has been recently shown that, for a given functional, results obtained
using the mapping procedure in Eq. (2) are in agreement with those obtained using the spin flip
Time Dependent DFT approach which properly accounts for spin symmetry in this type of
systems [35].All calculations were carried out using the Gaussian09 suite of programs [36].
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Results and discussions
Description of the crystal structures

The crystal structures of compounds 1-7 consist of a hetero triply-bridged dinuclear
Cu(ll) cationic unit and two counteranions (CFsSOs™ for compounds 1, 6 and 7; CIO4 for
compounds 2-5). For each of the cationic units, two [Cu(L)] groups are linked together by three
different bridging ligands namely aquo, hydroxo and carboxylato. Each Cu(ll) geometry is
described as distorted square pyramidal geometry of the CuN»O,O’ chromophore, with t values of
0.10 and 0.38 for the two Cu(ll) centers. Let us recall that the Addison parameter is defined as t =
(a-B)/60, where o and 3 are the largest coordination angles. Hence, one has © = 0 for square
pyramidal (SP) and t = 1 for trigonal bipyramidal (TBP) geometry [13]. The coordination
environment around each Cu(ll) ion contains two N atoms of the chelate ligand (Cu—-N 1.978(1)-
2.012(6) A), an oxygen atom of the carboxylato bridging ligand (Cu—O 1.941(1)-1.983(1) A) and
an oxygen atom of hydroxo ligand (Cu—O 1.908(1)-1.938(5) A) to form the square bases. The
apical site of each Cu(ll) atom is occupied by an oxygen atom of an aquo ligand at distances in
range of 2.310(4)-2.442(1) A. The syn,syn-coordinated carboxylato ligand bridges two equatorial
planes of each Cu(ll) chromophore, giving the Cu---Cu distances in the range of 2.979(1)-
3.077(1) A. The CuN,0.0’ chromophores are non-planar with dihedral angles (y in Table 1)
between the CuN, and CuO. planes in the range of 10.10(2)-28.62(1)°. The dihedral angle
between the equatorial planes (¢ in Table 1) are in the range of 112.07(1)-122.08(1)°. The
bridging angles of Cu—OH-Cu are in the range of 100.80(7)-107.26(5)°. According to these
structural features, compounds 1-7 are classified as class B (Scheme 1).

Scheme 1

The lattices of all compounds are stabilized by intermolecular n-n interactions between
aromatic pyridine rings on chelate ligands of adjacent dinuclear cations and hydrogen bonding
between the aquo and hydroxo bridges and triflate or perchlorate anions. The molecular structure
of compound 1 is shown in Figure 1. For comparison purposes, the structural data of compounds
1-7 and of some other relevant hetero triply-bridged dinuclear Cu(ll) compounds previously
studied [10,12] are summarized in Table 1.
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Table 1. Structural and magnetic data for Class B triply-bridged dinuclear copper(ll) compounds.©

Cu-X Cu

Compound” Geom * 1 ¢ 7 Cu---Cu Axial Equatorial OH-Cu [, Ref”
Cu,(dpyam),(p-OH)(p-0H,)- SP,SP 043 164.4  40.4 3124 2414 1.911-2.023 109.6 nd. 10
p-0,CCH, (5.04) (1)
Cu,(bpy).(u-OH)(1-OH, )(1-0.CCH, - SP,SP  0.21,0.19 120.5 14.5,11.6 3.049  2.347,2.460 1.938-2.017 1040 nd. 10
NO,), (1)
Cu,(phen),(p-OH)(1-OH,)- SP,SP  0.21,0.16 1146 17.0,8.6  3.002  2.374,2.390 1.925-2.008 102.1 120.8 10
uD_CCH JI(BF,)(H.0), ; (111)

UJJp;’J 11-OH)[p-OH, ) (1-0,CCH, ) - SP,SP  0.14,0.25 1181 — 3.035  2.379,2.405 2.006-2.010 103.8 19.3 10
::[0

u,(phen),(-OH)(u-OH,)- SP,SP  0.02,0.14 113.8 16.4,8.2 2989  2.360,2.375 1.933-2.020 101.3  120.0 10
U{)_CCH jlicio,), (v)

u,(bpy).(p-OH)[j-OH, }- SP,SP  0.20,0.16 120.1 15.0,10.9 3.037  2.382,2.415 1.920-2.005 104.5 1489 10
p-D_CCH CH,](Cl0,), (V1)

Cu,(bpy). hl-DH][p-DCCH][p-C[]]— SP,SP  0.41,0.28 123.0 274,189  3.040  2.632,2.657 1.936-2.029 103.3 1453 10
::[ [H 0Jy.5 (VII)

u,(phen),(j-OH)(-OHL)- SP,SP  0.19,0.21 122.3 14.6,12.2 3.026  2.344,2.368 1.925-2.029 103.6 98.4 12
p-D_CCH CH,J](NO,), (vIII)

u,(phen).(y-OH)(1-OH,)- SP,SP  0.10,0.22 117.7, 9.9,16.2  3.010  2.419,2.379 1.911-2.015 103.8, 151.2 12
||-D_CC[CHJ]]{C[0J{CH CH,OH) (IX) 0.08,0.26 1204 8.8,21.2  3.034  2.425,2.369 1.893-2.012 105.3

u,(bpy).(u-OH)(1-0,CCH,CH, SP,SP  0.14,0.15 154.8 11.2,11.8 3.341  2.351,2.354 1.906-2.019 1223 104.5 12
p-D_SDCF )J(CF.80,)(DMF), 5 (X)
Cuy [bpvﬁ o(1-OH)(p-0H,) (p- SP,SP  0.24,0.25 118.95 15.67,18.73 3.024  2.394,2.323 1.921-2.009 103.39 102.1 pw
0,CCH,)|(CF,80,), (1)
Cuy, [j 4{4i1n1bpy} o(1-OH)(4-OH,)(1-OCH)|-  SP,SP  0.10,0.38 122.08 10.10, 28.62 3.077  2.324,2.409 1.908-1.999 107.26 72.6 pw
clo
Cu,(4,4'-dmbpy),(n-OH)(u-OH,)- SP,SP  0.11,0.30 120.19 11.37,25.20 3.055  2.323,2.442 1.918-1.999 10555 90.2 pw
w-0CCH,)|(clo,), (3)
Cu,(5,5'-dmbpy).(n-OH)(u-OH, )- SP,SP 0.21,0.22 112.07 14.81,15.64 2.984  2.329,2.346 1.929-2.003 101.07 104.3 pw
1-0CCH,)|(Cloy,), (4)
Cu,(5,5'-dmbpy).(u-OH)(u-OH, )- SP,SP  0.17,0.19 114.56 11.49,13.99 3.008  2.320,2.333 1.921-2.012 10240 98.7 pw
l"DCC[CHJJ.\J (Clo,). {SJ
Cu,(5,5'-dmbpy).(y-OH)(u-OH, )- SP,SP  0.34,0.31 11872 22.29,20.60 3.007  2.310,2.323 1.923-2.003 10257 92.1 pw
;mCCH.\J]lGF.,SO.,J: (6)
Cu,(5,5'-dmbpy).(u-OH)(u-OH,)- SP,SP  0.23,0.27 112.25 15.61,18.04 2.979  2.321,2.339 1.931-1.996 100.80 103.1 pw
11-OCCH,CH, J[(CF;50,), (7)

2 Abbreviations: bpy = 2,2'-bipyridine; dpyam = di-2-pyridylamine; phen = 1,10-phenanthroline, n.d. = not determined, pw = present
work; ® SP = distorted square pyramid; © Geom stands for the coordination of Cu(1) and Cu(2), < is the Addison structural parameter
for Cu(ll) center for Cu(1)/Cu(2) and Cu(3)/Cu(4) pairs, ¢ is the angle between basal planes and v is the tetrahedral twist angle, both
in degrees. Cu-~Cu and Cu-X distances are in A and Cu-OH-Cu angles in degrees. Je,, is the experimentally derived magnetic coupling
constant in cm™,

Fig. 1. Molecular structure and atomic numbering scheme for compound 1. Triflate counteranions
are omitted for clarity.

Spectral Characterizations

The infrared spectra display a broad band at 3510 cm™ for 1, 3519 cm for 2, 3524 cm*
for 3, 3434 cm™ for 4, 3401 cm? for 5, 3475 cm™ for 6 and 3479 cm™ for 7, which can be
assigned to the bridging OH vibration of the hydroxo ligands and/or lattice water. The spectra also
exhibit the intense bands at 1557 and 1445 cm™ for 1, 1577 and 1413 cm™ for 2, 1554 and 1443
cm? for 3, 1557 and 1479 cm for 4, 1540 and 1480 cm™ for 5, 1564 and 1481 cm for 6 and
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1556 and 1479 cm? for 7, corresponding to the va(COO) and vs(COOY) vibrations of
carboxylato bridging ligands namely acetato for 1, 3, 4 and 6, formato for 2, trimethylacetato for 5
and propionato for 7, respectively. The spectra of compounds 1, 6 and 7 show the broad and
intense bands of the stretching of CF3SO3™ at 1277 vas(S—0), 1153 vas(C—F), and 1029 vs(S-0) cm™
L for 2; 1279 vas(S—0), 1161 vas(C—F) and 1031 vs(S—O) cm™ for 6 and 1281 vas(S-0), 1158
vas(C—F) and 1031 vs(S-0) cm™ for 7. The IR spectra of compounds 2-5 present the broad and
intense bands of the stretching for ionic CIO4 anion (1103 cm™* for 2, 1106 cm™ for 3, 1111 cm™?
for 4 and 1120 cm™ for 5).

The diffuse reflectance spectra of compounds 1-7 display a broad band (16 530 cm™ for
1,16 030 cm™* for 2, 16 340 cm™ for 3, 16 590 cm* for 4, 16 490 cm™ for 5, 16 240 cm™ for 6 and
16 320 cm™ for 7) and a lower energy shoulder (13 880 cm for 1, 13 060 cm™ for 2, 13 620 cm™
for 3, 13 960 cm™ for 4, 13 600 cm™ for 5, 13 540 cm™ for 6 and 13 940 cm™ for 7). These

features are typical and can be assigned to the d dyZ, dxz—> dxz—yz and dZZ - dxz—yz

Xy !
transitions for the square pyramidal geometry of the class B triply-bridged dinuclear Cu(ll)
compounds. Notice that according to strict symmetry considerations for the distorted square

d,, d_ orbitals are not triply degenerated

yz' Uxz

pyramidal geometry of compounds 1-7, the de,

which is the origin of the broad band mentioned above.

Electron Paramagnetic Resonance Spectra and magnetic properties

The Electron Paramagnetic Resonance Spectra (EPR) spectra of compounds 1-4 (X-band,

v ~ 9.4214 GHz) have been recorded at different temperatures between 4 and 300 K for
polycrystalline solid samples. The general shape of the spectra is similar for all compounds; we
show the EPR spectra of compound 4 in Figure 2 as a representative example. A summary of data
obtained from EPR measurements is reported Table 2.

[10+3]
10

0

-10

20

-0

40

50

60
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50 1000 1500 2000 2500 300 3500 4000 (6]

Fig. 2. EPR spectrum of compound 4 at 4 K.
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Table 2. Experimental normal and half-field (at 4 K) EPR signals and best-fit susceptibility data
to Eq.3 (Jiso, Jexpand @) for compounds 1-7. TIP parameter below 1.2-10-4 emu Kmol™,

Compound g 212 fZiso  Jewp (em ') O(K)  Nx(x10°) R (x10%)

1 2.082 4.498 2.194 102 —0.39 30 24
2 2.095 4.350 2.163 73 —0.73 90 3.6
3 2.066 4.438 2,177 90 —0.58 60 3.3
4 2.092 4.429 2.167 104 —0.33 110 1.4
5 2.097 4.427 2.178 99 —-0.31 50 21
6 2.074 4.426 2.196 92 —0.55 60 31
7 2.063 4.376 2,162 103 —0.38 40 2.3

As expected for ferromagnetic systems,[*’] the principal transition band near g ~ 2.1
(corresponding to Ams = 1) shows some asymmetry but maintains the center of the band as T goes

from 300 to 4 K. No significant fine structure is observed. A broad band near g1 ~ 4.4 is also
observed and assigned to the half field transition (corresponding to Ams = 2). Both bands slightly
increase their intensity as temperature increases and the Ams = 2 half field transition band shows
important intensity with respect to the Ams = 1 transition. This observation confirms the
ferromagnetic character of these compounds.

Molar magnetic susceptibility (ym) measurements were carried out using microcrystalline
samples of compounds 1-7. The as measured ymT vs T plots for all compounds are quite similar
and display clear ferromagnetic behavior as shown in Figure 2. To account for the magnetic
behaviour of the dinuclear Cu(Il) complexes and to evaluate the corresponding coupling constant
J, defined as the singlet-triplet splitting, we fitted the raw experimental susceptibility data using
the Bleaney-Bowers equation®® with an additional temperature independent paramagnetism (TIP)
term. In addition, we corrected the Bleaney-Bowers expression with a mean-field Weiss &
parameter to account for the small antiferromagnetic intermolecular interactions detected in the
low temperature region for these ferromagnetic dinuclear complexes:

Nﬂzgz 2eJ/kBT
T TP 3)
B

Im (T _6):

Best-fit parameters were obtained by minimization of the error function R = Z{[(ymT)calc
— (v Dexpl? I (xmT)exp?}, and results are also shown in Table 2. Likewise, one must also consider
the intrinsic low accuracy and overparametrization problems involving the fitting of
ferromagnetically coupled Cu(ll)-Cu(ll) systems with rather large molecular weights. Therefore,
the fitting was consistently carried out for all compounds using the minimum possible number of
parameters. Note that for these ferromagnetic compounds, ymT ranges from 0.9 to 1.2. Because of
this small ymT range, small instrumental inaccuracies appear magnified and evidences as small
discontinuities near 50K although one must note that the J values are extracted from the high
temperature part of the ymT versus T curve and, hence, the part below 50K is not as well
described. The need for a small number of parameters in describing the ymT versus T curve of
these ferromagnetic compounds also leads to a more difficult fitting to the magnetic model which
affects especially the low T part of the ymT versus T curve. Nevertheless, the g values obtained
from the fitting are consistent with those determined by EPR and also reported in Table 2. This
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provides further support of the accuracy of the J values thus obtained which are discussed below.
Here, we will mention on the selected magnetic plot of compound 4 (Figure 3) and the results of
the rest compounds are summarized in supplementary. The ymT vs T plot of compound 4 shows a
room temperature ywT product value of 1.02 cm®*Kmol?, slightly higher than that expected for
two uncoupled Cu(ll) ions. Lowering the temperature causes the ymT product to continuously
increase until reaching a plateau value of 1.15 cm®Kmol* at 50 K. On further cooling, ywmT shows
an abrupt descent for all compounds, which clearly suggests that this quantity tends to zero when
temperature tends to 0 K. This behavior can be explained by the existence of ferromagnetically
coupled Cu(ll) pairs responsible of the high temperature regime, where the low-lying triplet state
was increasingly populated in detriment of the singlet state. Below liquid nitrogen temperature,
small antiferromagnetic intermolecular interactions manifest and tend to couple the triplet states
in such a way that the S=1 spin moments of the different molecules cancel each other and, as a
result, a zero global magnetization is approached near the liquid helium temperature.

~Q_g
—EL
Seoq .
oo
1.0

4, I/ emu mol 'K

0.9

v T v T v T v T v T v
0 50 100 150 200 250 300

T/K

Fig. 3. Plot of magnetic susceptibility-temperature product (ymT ) versus temperature (T) for
compound 4.

Magneto-structural correlations

Here we analyze the common magnetostructural correlations involving the experimental
value of the magnetic coupling constant (Jexp) and key feature of the molecular structure [4,5].
Figure 4 plots Jexp Versus the distance between the two Cu centers and Figure 5 plots Jex, Versus
the angle formed by the Cu-OH-Cu structural moiety where the OH corresponds to a monoatomic
bridge that links two Cu centers at equatorial position. Both plots exhibit a clear trend which is
slightly more quantitative in the second case. These plots are important since they reveal a clear
trend along the series indicating that the magnitude of the ferromagnetic coupling increases with
decreasing Cu--Cu distance, as expected from simple arguments, and also increases with
decreasing the Cu-OH-Cu bond angle which can also be explained in terms of qualitative rules.
Hence, these empirical correlations provide a very useful testing ground for theoretical methods.

In previous work it has been suggested that the aggregate Addison t parameter also
provides useful information about the relationship between structure and magnetic coupling. In
fact, the Addison parameter allows one to properly define compounds 1-7 as belonging to class B.
However, it does not provide a suitable magnetostructural correlation, which is at variance of
previous work [11]. This is likely to be due to the fact that values of the magnetic coupling
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constant studied exhibited a broader range but also to their ferromagnetic character. This will be
confirmed by the DFT calculations described in the next subsection.

110 +

Jexp (em™)

2 v=-269.02x + 906.95 -
70 R2=0.7514
65 ¥ v v v ¥ v
2.96 2.98 3 3.02 3.04 3.06 3.08 3.1

CuCu distance (1)

Figure 4. Plot of the experimental J (cm™) vs. Cu--Cu (A) of compounds 1-7.
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Figure 5. Plot of the experimental J (cm™) vs. Cu—OH—-Cu (°) of compounds 1-7.

Density functional theory based calculations

The calculated and experimental values of the magnetic coupling constants are
summarized in Table 3 where the aggregate Addison t parameter is also shown for comparison.
All methods, including UHF which neglects electron correlation except for the part included by
spin polarization, consistently predict these compounds to be ferromagnetic, in agreement with
experiment and all methods regularly predict that all compounds have a similar value of the
magnetic coupling constant, again in agreement with experiment. However, the fine details are
more subtle, difficult to describe and do not always go in the expected direction. The calculated
values of the magnetic coupling constant strongly depend on the type of exchange-correlation
functional and, more precisely, in the amount of Fock exchange included in the exchange
potential. This is not surprising and has been reported for quite a large number of systems
although most of them exhibiting strong antiferromagnetic character [15,30]. The novelty here is
that none of the studied methods is able to describe 2 as the compound with smallest J and 4 as
the one with the largest. One can suggest that the experimental measurements and fitting
procedures for these two compounds are intrinsically not enough accurate, although the
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magnetostructural correlations in Figures 4 and 5 will not support such a claim. Even accepting
that these two compounds represent exceptions and excluding them from the statistical analysis,
one will face the same problem since none of the methods will now predict that 3 is the compound
with the smallest J and 7 the one with the largest.

In order to define in a more precise way the failure of all theoretical methods it is
convenient to make some considerations. Let us start with the UHF results; here the calculated
values for a given compound arising from the AE and ECP calculations are almost the same and
even the effect of the basis set is almost negligible since going from the LANL2DZ to the
LANL2TZ changes the calculated values by less than 2 cm™. This is consistent with the fact that
UHF neglects correlation and that the main effect of increasing the basis set would be precisely in
the description of the correlation effects. This is obvious in the case electron correlation is
accounted for in a configuration interaction type wave function. In fact, DFT calculations with
these two basis sets exhibit significant differences and, in the case of the LANL2DZ, deviates too
much from the AE values. This is clearly an artifact of the limited basis set and will no longer be
commented here. Let us now discuss the results obtained with the popular B3LYP functional
which contains a 20% of Fock exchange and which is known to overestimate the magnetic
coupling constant of antiferromagnetic Cu(ll) dinuclear compounds by a factor of ~2, provided
the proper mapping (cf. Eqg. 2) is used [15,30]. Results in Table 3 indicate that B3LYP calculated
J values obtained at the AE level with the small core ECP and a triple-C valence basis set for the
Cu atoms — hereafter referred to as ECP — are almost the same differing by at most 4 cm™ or
2%. However, the calculated values are significantly larger than the experimental values although,
at variance of antiferromagnetic dinuclear Cu(ll) compounds the deviation factor varies from 2.2
to 1.5. Interestingly, the MO6 predicted values are much larger and, surprisingly, AE and ECP
predicted values differ by a larger amount of ~ 60 cm™. There is no clear explanation for these
trends since M06 and B3LYP contain a similar amount of Fock exchange (27% and 20%,
respectively) and one could perhaps conclude that these differences are a result of the
parametrization of the M06 functional. This hypothesis seems to be confirmed by analysis of the
results obtained by the BHHLYP and MO06-2X functionals, containing 50% and 54% Fock
exchange respectively. The BHHLYP calculated magnetic coupling constant values at the AE and
ECP levels, as in the case of B3LYP, almost coincide with differences of at most ~ 2 cm™. In
addition, these calculated values are those closest to the experimental ones which, again, is at
variance of existing experience with the family antiferromagnetic dinuclear Cu(ll) complexes.
Interestingly, the values predicted by the M06-2X functional are almost on the experimental range
but only when considering the results from ECP calculations which, as in the case of the M06
discussed above, deviate from the AE by ~ 30-40 cm™. The difference between AE and ECP
calculated values in the M06 and M06-2X functionals remains difficult to understand. Finally, we
discuss the HSE and LC-®wPBE short- and long-range separated functionals which, for the
dinuclear Cu(ll) complexes database investigated up to now, provide the most accurate results in
terms of agreement with experiment [31,32]. Results in Table 3 show that also here results
obtained at the AE and ECP levels deviate although by ~ 10-15 cm™, this is no doubt less than in
the case of the M06 and M06-2X but still noticeable. Here, one will be tempted to attribute this
difference to the range separation parameter which, as shown by Phillips and Peralta [32], has a
significant influence in the calculated results. In the best scenario, the range separated functionals
deviate from experiment by 30%.

The fact that exchange-correlation functionals that provide an almost quantitative
description of antiferromagnetic compounds fail to describe the differences exhibited along a
series of ferromagnetic dinuclear Cu(ll) complexes is likely to be due to the different type of
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electronic correlation effects governing the magnetic coupling. In the case of antiferromagnetic
compounds, the largest contributions correspond to metal to metal and metal to ligand excitations.
The first ones correspond to the well-known superexchange mechanism [39,40] which appear
already at the CASSCF level and are essentially the result of non-dynamical correlation. The
second ones involve double excitations from the reference CASSCF wave function to the virtual
orbitals [42] and are described reasonably well by second order perturbation theory based
methods [43], although one must also be aware of possible artifacts due to the slow convergence
of the perturbation series [44]. In the case of ferromagnetic compounds, the main contribution
comes from direct exchange [41,42] and it is necessary to go well beyond double excitation from
the reference space to improve the description. It is likely that this is the origin of the difficulties
of the present exchange-correlation functionals in describing ferromagnetic interactions.

Table 3. Calculated values of the coupling constant J (in cm-1) for compounds 1-7, using hybrid
and screened functionals compared to experimental magnetic values. AE and ECP stand for
calculations with all electrons and effective core potentials respectively. For the ECP only results
with the more extended TZ basis are shown.

Jeale

a | Tagg UHF MO06-2X BHHLYP LC-wPBE HSE B3LYP MO06 Jexp

AE ECP AE ECP AE ECP AE ECP AE ECP AE ECP AE ECP
1 0.49

37.12 38.09 67.11 95.83 83.50 85.62 135.33 143.09 147.66 155.50 169.50 170.47 238.91 301.91 102.1
2 0.48

37.59 39.37 66.47 96.70 82.11 85.28 133.12 143.02 146.02 155.72 165.82 168.56 231.01 299.14 72.6
3 0.41

38.29 39.44 67.92 96.88 84.10 86.34 134.22 141.76 148.13 155.72 170.01 170.69 240.29 303.95 90.2
4 | 043

36.02 37.22 65.75 94.48 81.88 84.59 132.29 141.35 145.24 154.41 167.04 169.73 236.77 300.51 104.3
5| 036

34.84 35.48 64.78 93.46 80.01 81.90 133.04 141.85 145.85 155.03 168.72 171.21 240.25 308.67 98.7
6 | 0.65

37.07 38.49 68.01 100.00 84.02 87.20 138.3 148.75 150.7 161.50 173.40 177.00 249.20 326.13 92.1
7 | 050

36.34 38.03 66.14 96.67 82.42 86.20 133.17 143.69 146.04 157.08 168.00 172.49 237.62 305.68 103.1

In summary, a new series of seven dinuclear Cu(ll) compounds with a common triple
bridge consisting of hydroxo, aquo and carboxylato ligands has been synthesized, the crystal
structures solved and the magnetic properties studied by EPR and magnetic susceptibility
measurements as a function of temperature. The seven compounds thus obtained exhibit
ferromagnetic coupling which is a consequence of the topology introduced by the type of bridging
ligands as previously shown. [10-12]. Nevertheless, the magnetic coupling constant J between the
Cu centers spans a rather broad range from 73 to 104 cm™ which is clearly governed by the
different external ligands. These affect the Cu---Cu distance and the Cu-OH-Cu bonding angle
which indeed appear to be reasonable structural parameters defining magnetostructural
correlations. Nevertheless, these trends are far from being quantitative.

The magnetic coupling in these triple bridged dinuclear compounds has been examined by
a series of density functional methods going from simple hybrids such as B3LYP and BHHLYP
to the M06 and M06-2X meta-hybrid and including also the HSE and LC-oPBE range separated
functionals. Interestingly, all these methods consistently predict the compounds to be
ferromagnetic but all fail to reproduce the variation from compound to compound. In fact, for a
given functional, the calculated J values along the series are almost constant and, in some cases
very far away from experiment. The best results are provided by the BHHLYP functional where
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results obtained and the AE and ECP levels are also close to each other. The M06-2X functional,
which contains a similar amount of Fock exchange, also predicts values in the experimental range
although here the AE and ECP calculated values differ by a noticeable amount. The popular
B3LYP functional largely overestimates J and this is also the behavior of M06 which contains a
similar amount of Fock exchange. In addition, M06-2X calculated values depend on whether the
Cu core electrons are treated AE or with a small core ECP. This is similar to the behavior
described above for the M06-2X and the origin remains unclear. Finally, the HSE and LC-oPBE
range separated functionals which have found to perform the best in previous work dealing with a
family of compounds spanning a broad range of values, from moderately ferromagnetic to strong
antiferromagnetic, fail to reproduce the order of magnitude of J for the present new compounds.
Furthermore, AE and ECP values obtained with the range separated functionals differ, which may
be due to the inadequacy of the standard parameter governing range separation.

Therefore, the most important conclusion of the present work is that while the different
exchange-correlation functionals explored in this work to explore the magnetic coupling constant
of the new ferromagnetic Cu(ll) dinuclear compounds properly predict the qualitative nature of
the experimental coupling, none of them is able to reproduce the trend in ferromagnetism along
the series, and only BHHLYP predicts values in the experimental range. It is likely that the origin
of the difficulties of the present exchange-correlation functionals in describing ferromagnetic
interactions is due to the fact that a proper description in terms of wave function based methods
requires including higher order terms in the perturbation treatment or, equivalently, to go beyond
double excitations out of the CASSCF reference wave function defined by the magnetic orbitals
only [45]. Clearly, the current density functional need to be further improved to be able to
properly describe ferromagnetism. The present series of compounds provides an excellent
playground to tests new and improved functional.
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PART |11
FLEXIBLE COORDINATION AND NON-COORDINATION SUPRAMOLECULAR
FRAMEWORK: DYNAMIC STRUCTURAL TRANSFORMATION WITH
CHROMOTROPISM

A great interest of transition metal complex-assemblies in inorganic-organic hybrid
framework materials has recently been devoted to the development of rational synthetic routes to
novel one-, two- and three-dimensional crystal frameworks, due to their potential applications in
many areas. The molecule-based crystal is a characteristic of the assemblage which is dissimilar
to inorganic assemblage. This is ascribed to a variety of coordination geometries of building
blocks and the coordination numbers. Furthermore, the functionality of organic and inorganic
ligands as a connector is essential for the formation of coordination network structures and the
intermolecular interactions involving hydrogen bonding and n-n stacking which all are necessary
to rational design of crystal frameworks together with the fine tuning their functional properties.

This part deals with the structural dynamics with chromotropism in flexible coordination
and non-coordination supramolecular framework. Recently, flexible and dynamic coordination
compounds, which can change their structures in response to external stimuli, have attracted
growing interest since they are important for the development of certain devices and sensors.
Structural transformations involving coordination polymers and networks are more studied
recently. These kinds of solid-state structural transformation not only directly reflect the
relationship between the structures involved but also provide the effects on the properties of
coordination polymers with small structural changes. Several types of structural transformations
are primarily influenced by the following pathways, including the expansions of the metal
coordination numbers, thermal dissociation/association, condensation, rearrangement of bonds or
the removal or exchange of solvents. The guest-induced crystalline-to-amorphous transformation
and the guest-induced backward transformation are typically found in the dynamic and flexible
coordination frameworks supported by weak intermolecular interactions, such as hydrogen bonds,
n-1t stacking, van der Waals forces and others [1-20]. Therefore, the guest molecules may also
play a key role by acting as an essential support to the cavity of the host framework. This part can
be separated into four topics:

I11-1 Solvent induced reversible crystal-to-amorphous transformation properties of
cobalt(ll) 4-aminomethylpyridine-sulfate with chromotropism

Introduction

From our previous work, we reported the reversible thermal dehydration and
rehydration of the supramolecular frameworks [M(H20)s(ampyz)2][M(H20)6](SO4)2(H20). (M =
Co", Fe" and mixed Co'/Fe", ampyz = 2-aminopyrazine) [21] and Co(ll)-3,5-
pyridinedicarboxylate compounds [22]. These compounds exhibit water-induced reversible
crystal-to-amorphous transformations with chromotropism. The reversibility is driven by very
strong hydrogen bonding between lattice and coordinated water molecules and sulfate anions. In
this contribution, it is clearly known that sulfate is found as a framework former which has
diverse coordination chemistry to transition metal ions, sometimes displaying more than one
coordination mode in a single framework. Sulfate is also a very suitable anion for the construction
of hydrogen bonded networks because it readily forms strong hydrogen bonds [23]. In our study,
we sought to synthesize the coordination compounds with the strong (classical) hydrogen bonding
properties of the sulfate anion to produce solids which featured both coordination polymers and
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hydrogen-bonding motifs in the extended structures. During achieving this aim, we successfully
synthesized a new 3D supramolecular framework [Co(Hampy)2(H20)4](SO4)2(H20)s which
contains the strong intermolecular hydrogen bonding generated from coordinated and
uncoordinated water molecules, amino and sulfate groups. This compound shows a reversible
crystal-to-amorphous transformation up on desorption and resorption processes, which is verified
by elemental analysis, TG measurement, X-ray powder diffraction, as well as spectroscopic
identification.

Results and discussion

Spectroscopic characterizations

The IR spectra of compound 1 show strong band in the region 3400-3000 cm™ which
can be assigned to the stretching v(N—H) of the primary amine in the Hampy ligand overlapping
with v(O-H) of water molecules. The NHj3 scissoring mode [24] shows medium band at 1625 cm™
and the strongest bands due to SO, stretching vibrations are observed around 1100 cm™ [25].
Those of the dehydrated materials show similar spectra to that of the original crystalline
compound 1, but the broad band of v(O—H) of water molecules disappeared. The solid-state UV-
vis diffuse reflectance spectrum of 1 agrees with the typical d—d transition of high-spin Co(ll) in
octahedral geometry with two observed bands at 20 408 cm™ (490 nm) and slightly less than 9
000 cm™ (1100 nm), which are assigned to the “Tiy — “T14(P) and *T1g — “T2q transitions,
respectively, the Ty — %Ay transition expected at around 600 nm was not observed. The band
around 28 571 cm™ (350 nm) appear due to charge transfer transition and internal transition
within Hampy.

Crystal structure of [Co(Hampy)2(H20)4](SO4)2(H20)s (1)

Compound 1 crystallizes in the monoclinic crystal system with the P 2i/c space group.
The crystal structure of 1 consists of a compound cation, two sulfate anions and three water
molecules as shown in Fig.1 together with the numbering scheme. The Co(ll) ion exhibits
distorted octahedral coordination through four aqua ligands with the average Co—O distance of
2.0825(1) A composing the basal plane and two trans nitrogen atoms from the monodentate
Hampy ligand with Co—N distances of 2.156(3) and 2.168(3) A occupying the axial sites. Both
Hampy ligands are protonated at NH,, leading to a mononuclear cation unit
[Co(Hampy)2(H20)4]**. The Co—Nuampy lengths in the title compound are in good agreement with
the corresponding distances reported for other mononuclear Co(ll) compounds such as
[Co(na)2(H20)4](sac). [Co—N: 2.153(1) A] [29], [Co(ina)2(H20)4](sac), [Co-N: 2.169(1) A] [30]
but slightly different from those found in [Co(dmpy)2](sac)2(H20), [Co-N: 2.034(2) A] [31]. The
C0—Oaqua distances are in good agreement with those found in [Co(4-acpy)2(H20)4](sac). [Co-O:
2.068(1)-2.099(1) A] [32] and [Co(mein)z(H20)4](sac). [Co-O: 2.085(2)-2.099(1) A] [33]. The
basal plane is planar with a slight tetrahedral twist of 1.05° and the Co atom lies 0.136 A above
the basal plane toward the axial site. The bond angles around octahedron are in the ranges of
85.47(13)-93.69(14)" and 177.27(12)-179.33(15)°, which are close to the ideal octahedral
geometry. In the extended molecular structure each mononuclear cation units are linked by n-n
stacking via pyridine rings of Hampy moieties to build 1D chain (Fig. 2). Moreover, these chains
are supported by electrostatic forces and the intermolecular hydrogen bonds involving oxygen
atoms of sulfate anions, amine moieties on Hampy (N3 and N4), coordination waters in
[Co(Hampy)2(H20)4]** unit (01-04), and lattice water molecules, to provide an entire 3D
supramolecular structure of 1 as shown in Fig. 3.
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Thermogravimetric Analysis

The thermal gravimetric analysis (TGA) was recorded for the crystalline samples in the
temperature range 30-800 °C. TGA curve of compound 1 is shown in Fig. 4. The first step of
weight loss in the temperature range 30-180 °C (found, 22.05% and calcd, 21.17%) corresponds
to the loss of all seven water molecules per formula unit, resulting to the dehydrated form of
[Co(Hampy)2(SOs)2] (1A). This dehydrated form of 1A is stable up to ~200 °C and then rapidly
decomposes to unidentified products.
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Fig. 1. Crystal structure and atomic labeling scheme of [Co(Hampy)2(H20)4](SO4)2(H20)s (1).
The ellipsoid are shown at 50% probability level.

b ! [

Fig. 2. 1D structure of compound 1 connected by face-to-face n-n interaction between pyridine
rings of Hampy ligand. Hydrogen atoms, sulfate anions and lattice water molecules are omitted
for clarity.
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Fig. 3. 3D packing structure of compound 1 in bc plane formed by intermolecular hydrogen
bonding (blue dot lines) among layers through Hampy, sulfate anions, lattice and coordinated
water molecules.
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Fig. 4. TGA curves of as-synthesized 1, the rehydrated form 17, the methanolic form
1A-MeOH and the rehydrated form 1”after exposed 1A-MeOH in air for 3 h.

Solvent induced reversible crystal-to-amorphous transformation properties

Compound 1 contains both guest water and coordinated water. In order to get more
insight into the dynamic properties relative to these water molecules, the dehydration and
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rehydration processes were performed and verified by elemental analyses, TGA, XRPD and
spectroscopic techniques. Interestingly, the water molecules can be readsorbed fully by exposing
the evacuated samples to water vapor at room temperatures, evidenced by elemental analysis. The
heating and exposing procedures were repeated for several times to demonstrate the reversibility
of the de- and rehydration processes.

The most distinguished feature of the crystals of 1 is that it undergoes the water induced
reversible crystal-to-amorphous transformation with chromotropism driven by thermal
dehydration and rehydration. When the single crystals of 1 was heated to 200 °C in air and
maintained at this temperature for 2 h, these crystals suddenly lose crystallinity and the color
changes from orange (1) to purple (1A). The elemental analysis (Anal. Calcd: C, 30.71; H, 3.87,;
N, 11.94%. Found: C, 30.48; H, 3.70; N, 12.29%) and powder X-ray diffraction results (Fig. 5c)
indicate that the chemical composition of the non-crystalline solid is [Co(Hampy)2(SO4)2] (1A) in
an amorphous powder which is formed by the collapse of supramolecular structure of 1
accompanied with the destruction of hydrogen bonding network when all water molecules are
removed. Interestingly, the amorphous form 1A can be restored to the crystalline form
[Co(Hampy)2(H20)4](S04)2(H20)3 (17) in which the color returns to the original crystalline one
after being exposed in air for 24 h, as confirmed by the elemental analysis (Anal. Calcd: C, 24.20;
H, 5.42; N, 9.41%. Found: C, 24.10; H, 5.27; N, 9.30%) and the XRPD measurement results. The
restored solid has the same XRPD pattern as the simulated one from single crystal X-ray
diffraction data of 1 (see Figs. 5a and 5d). These results suggest the crystalline-to-amorphous and
reversible amorphous-to-crystalline transformations in the supramolecular framework of 1
induced by the hydration control.

(e)
(d)

(C)

Intensity [a.u.}

10 20 30 40
20 [deg.]

Fig. 5. The XRPD patterns for compound 1; (a) simulated pattern based on the single-crystal

X-ray raw data of 1, (b) as-synthesized 1, (c) dehydrated form 1A that was prepared by

drying at 200 °C under vacuum for 2 h. (d) rehydrated form 1" after exposed in air for 24 h, (e) the

methanolic form 1A-MeOH after exposed to methanol vapor for 1 day at room temperature and

(F) the rehydrated form 1”after exposing 1A-MeOH in airfor 3 h.

Furthermore, to verify the solvent-induced reversible structural transformation

properties, the dehydrated [Co(Hampy)2(SOa4)2] (1A) was further study with various solvents
(methanol, ethanol, acetone, acetonitrile, dichloromethane and hexane) by exposing 1A to
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solvents vapor for 1 day at room temperature. The results show that the purple color of solid 1A
in all solvents vapor still remain, excluding that one in methanol vapor with the color change from
purple (1A) to pink (LA-MeOH). Then, the pink solid 1A-MeOH loses methanol molecule after
exposed in air for 3 h and the color returned from pink to the original orange crystalline sample
(1"). Moreover, after heating 1A-MeOH at 200 °C for 20 min the color changes from pink
(1A-MeOH) to purple (LA) which manifests the reversible process with chromotropism.
Therefore, the rehydrated form 1A was heated and cooled for many times to repeat the
reversibility of the de- and re-adsorption processes. The results exhibit the color shuttle change
from purple to orange (exposed in air) and from purple to pink (exposed in MeOH vapor),
suggesting the solvent-induced reversible structural transformation phenomenon.

These dynamic structural behaviors with chromotropism are summarized as the
schematic representation in Fig. 6 and these were proved by TGA, XRPD and spectroscopic
techniques. The TGA curve of 1A-MeOH (see Fig 4, green line) indicates the release of one
methanol molecule from Co(Hampy)2(SQO4)2(MeOH) (1A-MeOH). While the TG curve of 1”is
found to be identical weight loss to that of 1 and 1°, indicating the same compositions. The XRPD
pattern of 1A-MeOH and 1" are shown in Figs. 5e and 5f. When the amorphous phase 1A
exposed to methanol vapor, the XRPD pattern is readily converted into the second crystalline
form of 1A-MeOH in which the color changes to pink and then returned to the original orange
crystalline form 1”after evaporation of methanol in air for 3 h.

1 1A : b

As-synthesized Dehydrated Rehydrated
Rehydration 2 o
Dehydration inair24 h ;,:‘(f&g,‘
Q%Ohc Dehydration é"’;‘, -
200°C,2h

Purple

Resolvation Desolvation
MeOH, 24 h 200°C, 20 min

» 4
1_A MCOH : E Rehydration
Rehydrated - .
. : inair3 h
- " —

Pink

Fig. 6. Changes in color during de- and re-adsorption of water and methanol  molecules in
crystalline sample 1.

In addition, the reversibility of the water or methanol adsorption and the change in the
coordination environment can be visualized by the change in color of the compound [34-35]. This
change of color can be attributed to the change of the crystal field splitting of the central Co?* ions
during the adsorption and removal of solvent molecules. The change in color of the Co compound
prompted us to study the change in electronic transitions in the samples. For this, the solid-state
UV-Vis diffuse reflectance spectra as shown in Fig. 7 clearly show that the bands observed in 1,
1" and 1”correspond very well to the identical transitions causing the same color of products, and
evidence that 1, 1" and 1~ have the same Co?" environments. Whereas the amorphous form 1A
shows the different d-d transitions with two broad bands at 575 and around 1100 nm, and two
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shoulders at around 660 and 417 nm, giving the distinctive purple color. The higher energy
shoulder at 417 nm is due to charge transfer transition and internal transition within Hampy. That
of the crystalline form 1A-MeOH agrees with the typical d-d transitions of high spin Co?" in
distorted octahedral geometry with two broad bands at 540 and 1050 nm, with a shoulder around
640 nm, which are assigned to the *Tig — *T14(P) and “T1g — “Tog and “T1g — *Ayq transitions,
respectively. The first broad band at 540 nm shows similar characteristic to that of the original
crystalline form but slightly shifted around 50 nm to lower energy, resulting the distinctive pink
color. The chromotropic behavior of this compound is principally ascribed to the changes of the
d-orbital energy level, induced by the drastic change in the coordination environments around
metal center during de- and re-adsorption processes [36]. As found in nature, cobalts-containing
MOFs can have a wide range of colors which make it easy, in many cases, to identify different
phases. The most common colors are a very light pink for octahedral coordinated ones and an
intense blue for tetrahedral coordination. For distorted octahedra, the pink color can intensify to
orange, dark red, purple and violet depending on the ligand and the type of distortions [37]. All of
the results confirm the solvent-induced reversible transformation with chromotropism in
supramolecular network of 1 and these are indication of high selective recognition of 1A to water
molecules. The selective methanol accommodation with chromotropism in dehydrated 1A when
comparing with many solvents excluding water could be attributed to the proper size of methanol
molecules and weak host-guest interactions.

w—

iA
—
s | A-MeOH

— 1"

bsorbance

300 400 500 600 700 800 800 1000 1100
Wavelength [nm]
Fig. 7. The UV-vis diffuse reflectance spectra of as-synthesized 1, the dehydrated form
1A, the rehydrated form 1°, the methanolic form 1A-MeOH and the rehydrated form 1"

Interestingly, the conspicuous dynamic behavior of 1 is similar with that found in our
previously published data of the mononuclear compounds
[M(H20)4(ampyz)2][M(H20)6](SO4)2(H20)2, (M = Co", Fe'" and mixed Co'/Fe'"") which exhibit
crystal-to-amorphous transformation with chromotrophism [21]. Both 1 and those previous
compounds contain abundant hydrogen donors and hydrogen acceptors from coordinated and
uncoordinated water molecules, amino and sulfate groups to generate the intermolecular hydrogen
bond interactions as well as m-m stacking. Thus, they have more accessible intermolecular
hydrogen bonding that able to trigger the reversible crystal-to-amorphous transformation after de-
and re-adsorption processes. In contrast, the reversible process are not found for the 2D
framework [Co(pydc)(H20)2]» [22]. This structure was not recovered but change to another
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crystalline form of polymeric chain [Co(pydc)(H20)4]n(H20), after the water re-adsorption
process and the reversibility takes place between this resulting 1D compound and the dehydrated
amorphous form after de- and re-hydration processes. This may be due to the less intermolecular
interactions in the original structure which are not enough to trigger the structural transformation
to the original 2D framework as compared to that of the title compound 1.

The process of reversibility between the amorphous and crystalline materials only take
place in the present of the water and methanol, and this could be a dissolution/recrystallization
process rather than a solvent induced solid-state reaction as this involves the structural
reorganization in supramolecular framework or rearrangements of the molecules interacting via
intermolecular hydrogen bonds and non-covalent contacts [38].

In  summary, [Co(Hampy)2(H20)4](SO4)2(H20)s with a  three-dimensional
supramolecular framework has been successfully prepared and structurally characterized. The
crystal structure shows network of mononuclear units which contain intermolecular n-m Stacking
and hydrogen bonding interactions stabilizing the whole structure. Thermal decomposition,
elemental analysis, XRPD and spectroscopic results indicate that the transformation from the
crystal form of [Co(Hampy)2(H20)4](SO4)2(H:0); to the amorphous powder of
[Co(Hampy)2(SQO4)2] is reversible with the color changes. The original crystalline form is
recovered from the collapsed amorphous sample by the restoration of water molecules. Moreover,
the dried amorphous powder also transforms to the second crystalline form
Co(Hampy)2(SO4)2(MeOH) after exposed in methanol vapor and then recovered to the original
one in air. Thus the desorption/resorption processes involving the weak intermolecular
interactions can trigger the reversible crystal-to-amorphous transformation with chromotropism
for compounds 1 and the dried amorphous powder of [Co(Hampy).(SQOa4).] may be applied as an
indicator for humidity and methanol vapor.
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I11-2 Flexible metal supramolecular framework of 2D cobalt(l1) coordination polymer with
water-induced reversible crystal-to-amorphous transformation

The construction of metal-organic frameworks (MOFs) is currently attracting
considerable attention because of their intriguing molecular topologies and crystal packing motifs,
along with their potential applications such as adsorption, separation, ion exchange, catalysis,
magnetism, optics, and electrical conductivity [1] and [2]. One of the important properties of
MOFs is the framework flexibility which exhibits solid-state structural transformations with
breaking, making, or rearrangement of bonds driven by chemical stimuli [3], [4] and [5]. The
structural transformations are generally accompanied by removal or exchange of guest, changes in
coordination number of metal containing nodes, and conformational changes in flexible parts of
organic ligands [3]. The water-induced structural reversible transformation is typically found in
the dynamic and flexible coordination frameworks supported by weak intermolecular interactions,
such as hydrogen bonds, n—m stacking, van der Waals forces, and others. Therefore, the solvent
molecules may also play a key role by acting as an essential support to the structure of the host
framework and it is important for expanding the field of crystal engineering by controlling the
weak interaction of MOFs [3], [4] and [5].

From our previous work, the reversible thermal dehydration and rehydration of 1D
coordination framework [Co(3,5-pydc)(H20)4]n(H20)n;  3,5-pydc = 3,5-pyridinedicarboxylate
have been reported [6]. The reversibility is driven by strong hydrogen bonding between guest
water and coordinated water molecules and other components. Without guest water like a 2D
coordination network [Co(3,5-pydc)(H20):]., the irreversibility is observed. Herein, we report the
contradictory case, the highly stable 3D supramolecular framework [Co(4,4'-bipy)(pro).(H20)]
(2). Its 2D coordination layers are assembled by hydrogen bonding interactions, leading to a 3D
supramolecular framework. This compound shows a reversible crystal-to-amorphous
transformation upon desorption and resorption processes.

Single-crystal X-ray structural analysis shows that compound 1is a 2D coordination
network. The asymmetric unit consists of one cobalt atom, one 4,4'-bipy ligand, two pro ligands,
and one coordinated water molecule (Fig. 1a) [7] and [7]. Each Co(ll) ion exhibits a distorted
octahedral geometry; the coordinate environment comprises of two O atoms from two different
pro bridges, one O atom from water molecule and one O atom from a monodentate, terminal pro
ligand, forming a square base (Fig. 1b), while two axial positions of octahedron are completed by
two N atoms from different 4,4'-bipy ligands. These Co(Il) ions are linked by the bridging 4,4'-
bipy ligand (N(1) and N(2)) in a axis and the bridging pro ligand (O(3) and O(4)) along c axis,
leading to an infinite 2D layer network ( Fig. 1c) leaving a water molecule and a remaining
monodentate propionate as the terminal ligands in which both coordinated water and the
uncoordinated O(2) of non-bridging propionate ligand are hydrogen-bonded (O(5)__
H(6w)---0O(2)) to one another. These 2D layers of compound 1 are linked to one another by strong
interlayer hydrogen bonding among the uncoordinated O atom of the monodentate, terminal
propionate ligands and H atoms of 4,4'-bipy ligand (C(2)_—H(2)---O(2) and C(9)—H(7)---O(2))
with H---O distances of 2.481(19) and 2.364(19) A, leading to a 3D supramolecular framework.
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(c)

Fig. 1. Perspective view of 1 showing, (a) asymmetric unit and (b) coordination
environment of the cobalt atom. (c) Crystal packing diagram of 2D layer structure in ac plane. (d)
Crystal packing diagram of 3D supramolecular network, assembled by hydrogen bonding
interactions. [Symmetry codes: A=-X, -y, —z; B=—x, 1/2-+y, 1/2-z; C=x, 1/2-y, 1/2 +z,
i=2-x,1-y,1-12].

To assess the thermal stability, TGA was recorded for the single-phase polycrystalline
samples in the temperature range of 30-800 °C. During the heating process, the TGA profile
of 1 indicates the release of one coordinated water molecule at the first step of weight loss which
is in the temperature range of 100-134 °C (found, 3.81%; anal. calcd, 4.21%), resulting to the
dehydrated form of Co(4,4'-bipy)(pro). (1A), which is stable up to = 215 °C and then the structure
rapidly decomposes at higher temperature.

The dynamic structural behaviors of 1 relating to their dehydration and rehydration
processes are studied by elemental analyses, XRPD, and spectroscopic techniques. When the
single crystals of 1 were heated to 150 °C in air for 20 min, these crystals suddenly lose their
crystallinity and the color changes from orange (1) to pink (1A). Then this non-crystalline solid
was exposed to water vapor for 12 h and the color of the solid 1Awas returned to that of the
original crystals 1', as shown in Fig. 2. For this, the solid-state UV-vis diffuse reflectance
spectra, clearly show that the bands observed in 1 and 1’ correspond very well to the identical
transitions causing the same color of products, and evidence that 1 and 1’ have the same Co(ll)
environments. This spectral feature agrees with the typical d—d transitions of high spin Co(ll) in
distorted octahedral geometry with two broad bands at 471 and 1180 nm, assigned to the
v3:4T1g — “T1g(P) and vi: 4Tig — *Toq, transitions, respectively [9]. Whereas the amorphous
form 1A shows different d—d transitions with three broad bands, va: “T1g — “T14(P) which is
splitted into two shoulders at around 484 nm and 518 nm (*Eg and *Azg), v2:%T1g — *Azg at 656 Nm
and then vi: *T1g — *T2g Which is splitted into two shoulders at around 934 nm and 1337 nm
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(*Bzg and “Eg), giving the distinctive pink color and corresponding to the tetragonally distorted
octahedral geometry [9]. Furthermore, the IR spectra also confirm the structural transformation
behavior in 1, as shown in Fig S7. In1A, the broad and strong peaks of O__H stretching around
3300cm tand H__O__H bending around 1500-1600 cm™! of coordinated water molecule
disappear, resulting to the sharper IR spectrum with different splitting feature and a shift in some
peak positions. In contrast, these features are removed in the IR spectrum of the rehydrated
form 1’, which are identical to that of the as-synthesized 1. The XRPD pattern of the as-
synthesized product closely match the simulated one from the single-crystal data. However, the
XRPD pattern of dehydrated 1A shows peak disappearance, indicating that the dehydrated
Co(4,4'-bipy)(pro). (LA) is in an amorphous phase (anal. calcd: C, 53.19; H, 5.02; N, 7.75%.
Found: C, 52.26; H, 5.04; N, 7.61%) which is formed by the collapse of supramolecular structure
of 1 accompanied with the destruction of hydrogen bonding networks when all water molecules
are removed. Interestingly, this amorphous phase 1A can be restored to the original crystalline
phase of 1’ in which the color returns to that of the original color after being exposed in water
vapor for 24 h, as indicated by elemental analysis with the chemical composition of [Co(4,4'-
bipy)(pro)2(H20)] (1') (anal. caled: C, 50.67; H, 5.32; N, 7.39%. Found: C, 50.34; H, 5.28; N,
7.42%) and the XRPD measurement results. The restored solid has the same XRPD pattern as the
simulated one from the single-crystal X-ray diffraction data of 1. This behavior was also
investigated for other solvents vapor such as methanol, ethanol, acetone, acetonitrile,
dichloromethane, DMF and DMSO, but sensitive only with water vapor.

1 1A 1’
As-synthesized Dehydrated Rehydration Rehydrated
water vapor
& | Dehvdration 12 h.
©,
150°C Dehydration
20 min 150 °C
. —
Orange Pink 20min Orange

Fig. 2. Change in color during de- and rehydration in crystalline sample.

In the present case, although water molecule does not directly involve in the reversible
crystal-to-amorphous transformation but induces the strong interlayer hydrogen bonding, after
heating, water molecule is removed with the breaking of O(5)__H(6w)---O(2) hydrogen bonds in
the layer. This consequently breaks the strong interlayer hydrogen bonds (C(2)__H(2):--O(2) and
C(9)__H(7)---O(2)) as the uncoordinated O(2) atom of terminal propionate group may move
toward metal center for weak coordination, thus immediately destroying such hydrogen bonds
between layers.

In summary, a new 2D coordination framework 1 has been successfully prepared and
structurally characterized. The layer networks are linked to one another by hydrogen bonds,
leading to a 3D supramolecular framework. Compound 1 exhibits reversible structural
transformation from the crystal form (1) to the amorphous powder (1A) with the color changes,
triggered by the weak intermolecular interactions during the removal and restoration of water
molecule. This work may have potential application as adsorbent material for moisture.
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I111-3 Water-induced reversible crystal-to-amorphous transformation property of [Co2(2,4-
pydc)z(bpa)(H20)e](H20).

The design and synthesis of extended frameworks via supramolecular interactions
represent a new area of considerable interest [1] and [2]. In particular, hydrogen bonding has been
exploited for molecular recognition associated with biological activity, and for engineering of
molecular solids [1] and [2]. Much progress has been made in the construction of organic building
blocks into 1D, 2D and 3D hydrogen-bonding architectures, and the use of metal complexes as
building blocks to assemble multidimensional frameworks by hydrogen bonding has also attracted
much recent attention [3]. Recently, flexible and dynamic coordination compounds, which can
change their structures in response to external stimuli, have attracted growing interest since they
are important for the development of certain devices and sensors [4],[5].[6].[7].[8].
[9],[10]and[11].

The guest-induced crystalline-to-amorphous transformation and the guest-induced
reverse transformation are typically found in the dynamic and flexible coordination frameworks
supported by weak intermolecular interactions, such as hydrogen bonds, n— stacking, van der
Waals forces, and others. Therefore, the guest molecules may also play a key role by acting as an
essential support to the structure of the host framework [12], [13] and [14]. From our previous
works, we reported the reversible thermal dehydration and rehydration of the supramolecular
frameworks, [M(H20)s(ampyz)2][M(H20)s](SO4)2(H20), (M = Co", Fe'"and mixed Co'/Fe",
ampyz = 2-aminopyrazine) [15] and [Co(3,5-pydc)(H20)2], [Co(3,5-pydc)(H20)4]n(H20)n; 3,5-
pydc = 3,5-pyridinedicarboxylate [16] and then [Co(Hampy)2(H20)4](SO4)2(H20)s; ampy = 4-
aminomethylpyridine [17]. The reversibility is driven by strong hydrogen bonding between lattice
and coordinated water molecules and other components.

Herein, we report highly stable 3D supramolecular framework [Co2(2,4-
pydc)z(bpa)(H20)s] (H20)2 (1) which contains strong intermolecular hydrogen bonding generated
from coordinated and uncoordinated water molecules (Fig. 1). This compound shows a reversible
crystal-to-amorphous transformation upon desorption and resorption processes, which is verified
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by elemental analysis, thermogravimetric analysis (TGA), X-ray powder diffraction (XRPD), as
well as spectroscopic identification.
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Fig. 1. (a) Perspective view of the coordination environment of the cobalt atom in compound 1.
(b) Crystal packing diagram of two-dimensional supramolecular structure of compound 1, via
hydrogen bonding and C—H---x interactions b(a) top view and b(b) side view. Hydrogen atoms on
aromatic rings are omitted for clarity. (c) Crystal packing diagram of 3D supramolecular network
of compound 1, assembled by hydrogen bonding interactions. Hydrogen atoms on carbon atoms
are omitted for clarity. [Symmetry codes: (i) = 1-x, -y, -z; (@) = 2-x, 2-y, 1-z; (b)=—1+X, Y, Z,
(c)=1-x,1vy,-z;(d)=1-x,1-y,1-z; (e) =X, -1 +y,zand () =1 + x, 1 +, z].

Single-crystal X-ray structural analysis shows that complex 1 is a 3D supramolecular
network structure crystallized in the triclinic P-1 space group [18]. The symmetry-related
dinuclear compound consisting of two six coordinated cobalt atoms, one bpa ligand, two 2,4-pydc
ligands and two lattice water molecules. Each Co''ion is coordinated by one oxygen atom and one
nitrogen atom from 2,4-pydc bidentate chelate ligand, one nitrogen atom of bpa ligand and three
water molecules, this feature give a distorted octahedral geometry with CoN2O4 chromophore
(Fig. 1a). The bpa bidentate bridging ligand links between both chromophores in the axial
positions. The Col-N and Co1-O distances are in the range of 2.1081(14)-2.1466(14) A and
2.0696(15)-2.1116(16) A, respectively. The selected bond distances and angles are shown in
Supplementary Material. These dimeric units are connected to each other via hydrogen bonds
with distances of 2.724(2), 2.974(2) and 2.970 (2) A for 06-H6A:--O2b, O7-H7B---O1b and 06—
H6B---O1c, respectively and C—H---r interactions with distances of 2.78 A for C13-H13B---Cgle,
generating two-dimensional network as shown in Fig. 1b. These 2D layers are assembled into a
three-dimensional supramolecular framework as by hydrogen-bonding interactions through lattice
water molecules with distances of 2.803(2) A, 2.682(2), 2.764(3) and 2.680(2) for O5-H5B---08,
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O7-H7A---08d, O8-H8A:--O4e and O8-H8B---O3f and between coordinated water and
caboxylate group of 2,4-pydc ligand with distance of 2.644(2) A for O5-H5A.--O4a (Fig. 1c).

Compound 1 contains both guest and coordinated water molecules. The stability and
dynamic structural behavior of 1 relating to their dehydration and rehydration processes are
studied by TGA, elemental analyses, powder X-ray diffraction UV-vis and IR spectra, and
XRPD. TGA reveals a weight loss of six water molecules in a range of 100-170 °C (calcd 11.6%,
obsd 11.3%). When the single-crystals of 1 were heated at 200 °C in air for 40 min, these crystals
suddenly lose their crystallinity and the color changed from orange to purple. Then these non-
crystalline solids 1A were exposed to the laboratory air for 24 h and the color of
solids 1A returned to that of original crystals. Consequently, the bulk sample of 1 was used to
study in detail. The dehydrated 1A was obtained by heating the bulk samples at 200 °C in air for
24 h and the rehydrated 1’ was obtained by exposing the dehydrated sample to water vapor for
24 h at room temperature without condensation (Fig. 2). The elemental analysis, TGA and XRPD
pattern results indicate that the chemical composition of the powder is Co2(2,4-
pydc)2(bpe)(H20)2 (1A) in an amorphous phase (Anal. Calcd: C, 46.58; H, 3.61; N, 8.36%.
Found: C, 45.91; H, 3.92; N, 7.95%). Interestingly, this amorphous phase 1A can be restored to
the original crystalline phase of 1’ in which the color returns to that of the original after being
exposed in water vapor for 24 h, as indicated by elemental analysis with the chemical composition
of [Co2(2,4-pydc)2(bpe)(H20)s](H20). (1) (Anal. Calcd: C, 40.22; H, 4.41; N, 7.22%. Found: C,
39.54; H, 4.43; N, 7.06%) and the XRPD measurement results. The restored solid has the same
XRPD pattern as the simulated one from the single-crystal X-ray diffraction data of 1, indicating
thatl’ and 1 are the same compound. These results suggest the crystalline-to-amorphous and
amorphous-to-crystalline transformations in supramolecular network of 1 triggered by the
hydration control. The heating and exposing procedures were repeated several times to
demonstrate the reversibility of the de- and rehydration processes. Furthermore, this structural
change of bulk sample is accompanied with a remarkable color change (Fig. 2) as confirmed by
the solid-state UV-vis diffuse reflectance spectra. The electronic spectra clearly show that the
bands observed in 1 and 1’ correspond very well to the identical transitions causing the same color
of products, and evidence that 1 and 1’ have the same Co'" environments. That of the crystalline
form 1 and 1’ agrees with the typical d—d transitions of high spin Co"in distorted octahedral
geometry with two broad bands at 498 and 1146 nm, which are assigned to the “Tiqg — “T14(P),
and “T1g — “Togtransitions, respectively. The amorphous form 1A also shows the same d-d
transitions with two broad bands, but remarkably shifted to 560 (A ~ 62) and 1190 (A ~ 44) nm,
resulting in distinctive purple color and corresponding to the high-spin Co" in distorted octahedral
geometry with different type of distortion [19]. The chromotropic behavior of this compound is
principally ascribed to the changes of the d-orbital energy level, induced by the drastic change in
the coordination environments around the metal center during water de- and resorption processes.
In addition, these results agree with the reversible change of the vibrational band in IR spectra
where the broader bands are observed for the amorphous phase. In contrast, this feature is
removed for the IR spectra of the rehydrated form, which are identical to those of the as-
synthesized 1.
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1 1A :
Rehydration
water vapor, 24 h
pr————————g
Dehydration Dehydration
200°C, 40 min 200 °C, 40 min
orange purple orange
Fig. 2. Change in color during de- and rehydration processes in bulk samples

Fig. 2. Change in color during de- and rehydration processes in bulk samples.

All of these results confirm the water-induced crystalline-to-amorphous phase
transformation in the supramolecular network of 1 with reversible processes. Remarkably, the
reversibility of the water adsorption and the change in the coordination environment can be
visualized by the change in color of the compound. This behavior takes place in water which
could be a dissolution/recrystallization process rather than a solvent-induced solid-state reaction
as this involves structural reorganization of the supramolecular framework or rearrangements of
the molecules interacting by inter-molecular hydrogen bonds and non-covalent contacts [20].

In summary, a novel 3D supramolecular network formed by hydrogen-bonding and C—
H---m interaction, has been synthesized and structurally characterized. The successful synthesis
of 1 shows that strong intermolecular interactions (C—H---x and hydrogen-bonding interactions)
contribute to the formation of higher-dimensional network. Thermal decomposition, elemental
analysis, XRPD, and spectroscopic results indicate that the transformation from the crystal form
of [Co2(2,4-pydc)a(bpa)(H20)e](H20)2 (1) to the amorphous powder of Co2(2,4-
pydc).(bpa)(H20). (1A) is reversible with the color changes. The original crystalline form is
recovered from the collapsed amorphous sample by the restoration of water molecules. Thus, the
desorption/resorption processes involving the weak intermolecular interactions can trigger the
reversible crystal-to-amorphous transformation.
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I11-4 Water-induced dynamic crystal-to-amorphous transformation of cobalt(ll)
coordination and supramolecular frameworks containing benzene-1,2,4,5-tetracarboxylic
acid and trans-1-(2-pyridyl)-2-(4-pyridyl)ethylene ligands

Introduction

Solid-state reversible structural transformations and functional studies of bistable
dynamic coordination polymers (CPs) or metal organic frameworks (MOFs) and supramolecular
frameworks have recently attracted great attention to obtain smart functional materials.*? The
dynamic frameworks have a blend of both rigidity and flexibility. Rigidity makes material
efficient in storage and flexibility in selective sorption. Kitawaga et al. classified these dynamic
frameworks as “third generation coordination polymers”, also called “soft porous crystals”.®®
Dynamic structural transformation based on flexible frameworks is one of the most interesting
and presumably characteristic phenomena of coordination polymers.®’
The bistable dynamic frameworks exhibit solid-state structural transformations with breaking,
making, or rearrangement of bonds driven by external stimuli like heat, light, pressure, etc.®
Structural transformations are generally accompanied by removal or exchange of guest, changes
in coordination number of metal containing nodes, and conformational changes in flexible parts of
organic ligands.® However, reports of such bistable dynamic MOFs are limited, especially in the
supramolecular frameworks generated from discrete molecules. Generally, such structural
changes in response to external stimuli are facilitated by weak bonding interactions like
hydrogen-bonding and mn—n and C-H--m interactions.!®!! These structural transformations
induced by chemical and/or physical processes are much more complicated than encountered in
the rigid frameworks. Thus, investigation of solid-state structural transformations between
bistable phases and their correlations with the properties is very crucial to design smart functional
materials.

From our previous works, we reported the reversible thermal dehydration and
rehydration of the supramolecular and 2D coordination frameworks, [Co02(2,4-
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pydc).(bpa)(H20)6](H20)-® (2,4-pydc = 2,4-pyridinedicarboxylate anion, bpa = 1,2-bis(2,4-
pyridyl)ethane) and [Co(4,4'-bipy)(pro)2(H20)]° (4,4'-bipy = 4,4"-bipyridine, pro = propionate).
The reversibility is driven by strong hydrogen bonding between lattice and coordinated water
molecules and other components. Herein, we report the synthesis of the 3D coordination and
supramolecular frameworks 1 and 2, respectively and their dynamic behaviors. The reversible
solid-state structural transformations were accompanied by distinct color change on
de/rehydration. The selective sorption properties were observed for adsorbates like H.O over
methanol, ethanol, acetone, acetonitrile, dichloromethane, and hexane. The dynamic of the
de/rehydrated forms of compounds 1 and 2 were performed to investigate the possible reversible
structural transformations with chromotropism.

Results and discussion

Syntheses

Description of {Coz(bpe)(btec)(H20)s}n (1)

Single-crystal X-ray diffraction reveals that 1 crystallizes in the triclinic space group P-
1, showing a 3D coordination network. The asymmetric unit contains two Co(ll) atoms, one btec,
one bpe and five coordinated H,O molecules. The Col atom is coordinated by three carboxylato
oxygen atoms from two btec ligands (Co(1)-O(3) 2.059(4), Co(1)-O(4) 2.430(5) and Co(1)-O(1A)
2.070(4) A), one nitrogen atom from bpe (Co(1)-N(1) 2.104(5) A) and two oxygen atoms from
water molecules (Co(1)-O(9) 2.060(5) and Co(1)-O(10) 2.090(5) A), showing distorted octahedral
coordination geometry. The Co2 atom also adopts distorted octahedral coordination geometry, but
it is coordinated by two carboxylato oxygen atoms of two different btec ligands (Co(2)-O(5)
2.082(5) and Co(2)-0(7) 2.063(4) A), one nitrogen atom from bpe (Co(2)-N(2) 2.111(5) A) and
three oxygen atoms from water molecules ((Co(2)-O(11) 2.115(5), Co(2)-0(12) 2.215(8), Co(2)-
O(13A) 2.23(2) and Co(2)-0(13B) 2.21(2) A) (Fig. 1).

These Co(ll) ions are linked by the bridging bpe ligand (N(1) and N(2)) with the
Co1-Co2 distance of 9.1484(14) A in c-axis and the bridging and twisting btec ligand in a- and
b-axis, leading to an infinite flexible 3D framework (Figs. 2 and 3). In addition, the free
carboxylate oxygens of btec and the coordinated waters are involved in an extensive hydrogen
bonding (O9-H9A--08' 2.20(6), O10-H10A-06" 1.86(6), 06 011 2.8079(83) and O12--02
3.2782(104) A) (Fig. 4).

Fig.1  Perspective view of the coordination environment of cobalt atoms in 1. H atoms were
omitted for clarity
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Fig.4 3D framework of 1, showing extensive hydrogen bonding interactions by free
carboxylate oxygens of btec and the coordinated waters along the b- axis [Symmetry codes: i
=1+x, Y, -1+4z; ii = X, y, -1+Z]

Description of [Coz(bpe)s(btec)(H.0)s]-4.5H20 (2)

Single-crystal X-ray structural analysis shows that 2 is a dinuclear compound
crystallized in the monoclinic P21/c space group. The symmetry-related dinuclear unit consists of
two cobalts, four bpe ligands, one btec, six coordinated waters and eight lattice water molecules.
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Each Co(ll) ion is coordinated by two nitrogen atoms from two bpe terminal ligands (Co(1)-N(1)
2.159(4) and Co(1)-N(3) 2.128(4) A), one oxygen atom of the bridging btec ligand (Co(1)-O(1)
2.032(3) A) and three coordinated water molecules (Co(1)-O(5) 2.196(4), Co(1)-O(6) 2.045(3)
and Co(1)-O(7) 2.134(4) A), this feature gives a slightly distorted octahedral geometry with
CoN2O4 chromophore (Fig. 5). The btec ligand links between both chromophores in monodentate
fashion to each Co atom. These dimeric units are connected to each other in ABAB...
arrangement via hydrogen bonds with distance of 1.82(5) A for 06-H6B:--02 and 3.20(5) A for
O5-H5A:-O7, generating 2D layer network in bc plane as shown in Fig. 6. All lattice water
molecules (08-016) form a cluster via hydrogen bonds and occupy the channels between these
layers along c axis, some of them bonded with free carboxylate oxygens (04010 2.727 A),
nitrogen atom (N4--09 2.799 A) and coordinated waters (O6-H6A--08 2.047 A) as well as
aromatic carbon atoms (C6-H6---O16 3.104, C9-H9---O16 2.542, C12-H12--O11 3.339, C13-
H13--012 2.987, C14-H14--014 2.663, C18-H18--O13 3.905, C19-H19-+-014 3.082 and C22-
H22--015 2.806 A) on the surface of the tube, generating 3D supramolecular framework (Fig. 7).
Interestingly water molecules filling in each nano tube are further extended to 1D water chain via
hydrogen bond interactions along ¢ axis, the bond distances O---O (D---A) are in the range of
2.362 — 3.524 A which are typically expected for hydrogen bonding interaction'* (Fig. 8).

Fig. 5  Perspective view of the coordination environment of cobalt atom in 2. H atoms were
omitted for clarity

Fig. 6 Crystal packing of dimeric units in ABAB... arrangement of compound 2 via hydrogen
bonding in bc plane, generating two-dimensional supramolecular structure.
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Fig.7 The channels along c axis are occupied by free water molecules represented by red balls in
view of 2 in ab plane, in set shows some of these water molecules interacted with coordinated
waters and free carboxylate oxygens on the surface of the tube through hydrogen bonding,
generating 3D supramolecular network
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Fig. 8 View of 1D water chain of lattice water molecules via hydrogen bond in one nanotube
along c axis of 2

Thermogravimetric analyses

To assess the thermal stability, thermal gravimetric analysis (TGA) was recorded for
the single-phase polycrystalline samples in the temperature range 30-700 °C. During the heating
process, the TGA profile of 1 (Fig. 9) indicates that the release of five coordinated water
molecules occurs at the first step of weight loss in the temperature range 100-250 °C (found,
14.85%; anal. calcd, 14.19 %), resulting to the dehydrated form of Co.(bpe)(btec) (1A), which is
stable up to 300 °C and then the structure rapidly decomposes at higher temperatures. For
compound 2 (Fig. 10), the TGA profile indicates that the releases of all fourteen water molecules
(coordinated and lattice water molecules) occur at the first step of weight loss in the temperature
range 55-100 °C (found, 17.50%; Anal. Calcd, 17.30%) resulting in the dehydrated form of
Coz(bpe)s(btec) (2A). This dehydrated form 2A is stable up to ~150 °C and then rapidly
decomposes to unidentified products.
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Fig. 10 TGA curves of compounds 2, 2A and 2’

Structural phase transformation by thermal de/rehydration processes

The compound 1 contains only coordinated water molecules while 2 contains both
lattice and coordinated water molecules. The stable dehydrated forms of 1A and 2A were clarified
by TGA profiles. The dynamic structural behaviors of 1 and 2 relating to their dehydration and
rehydration processes are studied by elemental analyses, XRPD, and spectroscopic techniques.
Interestingly, the water molecules can be adsorbed fully by exposing the evacuated samples to
water vapor over organic solvents at room temperature. The heating and exposing procedures
were repeated five times to demonstrate the reversibility of the de- and rehydration processes.
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Fig. 11 Changes in color during de- and rehydration processes in bulk
samples of a) compound 1 b) compoud 2

When the crystalline samples were heated to 250 °C for 1 and 100 C° for 2 in air for 10
min, these crystals suddenly lose their crystallinity and the color changes from purple to blue for 1
and orange to purple for 2. Then these noncrystalline solids were exposed to the laboratory air for
10 min for 1 and 8 h for 2, and the color of both noncrystalline samples were returned to that of
the original samples. Consequently, the bulk samples of 1 and 2 were used to study in detail. The
dehydrated form 1A was obtained by heating the bulk sample at 250 °C in air for 30 min and the
re-hydrated form 1’ was obtained by exposing the dehydrated sample to water vapor for 3 min. In
case of 2 the dehydrated form 2A was obtained by heating the bulk sample at 100 °C in air for 30
min and the re-hydrated form 2’ was obtained by exposing the dehydrated sample to water vapor
for 12 h at room temperature without condensation, as shown in Fig. 11. For this, the solid-state
UV-vis diffuse reflectance spectra, clearly show that the bands observed in 1 and 1’ and also in 2
and 2, correspond very well to the identical transitions causing the same color of products, and
evidence that 1 and 1’, and also 2 and 2’ have the same Co'" environments. For 1 this spectral
feature agrees with the typical d—d transitions of high spin Co'" in distorted octahedral geometry
with two broad bands at 527 and 1254 nm, assigned to the vs: “T1g — *T1g(P) and vi: “T1g —*T2q,
transitions, respectively and a shoulder at around 700 nm arised from the vy *Tig — *Agg
transition.®® Whereas the amorphous phase 1A shows the different d-d transition with a lower-
energy broad band centered around 587 nm and a very broad band centered around 1140 nm,
giving distinctive blue color which correspond to the four-coordinate tetrahedral geometry in
majority of 1A (Fig. 12). In case of the 2, the spectral feature and orange color agrees with the
typical d—d transitions of high spin Co' in a slightly distorted octahedral geometry with two
higher-energy broad bands centred at 512 and 1120 nm as compared to that of 1, which are
assigned to the “T1g — “T14(P), and *T1g — *Toq transitions, respectively. The amorphous form 2A
also shows the same d-d transitions with two broad bands, but remarkably shifted to lower
energy at 541 and 1281 nm, resulting in distinctive purple color and corresponding to the majority
of high-spin Co" in a more distorted octahedral geometry with different degree and type of
distortion in an amorphous phase®® (Fig. 13). The chromotropic behaviors of 1 and 2 are
principally ascribed to the changes of the d-orbital energy level, induced by the drastic change in
the coordination environment around metal center during dehydration and rehydration
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processes.® Furthermore, these results agree with the reversible change of the vibrational bands in
IR spectra where the shifted bands are observed for the amorphous phase (1A). In 2A, the broad
and strong peaks of O—H stretching around 3300 cm* and H-O-H bending around 15001600
cm ! of coordinated and lattice water molecules disappear, resulting to the sharper IR spectrum
with different splitting feature and a shift in some peak positions. In contrast, these features are
removed for the IR spectra of the rehydrated forms 1’ and 2', which are identical to those of the
as-synthesized 1 and 2. The XRPD patterns of the as-synthesized products 1 and 2 closely match
the simulated ones from the single-crystal data (Fig. 14). However, the XRPD patterns of
dehydrated 1A and 2A show peak disappearance, indicating that the dehydrated Co.(bpe)(btec).
(1A) (anal. calcd: C, 55.75; H, 3.03; N, 7.65%. Found: C, 55.82; H, 3.15; N, 7.93%) and
Coz(bpe)s(btec) (2A) (Anal. Calcd: C, 63.28; H, 4.21; N, 10.18%. Found: C, 63.32; H, 4.35; N,
10.31%) are in an amorphous phase which are formed by the collapse of the frameworks of 1 and
2 accompanied with the destruction of the frameworks when same or all water molecules are
removed. Interestingly, these amorphous phases, 1A and 2A can be restored to the original
crystalline phases of 1’ and 2’ in which the color returns to that of the original color after being
exposed in water vapor for 30 min for 1’ and 12 h for 2’, as indicated by elemental analyses with
the chemical composition of [Coz(bpe)(btec)2(H20)s]n (17) (anal. caled: C, 41.01; H, 4.07; N,
4.35%. Found: C, 41.25; H, 4.18; N, 4.59%) and [Co(bpe).(btec)(H.0)s]-8H20 (2") (Anal. Calcd:
C, 52.42; H, 3.79; N, 8.43%. Found: C, 52.23; H, 3.78; N, 8.39%), and the XRPD measurement
results. The restored solids have the same XRPD patterns as the simulated ones from the single-
crystal X-ray diffraction data of 1 and 2.

1 1A 1

As-synthesized Dehydrated Rehydration Rehydrated

water vapor

Dehydration 320 min,
—

—_— P —.

250 °C
’ Dehydration
L A0min >
280 °C
urple ue 30min e

Abs.

T T T T T T T T T T T T ?
200 400 600 800 1000 1200 1400

Wavelength (nm)

Fig. 12 The UV-vis diffuse reflectance spectra of as-synthesize 1 (black line), the dehydrated
form 1A (red line), and the rehydrated form 1” (blue line), representing together with the
chromatic changes in bulk samples
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Fig. 13 The UV-vis diffuse reflectance spectra of as-synthesize 2 (black line), the dehydrated
form 2A (red line), and the rehydrated form 2" (blue line), representing together with the
chromatic changes in bulk samples
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Fig. 14 XRPD patterns for 1 and 2 at different conditions: a) simulated of 1, b) as-synthesized
of 1 (1), c) dehydrated of 1A (1A), d) rehydrated of 1' (1"), e) simulated of 2, f)as-
synthesized of 2 (2), g) dehydrated of 2A (2A) and h) rehydrated of 2' (2') respectively

These results of compounds 1 and 2 confirm the water-induced reversible crystalline-to-
amorphous phase transformation with chromotropism. This behavior of both compounds was also
investigated for other solvents vapor such as methanol, ethanol, acetone, acetonitrile,
dichloromethane, DMF and DMSO, but sensitive only with water vapor, indicative of the high
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selective recognition of 1A and 2A to water molecules. The selective water accommodation with
chromotropism in dehydrated 1A and 2A when compared with many solvents could be attributed
to the proper size of water molecules and weak host—guest interactions. Remarkably, the
reversibility of the water adsorption and the change in the coordination environment can be
visualized by the change in color of the compounds. This behavior takes place in water which
could be a dissolution/recrystallization process rather than a water-induced solid-state reaction as
this involves structural reorganization of the coordination and supramolecular frameworks or
rearrangements of the molecules interacting by inter-molecular hydrogen bonds and non-covalent
contacts.’

In summary, two novel 3D Co" coordination and supramolecular frameworks containing
carboxylate and N-donor ligands, [Coz(bpe)(btec)2(H20)s] (1) and [Coz(btec) (bpe)s(H20)s]-8H20
(2) have been successfully synthesized by hydrothermal and direct methods, respectively. We
have demonstrated that the water molecules in both compounds can be reversibly exchanged
along with the changes in color of the samples. The dehydrated form 1A is found to be very
sensitive to water with the color change as compared to that of 2A. However, the dehydrated
form 2A has much more water-adsorption efficiency. The reversibility of the solid transformation
has been supported by spectroscopic techniques, elemental analysis, TGA and XRPD and shows
that 1 and 2 exhibit water induced crystal-to-amorphous transformation with the selective water
adsorption and the change in the coordination environments can be visualized by the change in
color of the compounds. The crystalline-to-amorphous transformations between original
crystalline phase (1, 2) — dehydration (amorphous powder (1A, 2A)) — rehydration (crystalline
phase (1', 2')) involve dynamic motions altering the coordination geometry of Co'. These are
triggered by the weak intermolecular interactions during the removal and restoration of water
molecules. This work may contribute to potential application as sensing adsorbent material for
moisture.
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Influence of supramolecular bonding contacts on the
spin crossover behaviour of iron(i1) complexes from
2,2'-dipyridylamino/s-triazine ligandst

Nanthawat Wannarit,®< Olivier Roubeau,*? Sujittra Youngme,*© Simon J. Teat? and
Patrick Gamez*®€

Reactions of the related ligands 2-(N,N-bis(2-pyridyl)amino)-4,6-bis(phenoxy)-(1,3,5)triazine (L1) and
2-(N,N-bis(2-pyridyl)amino)-4,6-bis( pentafluorophenoxy)-(1,3,5)triazine (L1F) with iron(i) thiocyanate pro-
duced two spin-crossover coordination compounds with distinct cooperative behaviours. trans-[Fe-
(L1),(NCS),]-2CH,Cl5 (1) displays a very gradual transition centred at T% = 233 K, characterized by a ATgq
(namely the temperature range within which 80% of the transition considered occurs) of 90 K, while that
of fluorinated trans-[Fe(L1F)5(NCS),]-2CH5CN (3) is significantly more abrupt (and centred at T% = 238 K),
with a ATgy of 50 K, resulting from supramolecular contacts induced by the fluorinated phenol
groups. The coordination compound equivalent to 1 with selenocyanate anions, namely trans-[Fe-
(L1)>(NCSe),]-4CH,Cl,-4CH30OH (2), also exhibits SCO properties centred at T% =238 K, but the transition is
very gradual (ATgo = 150 K). Light-induced excited spin-state trapping (LIESST) is effective although
incomplete for 2 and 3, while it is complete with a T gsst of 58 K for 1.

Introduction

The spin-crossover (SCO) phenomenon is a particularly inter-
esting manifestation of the ligand-field theory."”” Hence, for
octahedral d*-d” transition-metal complexes that may be
either low spin (LS) or high spin (HS), the occurrence of SCO is
associated with intermediate ligand-field strength,® for which
the transition-metal compound may present HS < LS bistabi-
lity through the application of an external stimulus like
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TElectronic supplementary information (ESI) available: Tables S1-S3 summar-

izing crystallographic and refinement parameters for 1-3; Fig. S1-S4 illustrating
particular features of the solid-state structures of 1-3; AH and AS for 3 (Fig. S5);
a d(x7)/dT vs. T plot for 3 (Fig. S6); Fig. S7 depicting the single-crystal X-ray struc-
ture of L1; Table S4 summarizing crystallographic and refinement parameters
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temperature, pressure or light.*”” Such behaviour is obviously
very attractive, especially with d°® Fe(u) ions for which the LS
state is diamagnetic and sharp differences in optical properties
are often associated with the SCO; therefore, SCO compounds
may find applications in molecular switches,® data-storage

%19 and optical displays.'*™® Consequently, SCO has

devices
attracted a great deal of attention from the scientific commu-
nity during decades, and this area of research has been experi-
encing a tremendous development since the past 5 years."*°
Thus, many SCO iron(u) complexes have been reported, typi-
cally exhibiting an octahedral [FeNg] core obtained from
ligands containing aromatic nitrogen-donor groups, such as
pyridine or azole rings.*'>*

Since 2006, we have been involved in the design and prep-
aration of various types of pyridine-containing ligands for the
generation of SCO compounds.>®° In particular, one of the
families of ligands developed is based on the 1,3,5-triazine (or
s-triazine) ring.*° For instance, the ligand 2,4,6-tris(dipyridin-
2-ylamino)-1,3,5-triazine (dpyatriz),® including three 2,2'-
dipyridylamine units on a s-triazine ring, has allowed us to
synthesize iron(u) coordination compounds with interesting
SCO properties.”>****3%  Then, Murray and
have described various dipyridylamino-substituted-triazine

co-workers

ligands, which have produced a number of SCO compounds
31738 thus illustrating the
potential of this category of ligands to create molecular

with distinct transition behaviours,

switches.

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Preparation  of  ligands  2-(N,N-bis(2-pyridyl)amino)-4,6-bis
(phenoxy)-(1,3,5)triazine  (L1) and 2-(N,N-bis(2-pyridyl)amino)-4,6-bis(penta-
fluorophenoxy)-(1,3,5)triazine (L1 LY

In the present study, two new members of this family of
2,2'-dipyridylamino/s-triazine ligands have been prepared. The
straightforward and selective substitutions of the three chlor-
ide atoms of 2,4,6-trichloro-1,3,5-triazine by phenolic reagents
and 2,2'-dipyridylamine yield the related ligands 2-(N,N-bis(2-
pyridyl)amino)-4,6-bis(phenoxy)-(1,3,5)triazine (L1, R = H;
Scheme 1) and 2-(N,N-bis(2-pyridyl Jamino)-4,6-bis( pentafluoro-
phenoxy)-(1,3,5)triazine (L1¥, R = F; Scheme 1). These two
ligands, which differ by the replacement of the hydrogen
atoms of the phenoxyl groups of L1 by fluorides (L1F), have
been designed to investigate the role played by supramolecular
interactions (i.e. n---x interactions, halogen bonding) induced
by the distinct aryl groups in the SCO properties of the corre-
sponding trans-[FeL,(NCS),] complexes.

Results and discussion
Synthesis and crystal structures

The ligands  2-(N,N-bis(2-pyridyl)amino)-4,6-bis( phenoxy)-
(1,3,5)triazine (L1) and 2-(N,N-bis(2-pyridyl)amino)-4,6-bis-
(pentafluorophenoxy)-(1,3,5)triazine (L1F) are readily prepared
via a two-step reaction in THF from 2,4,6-trichloro-1,3,5-
triazine, following a straightforward synthetic procedure
(Scheme 1 and the Experimental section).>**°

Compound 1, trans-[Fe(L1),(NCS),]-2CH,Cl,, is obtained
with a yield of 70% by direct addition of a freshly prepared
water/methanol solution of iron(u) thiocyanate (1 equiv.) to a
dichloromethane solution containing 2 equiv. of L1. 1, which
exhibits SCO properties (see section Magnetic studies), crystal-
lizes in the triclinic space group P1, at 100, 240 and 300 K
(Table S17). A representation of the molecular structure of 1 at
100 K (low-spin state) is depicted in Fig. 1. Selected bond
lengths and angles are listed in Table 1.

The iron(u) centre in 1 displays the expected octahedral
coordination environment, typically observed for iron(u)
thiocyanate complexes with this family of dipyridylamino-sub-
stituted-triazine ligands.>>**7*® The metal ion is coordinated
by two L1 ligands in the equatorial plane of the octahedron,
the apical positions being occupied by two trans thiocyanate
anions (Fig. 1). At 100 K, the Fe-Npigine distances in the range
1.981(2)-1.992(2) A are characteristic of an LS iron(u) ion. The
Fe-Nycs bond lengths of 1.943(2) A are also indicative of an LS
state. These coordination bond lengths increase by ca. 0.22 A

This journal is © The Royal Society of Chemistry 2013

View Article Online

Fig. 1 Representation of the molecular structure of compound 1 (LS state,
determined at 100 K) with a partial atom-numbering scheme. The hydrogen
atoms and the lattice dichloromethane molecules are not shown for clarity. Sym-
metry operation:a, 1 —=x, 1 -y, 1 -2

Table 1 Coordination bond lengths (A) and angles (°), and supramolecular
interactions for compound 1 at three different temperatures

Bond 100 K (LS) 240 K 300 K (HS)
Fel-N1 1.943(2) 2.051(2) 2.075(4)
Fel-N2 1.992(2) 2.163(2) 2.216(3)
Fel-N3 1.981(2) 2.149(2) 2.203(3)
Fel---Feljnger * 10.138(2) 10.239(2) 10.301(4)
Angle” 100 K 240 K 300 K
N2-Fe1-N3 86.8(6) 83.5(8) 82.4(1)
N2-Fel-N3a 93.3(6) 96.5(8) 97.6(1)
N1-Fel-Nla 180 180 180

Fe’ 31 40 46

! 37 58 67
H-bonding contacts 100 K 240 K 300 K
C11-H11A---02 3.559(3) 3.609(4) 3.642(8)
C27-H27A---C13 3.415(3) 3.508(4) 3.526(7)
Lone pair---m interactions 100 K 240 K 300 K
Cg5---S1 3.459(1) 3.561(1) 3.598(2)

“Closest inter-monomer Fe---Fe distance. ” Symmetry operation: a, 1 —
x,1-y,1— 2z °X=the sum of |90 — ¢| for the 12 N-Fe-N angles in the
octahedron.”®** 9@ = the sum of |60 — 0| for the 24 N-Fe-N angles
describing the trigonal twist angle.">*

for Fe-Npyridine and ca. 0.13 A for Fe-Nygs when the tempera-
ture is raised to 300 K (Table 1), which describe a full spin
transition that has been observed as well by variable-tempera-
ture magnetic susceptibility measurements (see below). At
240 K, the distances found, i.e. 2.149(2)-2.163(2) A for Fe-N,;.
dine and 2.051(2) A for Fe-Nycs, correspond to an HS-LS
mixture of about 78/22, in agreement with bulk magnetic
studies.

The distortion parameters X and @ gauge the magnitude of
the deformation of the coordination geometry relative to a
perfect octahedron (for which X = @ = 0).">*"** For LS 1, X =
31 and @ = 37 and these values increase to respectively 46 and
67 for the HS state (Table 1). AY (Zys — 2is) and A® (DPys —
@) thus illustrate the extent of the structural changes that
take place during the spin transition. For 1, AX =15 and A® =
30. The high A® value indicates a severe distortion of the
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original octahedral geometry towards a trigonal prismatic
structure, a feature that is commonly noticed upon LS — HS
transition.'® Such a structural distortion may affect the degree
of interaction between the spin active species, resulting in
cooperativity between the switching centres that is normally
reflected by an abrupt LS < HS crossover phenomenon.
Actually, the magnetic studies (see below) reveal a weakly co-
operative behaviour since a complete HS-to-LS conversion is
realized within a temperature range of ca. 90 K (see section
Magnetic studies).

The crystal packing of 1 shows that the iron(u) centres
weakly interact along the crystallographic ¢ axis through
C-H---O and C-H---1 contacts (which are affected by the tran-
sition; see Table 1), producing a supramolecular 1D chain
(Fig. 2A). These chains do not significantly interact with each
other (Fig. 2B), which may explain the moderate cooperativity
of the SCO behaviour observed by magnetic measurements
(see below).

In addition, the molecules of 1 display intramolecular lone
pair---n interactions®® between the thiocyanate sulfur atoms
and the triazine rings (Cg5---S1 = 3.459(1) A; Fig. S17).

Compound 2, trans-[Fe(L1),(NCSe),]-4CH,Cl,-4CH;0H, is
obtained with a yield of 63%, applying the same synthetic pro-
cedure as that used to prepare 1, replacing iron(u) thiocyanate
by iron(u) selenocyanate. As anticipated, 2 is an SCO com-
pound (see section Magnetic studies), which crystallizes in the
monoclinic space group P2,/c in its LS state (Table S27). A view
of the molecular structure of 2 is shown in Fig. 3.

Unsurprisingly, the coordination environment of the iron(u)
ion in 2 is similar to that of 1 (see Fig. 1 and 3). The observed
octahedral geometry is formed by four pyridine donors in the
equatorial plane (belonging to two L1 ligands) and two axial
NCSe™ anions. The Fe-Nprigine bond lengths ranging from
1.992(4) to 2.009(4) A and the Fe-Nycs. distances of 1.940(4) A

Fig. 2 Views of the crystal packing of LS 1 showing (A) the formation of a
supramolecular 1D chain along the crystallographic ¢ axis by means of weak
C-H-+-O and C-H---n contacts (respectively C11-H11A---02 = 3.559(3) A, green
dotted lines and C27-H27A---C13 = 3.415(3) A, red dotted lines); (B) the
arrangement of the chains in the ab plane illustrating the lack of significant
interactions between them.
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Fig. 3 Representation of the molecular structure of compound 2 (LS state,
determined at 100 K) with a partial atom-numbering scheme. The hydrogen
atoms and the lattice dichloromethane molecules are not shown for clarity. Sym-
metry operation:a, 1 —=x, 1 -y, 1 -2

Table 2 Coordination bond lengths (A) and angles (°), and supramolecular
interactions for compound 2 (low-spin state)”

Bond 100 K (LS)
Fel-N1 1.940(4)
Fel-N2 1.992(4)
Fel-N3 2.009(4)
Fel---Felinger” 8.642(4)
Angle 100 K (LS)
N2-Fel-N3 86.5(2)
N2-Fel-N3a 93.6(2)
N1-Fel-Nla 180

X e’ 25

! 32

n---T interactions 100 K (LS)
Cg7---Cg7j 3.717(4)
C22-:-C24j 3.234(9)
C22---C23j 3.208(8)
c8---Cc10d 3.796(8)
C-H---x contacts 100 K (LS)
C4-H4A---C17g 3.607(7)
C5-H5A---C18g 3.552(7)
Lone pair---m interactions

Cg5---Sel 3.501(2)
Hydrogen bond

O1s-H1s---02s 2.828(12)
O1s-H1s-02s 150(8)
02s-H2s---N5 3.074(9)
02s-H2s-N5 155(7)

¢ Symmetry operation: a, 1 —x,1 -y, 1 —z;d, —x,1 -y, 1 -2z g, x, 1/2
-3 12+zj -x1-y, -2 b Closest inter-monomer Fe---Fe distance.
€Y = the sum of |90 — 0| for the 12 N-Fe-N angles in the
octahedron.”*** 4@ = the sum of |60 — 6| for the 24 N-Fe-N angles
describing the trigonal twist angle."""

(Table 2) are typical for an LS iron(u) system, and are compar-
able to those found for 1 (Tables 1 and 2). Unfortunately, crys-
tallographic data for HS 2 could not be obtained. Actually,
single crystals of 2 did not diffract enough at room tempera-
ture, most likely as a result of solvent evaporation (and particu-
larly dichloromethane).

The crystal packing of LS 2 reveals the formation of a 1D
chain of iron(n) complexes that are connected by parallel-
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displaced =---n interactions involving the phenyl ring (C21,
C22, C23, C24, C25, C26), with a centroid-to-centroid distance
of 3.717(4) A (Cg7---Cg7j; see Table 2 and Fig. 4A). These &
stacks are characterized by short C:--C contact distances of
3.208(8) A (C22---C23j) and 3.234(9) A (C22---C24j). It has to be
noted that these =n---m stacking interactions (which are not
occurring in 1) give rise to a different orientation of the corre-
sponding phenyl rings in compounds 1 and 2 (see phenyl
rings of the oxygen atom O2 in Fig. 1 and 3). These chains are
weakly interacting with each other via n---x (C8---C10d) and C-
H---n (C4-H4A.--C17g and C5-H5A---C18g) long contacts (see
Table 2 and Fig. 4B).

Surprisingly, although the iron(u) complexes appear to
better interact with each other compared to those in 1, the
SCO behaviour of 2 is clearly much less cooperative; actually,
the transition is very gradual as the HS state is fully converted
into the LS state within a temperature range of over 150 K (see
section Magnetic studies). This feature may be explained by
the presence of numerous solvent molecules in the crystal
lattice of 2. Indeed, compound 2 is surrounded by 8 solvent
molecules, i.e. 4CH;0H and 4CH,Cl,, while only 2CH,Cl, are
found for 1. Therefore, all these solvent molecules in 2 (which
are interacting with each other and with the complex; see
hydrogen bonds in Table 2) most likely affect the propagation
of the spin transition; hence, the behaviour of 2 resembles
that of a diluted system (see Fig. S2t), in which the metal
centres within the solid are transiting independently, thus
resulting in a non-cooperative conversion following Boltzmann
population of states.

Finally, similarly to 1, the molecules of 2 display intramole-
cular lone pair---n interactions between the selenocyanate

Fig. 4 Views of the crystal packing of LS 2 showing (A) the formation of a
supramolecular 1D chain via parallel-displaced =---n interactions (Cg7---Cg7j =
3.717(4) A (the inset illustrates a parallel-displaced =---m stack); (B) the feeble
interactions of the chains (one chain is shown in green) by means of weak =---x
(C8---C10d = 3.796(8) A) and C-H---n (C4-H4A---C17g = 3.607(7) A and C5-
H5A...C18g = 3.552(7) A) contacts. Symmetry operations: d, —=x, 1 —y, 1 — z, g,
X, /2=y, 1/12+zj,-x,1-y -z

This journal is © The Royal Society of Chemistry 2013

View Article Online

selenium atoms and the triazine rings (Cg5--Sel = 3.501(2) A;
Fig. S31).

Compound 3, trans{Fe(L1%),(NCS),]-2CH;CN, is prepared
with a yield of 65% by direct addition of a freshly prepared
water-acetonitrile solution of iron(u) thiocyanate (1 equiv.) to
an acetonitrile solution containing 2 equiv. of L1¥. As the pre-
vious two complexes, 3 exhibits spin-transition properties (see
section Magnetic studies). 3 crystallizes in the triclinic P1
space group at 100, 190 and 280 K (Table S3T). Selected coordi-
nation bond distances and angles are listed in Table 3. A view
of the molecular structure of 3 is depicted in Fig. 5.

Table 3 Coordination bond lengths (A) and angles (°), and supramolecular
interactions for compound 3 at three different temperatures

Bond 100K (LS) 190K 280 K (HS)
Fel-N1 1.937(1) 1.943(1)  2.056(3)
Fel-N2 1.979(1) 1.985(2)  2.194(2)
Fel-N3 1.988(1) 1.989(1)  2.207(2)
Fel---Feljye, 8.350(1) 8.412(1)  8.643(2)
Angleb 100 K 190 K 280 K
N2-Fe1-N3 86.16(5) 86.19(6)  81.83(9)
N2-Fel-N3a 93.85(5) 93.81(6)  98.17(9)
N1-Fel-Nla 180 180 180
XFe’ 30 30 41

! 36 36 72

7w interactions” 100 K 190 K 280 K
01---Cl6¢ 3.112(2) 3.118(3)  3.092(4)
01---C17¢c 3.255(2) 3.247(3)  3.238(4)
C15---C16¢ 3.387(2) 3.378(3)  3.385(5)
Cg3--Cg3b 3.757(1) 3.747(1)  3.787(2)
Halogen---halogen contacts” 100 K 190 K 280 K
F8:---Fol 2.781(2) 2.803(2) 2.815(4)
Lone pair---m interactions 100 K 190 K 280 K
Cg5---S1 3.457(1) 3.489(1)  3.579(2)

“Closest inter-monomer Fe---Fe distance. ” Symmetry operation: a, 1 —
n1-y,1-2zb -1+xy,z¢1-x,1-y2-1,2-x2-y,1-2z
€Y = the sum of |90 — 0| for the 12 N-Fe-N angles in the

octahedron.”®** 9@ = the sum of |60 — 0| for the 24 N-Fe-N angles
15,41

describing the trigonal twist angle.

Fig. 5 Representation of the molecular structure of compound 3 (LS state,
determined at 100 K) with a partial atom-numbering scheme. The hydrogen
atoms and the lattice acetonitrile molecules are not shown for clarity. Symmetry
operation:a, 1 —x, 1 -y, 1 -2z
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The coordination environment of the iron(u) ion in 3 is ana-
logous to those of compounds 1 and 2. The equatorial plane of
the octahedron contains four pyridine donors belonging to
two L1¥ ligands, and the axial positions are occupied by two
thiocyanate anions. At 100 K, the Fe-Npgine and Fe-Nycs
coordination bond lengths are typical for an LS FeNj (Table 3),
and are comparable to those of 1 and 2. For HS 3 at 280 K,
these bond distances increase by respectively ca. 0.22 and
0.12 A (Table 3), thus giving characteristic values for this spin
state. This full LS — HS transition is corroborated by magnetic
measurements (see below). At 190 K, the Fe-Npyrigine and Fe-
Nycs distances are indicative of an LS-HS mixture of about 95/
5, in agreement with the data obtained by magnetic-suscepti-
bility measurements (see below).

The distortion parameters ¥ and @ amount to respectively
30 and 36 for LS 3, and to 41 and 72 for HS 3. Hence, the corre-
sponding AX and A@ values of respectively 11 and 36 again
reflect a strong distortion of the octahedral geometry upon LS
— HS transition. As mentioned above, such a distortion is
often associated with cooperativity between the transiting
centres. In the present case, A® = 36 is higher than that found
for the related complex 1 (A® = 30). Therefore, a greater coop-
erative behaviour is expected for 3 in comparison to 1; in fact,
a clearly more abrupt transition (see the corresponding y7T vs.
T plots below) is observed for 3, which may be rationalized by
specific crystal-packing features induced (at least in part) by
the fluorinated ligand L1F.

Actually, the crystal packing of LS 3 reveals an intricate
network of strong supramolecular bonds (Fig. 6). First, mole-
cules of 3 are connected via strong lone pair---x (O1---C16c
and O1---C17c; see Table 3 and Fig. 6A) and n---n (C15---C16¢;
see Table 3 and Fig. 6A) interactions. It has to be noted that
the O1---C16c contact distance of 3.112(2) A is below the sum
of the van der Waals radii of O and C (i.e. 3.22 A), thus indicat-
ing a very strong interaction between the fluorinated aromatic
rings (through lone pair---n interactions*®™*®). These supra-
molecular bonds generate a 1D chain that runs along the
crystallographic ¢ axis. Next, the 1D chains are associated by
means of nearly face-to-face n---n interactions between co-
ordinated pyridine moieties characterized by a centroid-to-
centroid distance of 3.757(1) A (see Table 3 and Fig. 6B). This
spatial arrangement produces a 2D supramolecular sheet in
the ac plane (Fig. 6B). Finally, the 2D sheets are connected to
each other by double strong F---F bonds (indeed, the F8:--F9l
distance of 2.781(2) A is well below the sum of the van der
Waals radii of two F atoms, namely 2.94 A),* giving rise to a
3D framework (Fig. 6C).

In summary, the transiting iron(u) centres are very well
linked to each other (within all the crystal lattice, in contrast
to 1 and 2). Moreover, the solid-state structure of 3 includes
less lattice solvent molecules than 2 (which contains 8 mole-
cules of the solvent per iron(i1) complex); hence 3 is clearly the
most compact of the three systems. Therefore, an efficient
cooperative behaviour may be expected for 3. As a matter of
fact, the magnetic studies show the steepest HS < LS tran-
sition for 3, which is completed within a temperature range of
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Fig. 6 Views of the crystal packing of LS 3 showing (A) the formation of a
supramolecular 1D chain via parallel-displaced pentafluorophenyl---pentafluoro-
phenyl interactions (01--C16c = 3.112(2) A, O1..C17¢ = 3.255(2) A and
C15---C16¢ = 3.387(2) A) (the inset illustrates the occurrence of a parallel-dis-
placed stack between two pentafluorophenyl rings); (B) the formation of 2D
sheets by means of n---n interactions between coordinated pyridine rings
(Cg3---Cg3b = 3.757(1) A). One supramolecular chain is shown in green; (C) the
formation of a 3D supramolecular framework through the connection of the 2D
sheets by strong F---F bonding contacts (F8---F9I = 2.781(2) A) (the inset illus-
trates the bonding interaction of pentafluorophenyl rings via double halogen---
halogen contacts), a 2D supramolecular sheet is shown in green. Symmetry
operations: b, =1 +x,y,z,¢, 1 =x,1-y,2-21,2-x,2-y,1 -2

ca. 50 K (while it is about 90 K for 1 and 150 K for 2; see
below).

As for 1 and 2, lone pair---n interactions are realized
between the thiocyanate sulfur atoms and the triazine rings
(Cg5---S1 = 3.457(1) A; Fig. S4T).

Magnetic, photomagnetic and thermal studies

Confirmation of the process of thermal SCO indicated by the
structural observations on single crystals of 1-3 was obtained
through magnetization measurements on bulk samples in the
temperature range 5-300 K. The resulting temperature depen-
dencies of the y T product (Fig. 7), y being the molar paramag-
netic susceptibility, evidence for all three compounds a
complete and gradual thermal SCO. For compound 1, the yT
product is 3.19 cm® mol™* K at 300 K, a value typical for an
Fe(n) ion in an HS S = 2 state. y T starts to decrease already
from 300 K to reach values of ca. 0.11-0.07 cm® mol ™" K below
160, which are now indicative of a fully populated LS S = 0

This journal is © The Royal Society of Chemistry 2013
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400 150 200 250 300

Fig. 7 4T vs. T plot for 1 (empty circles), 1" (full circles), 2 (empty rhomboids)
and 3 (full squares) showing the complete and gradual SCO. Lines are only
guides to the eye.

state. The corresponding transition is centred at T2 = 233 K.
The selenocyanate derivative 2 exhibits a more gradual SCO
centred at T3 = 228 K, with a T value of only 2.95 cm® mol™*
K at 300 K (thus suggesting that the transition process has
already started to take place at this temperature), and
<0.10 cm® mol™ K below 130 K. In contrast, the SCO process,
centred at T = 238 K, is more abrupt for 3 (as a result of a
better cooperativity; see above), with a decrease of yT from
3.10 cm® mol™" K at 280 K down to 0.2-0.1 below 200 K. This
comparatively more cooperative character is illustrated by a
smaller ATy, value of 50 K (80% of the transition occurs
within about 50 K) for 3, compared to those observed for 1 and
2, respectively, at 90 and 150 K. These observations are repro-
duced upon warming, thus without detectable hysteresis, and
over various cycles and batches, although only for fresh crystal-
line material in the case of 1. Indeed, a more gradual, though
complete, SCO centred at ca. 173 K is detected for the poorly
crystalline powder 1’ obtained upon air exposure of 1, which is
ascribed to the loss of lattice solvent molecules (as indicated
by Elemental Analysis; see the Experimental section). The
observation of a similar 7% for the thiocyanate and selenocya-
nate derivatives 1 and 3 agrees with our previous report with
the related complexes obtained with the ligand 6-chloro-N-
phenyl-N,N-di( pyridin-2-yl)-1,3,5-triazine-2,4-diamine.? It thus
seems that the replacement of S by Se in this family of ¢rans-
[Fe"L,(NCX),] compounds has only little influence on the SCO
temperature, in contrast to other NCX-based SCO
compounds.’*>*

Confirmation of the relatively cooperative character of the
SCO for 3 was obtained from Differential-Scanning Calorimetry
(DSC). Indeed, while only very broad poorly energetic humps
are detected for 1’ and 2, the molar heat capacity of 3 at con-
stant pressure, Cp, exhibits a strong anomaly between 200 and
280 K, culminating at ca. 237 K (see Fig. 8), which can be
attributed to the SCO phenomenon in 3. Both the associated
excess enthalpy and entropy are relatively large, respectively, at
11.70 kJ mol™" and 49.6 ] mol™" K™' (see the Experimental
section and Fig. S5T), which is usually seen as a consequence
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Fig. 8 Molar heat capacities of 3 showing a broad hump associated with the
SCO. The dashed line is the estimated lattice component. Inset: excess heat
capacities associated with the SCO in 3. The full line is a fit to the domain model
of Sorai (see the text and ref. 57) with n = 6.2.
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Fig. 9 yTvs. T plot for 1” (left), 2 (middle) and 3 (right), showing the process of
SCO (grey empty circles), the (partial) LS to HS photo-induced trapping at 10 K
(full circles) and the relaxation back to the LS ground state and normal behav-
jour upon warming (black empty circles).

of a cooperative character of the SCO.>>”° In particular, the

excess entropy is well above the purely electronic component,
RLn5; it thus encloses a significant content arising from the
coupling of the electronic transition with lattice phonons.
Fitting the excess heat capacity of 3 to Sorai’s domain model®”
results in a number of interacting molecules per domain of n =
6.2 (red line in the inset of Fig. 8), which is characteristic of a
relatively cooperative SCO, in agreement with the magnetic
studies (Fig. 9).

Preliminary photomagnetic studies on thin samples of 1/, 2
and 3 indicate that an HS metastable state can be trapped for
all three compounds at low temperatures through the so-called
LIESST effect,’® although with distinct efficacies. Indeed, while
an increase of y7 is detected upon irradiation in the
500-650 nm range at 10 K, the initial rate of increase is
highest for 1’, and smallest for 3, for a similar sample thick-
ness. In addition, the rate of increase drops more rapidly for 2
and 3, with stable values, corresponding to incomplete trap-
ping of at most 40 and 20% HS respectively, reached at longer
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irradiation times. On the other hand, a full HS state can be
trapped in the case of 1'. Upon warming, an increase of y 7T is
first observed, which corresponds to the Zero-Field Splitting
effect of trapped HS species. Subsequently, a decrease gradu-
ally sets in, which is due to the thermally-activated relaxation
back to the LS state that is reached at ca. 85 K. A characteristic
Tuesst temperature of 58 K can be defined,>® through the first
derivative of y T (Fig. S6T). For the other two compounds, y T
decreases already from 10 K to reach values similar to those
of the normal LS state at ca. 70 K. Thus, even with a partial
trapping, relaxation of the trapped HS species back to the LS
ground state is not as fast at low temperatures as in the pre-
viously reported compound  trans-[Fe(Cladpat),(NCS),].*?
Therefore, considering that the three samples had a similar
thickness, the most likely origin of the lack of efficiency of the
LIESST effect in 2 and 3 is an overlap of the >T,—’E (HS) band

NC
R1
N):)N\ <N Z N )
 F N LN R
AN e N
S
— “ N Ns{
oi R

Scheme 2 Representation of the trans-[Fe"L,(NCS),] complexes whose struc-
tural and SCO properties are described in Table 4. R' and R? symbolize different
substituents on the triazine ring (see Table 4).
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with an LS band (possibly 'A;—>T;), giving rise to competitive
LIESST and reverse-LIESST processes.”®®%¢!

SCO systems based on 2,2"-dipyridylamino-substituted triazine
ligands and Fe(NCS),

As mentioned earlier, iron(u) complexes of the type trans-
[Fe"L,(NCS),], where L is a 2,2-dipyridylamino-substituted
triazine ligand (Scheme 2), usually display SCO properties, and
the two new members of this family of compounds, namely 1
and 3, verify this characteristic. Since the first report of such
an SCO system by some of us,”® we and Murray and co-workers
have reported a number of 2,2"-dipyridylamino/triazine-based
complexes.’* %3738 Relevant structural features and SCO prop-
erties of these coordination compounds are described in
Table 4. To date, 14 different trans[Fe"L,(NCS),] complexes
have been obtained from 13 distinct ligands. Out of them, two
do not show SCO properties; in fact, the simplest member of
this family of ligands, namely when R' = R* = Cl, does not
generate an iron(n) SCO compound.® Surprisingly, the trans-
[Fe"L,(NCS),] complex whose ligand L contains two diphenyla-
mine substituents is also a non-SCO material. All other com-
pounds exhibit SCO properties (complete or incomplete
transitions), with T3 values (T} corresponds to the temperature
at which half of the transiting iron(u) centres have changed
their spin state) ranging from 110 up to 260 K, indicating that
the transition can be fine-tuned through selection of the R

Table 4 Structural and SCO properties of crystallographically characterized trans-[Fe'L,(NCS),] compounds with 2,2'-dipyridylamino-substituted triazine ligands L

(Scheme 2)
SCO SCO Lattice

R! R? Nuclearity character behaviour ~ Hysteresis T3 AYX  A®  solvent(s) Ref.

Chlorine Chlorine Monomer — No — — — — H,0 33

Chlorine Aniline Monomer Gradual; Complete No 178K 15 27 No 33
ATgo% =50 K

Chlorine Dipyridylamine Polymer Very gradual;  Incomplete No ~205K 13/9° 26/0° CH3;OH 38
ATgo~50K  (half SCO)?

Dipyridylamine Dipyridylamine Monomer Gradual; Complete No 200K 12 31 No 25
ATgo =40 K

Dipyridylamine Pyridine-4(1H)one Polymer Very gradual;  Complete No 175K 12/13° 22/24° CH,Cl, 37
ATgo =77 K

Dipyridylamine Pyridine-4(1H)one Polymer  Gradual; Complete No 200K 12/11° 21/6° CHCl;-CH3;0H 37
ATgo =55 K

Dipyridylamine Phenol Polymer  Gradual; Incomplete  No 190K  8/1° 20/6° H,0-CH;OH 37
ATgo=39K

Dipyridylamine Hydroquinone Polymer  Gradual; Incomplete No 260K 4/3°  9/8° CH,Cl, 37
ATgo =50 K

Dipyridylamine Aza-15-crown-5 Polymer Very gradual;  Complete No 110k —¢ — CH;0H 35
ATy =80 K

Dibenzylamine Dibenzylamine Monomer Gradual; Complete No ~170 K¢ 13 27 No 34
ATgo =50 K

Diphenylamine Diphenylamine Monomer — No — — — — CH,Cl, 34

Aza-15-crown-5 Aza-15-crown-5 Monomer Very gradual; ~ Complete No ~240K 14 31 n-C;H,OH 35
ATy ~ 80 K

Phenol Phenol Monomer Very gradual; Complete No 233K 15 30 CH,Cl, This work
ATgo = 90 K

Pentafluorophenol Pentafluorophenol Monomer Gradual; Complete No 238K 11 36 CH;CN This work
ATgo =50 K

@ ATg, is the temperature range within which 80% of the transition considered occurs.  The full LS state is not reached as only half of the iron(u)
centres are transiting.>® °The compound exhibits two crystallographically distinct iron(u) centres. 9 0Only the X-ray structure of the LS compound
has been reported.®” ¢ A different polymorphic form of this compound exhibits a very gradual spin transition (ATg, ~ 85 K) centred at 300 K.**
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groups (and the possibilities are limitless). All compounds
display very gradual to gradual spin transitions, the more
abrupt one (ATg, = 39 K) being obtained when R' = dipyridy-
lamine and R = phenol. It is actually a 1D polymeric chain®”
wherein the cooperativity between the iron(u) ions appears to
be relatively efficient. By comparison, when dipyridylamine is
replaced by a phenol, i.e. when R' = R* = phenol, a significantly
more gradual behaviour (ATg, = 90 K) is observed for the corre-
sponding monomeric species. No hysteretic behaviours have
been observed for all these systems; however, it is assumed
that careful design of a 2,2'-dipyridylamino-substituted tria-
zine ligand(s) L with well-chosen R substituents will allow us
to enhance cooperativity between the iron(u) centres that may
favour the occurrence of hysteresis.

It can be noted once again that lattice solvent molecules
have a great effect on the SCO properties of a coordination
compound. Indeed, for the trans-[Fe"L,(NCS),] complex with
R' = dipyridylamine and R’ = pyridine-4(1H)one, distinct SCO
behaviours have been obtained in dichloromethane and in
chloroform/methanol. In dichloromethane, the compound
exhibits a very gradual transition (ATg, = 77 K) centred at T3 =
175 K, while a more abrupt transition (ATg, = 55 K) is observed
in CHCI;-CH;0H, at a higher temperature (7% = 200 K). This
clearly illustrates the sensitivity of the SCO phenomenon,
where not only the coordination sphere of the metal ion is
important but also the interactions between the complexes in
the solid-state and the involvement of lattice solvent molecules
(as observed for instance in the present study with compounds
1 and 1').

Conclusions

In the present study, three new members of the still small (but
increasing) family of SCO compounds based on the 2,2'-dipyri-
dylamino/s-triazine moiety have been obtained and fully
characterized. The investigation carried out clearly shows the
importance of supramolecular contacts in the cooperativity of
the spin-transition process. Indeed, the triazine ligand con-
taining the fluorinated phenolic groups generates a Fe(ir)-NCS
complex (i.e. 3) whose SCO is significantly more abrupt (ATg,
= 50 K) than that of the equivalent coordination compound
(i.e. 1) with the ligand bearing simple phenolic substituents
(ATgo = 90 K). These distinct behaviours are obviously due to
the fluoride atoms; actually, the F atoms give a n-acidic charac-
ter to the phenyl rings, hence favouring the occurrence of
strong intermolecular x---1 interactions (which do not take
place in the solid-state structure of compound 1, which lacks
the F atoms). In addition, the F atoms are involved in strong
intermolecular halogen---halogen bonding contacts (with F---F
contact distances well below the sum of the vdW radii),
improving further the cooperative character of the SCO.

The exploration of the physical properties of the iron(u)
complexes (with NCS or NCSe anions) obtained from the
mixed ligand, namely the 2,2"-dipyridylamino/s-triazine ligand
containing both phenol and pentafluorophenol groups,
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represents the next logical step of investigation. Actually, these
studies have been initiated by our group and the outcome will
be reported in a future paper.

Experimental section
Physical measurements

Infra-red spectra (as KBr pellets) were recorded with a Nicolet
5700 FT-IR spectrometer. Elemental analyses were performed
by the Servei de Microanalisi, Consejo Superior de Investiga-
ciones Cientificas (CSIC) of Barcelona. '"H NMR spectra were
recorded at room temperature with a Varian Unity 300 MHz
spectrometer; chemical shifts are reported in ppm relative to
the residual solvent signal of CDCl; (§ = 7.26 ppm).

Variable-temperature magnetic-susceptibility data were col-
lected on microcrystalline samples of 1-3 with Quantum
Design SQUID magnetometers housed at either the SAI Physi-
cal Measurements of the University of Zaragoza or the Serveis
Cientificotecnics of the Universitat de Barcelona. Pascal’s con-
stants were used to estimate diamagnetic corrections to the
molar paramagnetic susceptibility, and a correction was
applied for the sample holder. Warming and cooling rates
were of the order of 0.3 K min~". Irradiation experiments were
performed using the Quantum Design fibre optics setup
(FOSH) on thin pellets (<0.5 mm). The applied field was 1 T
throughout the whole study. The light source was a Xenon arc
lamp equipped with sets of short-pass and long-pass filters
(SPF or LPF). Specifically for the present study, an SPF 650 nm
and an LPF at 500 nm were used. Data were corrected for the
empty FOSH signal, determined beforehand.

Differential Scanning Calorimetry (DSC) experiments were
performed with a Q1000 calorimeter with the LNCS accessory
from TA Instruments. The temperature and enthalpy scales
were calibrated with a standard sample of indium, using its
melting transition (156.6 °C, 3296 ] mol™'). Measurements
were carried out using aluminium pans with a mechanical
crimp, with an empty pan as a reference. The zero-heat flow
procedure described by TA Instruments was followed to derive
heat capacities, using a synthetic sapphire as a reference com-
pound. An overall accuracy of ca. 0.2 K for the temperature and
up to 5 to 10% for the heat capacity was estimated over the
whole temperature range, by comparison with the synthetic
sapphire. A lattice heat capacity was estimated from the data
below and above the anomaly associated with the SCO process
(dashed line in Fig. 8). Excess enthalpy and entropy were
derived by integration of the excess heat capacity with respect
to T and Ln7, respectively.

Materials and syntheses

All reactions were performed under aerobic conditions and all
reagents and solvents were used as purchased. TLC was per-
formed on Alugram® SIL G/UV/254 silica gel precoated sheets
(Macherey-Nagel, Germany). Purification of the organic
ligands was carried out by column chromatography using
silica gel SDS 60 ACC (0.035-0.070 mm).
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2-(N,N-Bis(2-pyridyl Jamino)-4,6-bis( phenoxy)-(1,3,5)triazine
(L1)

The synthesis of ligand L1 was performed in two straight-
forward steps.

Preparation of  2-chloro-4,6-bis(phenoxy)-(1,3,5)triazine.
5.0 g (27.11 mmol) of 2,4,6-trichloro-(1,3,5)triazine were dis-
solved in 100 mL of dry THF. Two equivalents (7.01 g,
54.22 mmol) of N,N-diisopropylethylamine (DIPEA) were
added subsequently under stirring. The resulting yellow solu-
tion was cooled down to 0 °C, and two equivalents (5.10 g,
54.22 mmol) of phenol were added portionwise. After com-
pletion of the addition, the ice bath was removed and the reac-
tion mixture was stirred for 15 min. The white precipitate
obtained (identified as a first crop of the chlorhydrate salt of
DIPEA) was removed by filtration. The remaining solid was dis-
solved in diethyl ether and the undissolved white powder cor-
responding to a second crop of DIPEA-HCI was separated by
filtration. Removal of the solvent under reduced pressure pro-
duced pure 2-chloro-4,6-bis(phenoxy)-(1,3,5)triazine as a white
powder with a yield of 45% (6.08 g, 12.16 mmol). IR (KBr): v =
3420(w), 3058(w), 1578(m), 1531(s), 1485(m), 1455(m),
1421(m), 1383(s), 1293(s), 1253(m), 1193(m), 1162(w), 1068(w),
985(w), 948(s), 867(w), 842(w), 802(w), 767(m), 693(m), 657(w),
485(5) cm™".

Preparation of 2-(N,N-bis(2-pyridyl)Jamino)-4,6-bis( phenoxy)-
(1,3,5)triazine (L1). One equivalent (1.10 g, 8.80 mmol) of
DIPEA was added to a solution of 4.20 g (8.80 mmol) of
2-chloro-4,6-bis( phenoxyl)-(1,3,5)triazine in 50 mL of dry THF.
Next, one equivalent (1.50 g, 8.80 mmol) of 2-dipyridylamine
was added and the reaction mixture was refluxed for two
hours. Subsequently, the solution was cooled down to room
temperature, and the solvent was evaporated under reduced
pressure. The solid obtained was dissolved in diethyl ether
and the remaining DIPEA-HCI salt was removed by filtration.
The resulting crude compound was purified by column chrom-
atography using the solvent mixture CH,Cl,-MeOH (99:1) as
an eluent. Pure ligand L1 (R¢ = 0.42) was obtained as a white
crystalline powder with a yield of 55% (2.86 g, 6.58 mmol).
Elemental analyses calculated (found) (%) for C,5H;3NgO,: C:
69.11 (69.01), H: 4.18 (4.24), N: 19.34 (19.47). 'H NMR
(300 MHz, CDCl3, room temp.): § = 8.38-8.33 (m, 2H), 7.62
(ddd, J = 8.1, 7.5, 2.0 Hz, 2H), 7.47 (d, J = 8.1 Hz, 2H),
7.33-7.23 (m, 4H), 7.19-7.05 (m, 8H) ppm. IR (KBr): v = 3427
(w), 3056(w), 2974(w), 2857(w), 1565(m), 1488(m), 1432(m),
1374(s), 1303(m), 1238(m), 1200(m), 1080(w), 995(w), 807(w),
770(m), 690(m) cm™". The molecular structure of L1 was deter-
mined by single-crystal X-ray diffraction. A representation of
the crystal structure of L1 is depicted in Fig. S7.T The corre-
sponding crystallographic and refinement parameters are sum-
marized in Table S4.1

2-(N,N-Bis(2-pyridyl)amino)-4,6-bis( pentafluorophenoxy)-
(1,3,5)triazine (L1%)

Ligand L1¥ was synthesized in a similar manner using penta-
fluorophenol instead of phenol.
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Preparation of 2-chloro-4,6-bis( pentafluorophenoxy)-(1,3,5)-
triazine. 5.0 g (27.11 mmol) of 2,4,6-trichloro-1,3,5-triazine
were dissolved in 100 mL of dry THF. Two equivalents (7.01 g,
54.22 mmol) of DIPEA were then added under stirring. The
resulting yellow solution was cooled down to 0 °C and two
equivalents (9.98 g, 54.22 mmol) of pentafluorophenol were
added portionwise. After 15 minutes, the white crystalline pre-
cipitate of DIPEA-HCI was separated by filtration and the fil-
trate was evaporated under reduced pressure. The consequent
solid material was dissolved in diethyl ether and the second
crop of insoluble DIPEA-HCI was removed by filtration. After
evaporation under reduced pressure, pure 2-chloro-4,6-bis
(pentafluorophenoxy)-(1,3,5)triazine was obtained as a white
powder with a yield of 45% (5.83 g, 11.22 mmol). IR (KBr): v =
3431(w), 2991(w), 2674(w), 2465(w), 1655(m), 1609(s), 1577(s),
1522(br,s), 1475(s), 1437(m), 1372(s), 1306(s), 1224(w), 1169(m),
1155(m), 1078(s), 998(s), 805(m), 640(w) cm .

Preparation of 2-(N,N-bis(2-pyridyl)amino)-4,6-bis(penta-
fluorophenoxy)-(1,3,5)triazine (L1%). One equivalent of (1.10 g,
8.80 mmol) of DIPEA was added to a solution of 2-chloro-4,6-
bis(pentafluorophenoxy)-(1,3,5)triazine (4.20 g, 8.80 mmol) in
50 mL of dry THF. Next, one equivalent (1.50 g, 8.80 mmol) of
2-dipyridylamine was added and the resulting reaction mixture
was refluxed for two hours. The solution was then cooled
down to room temperature, and the solvent was evaporated
under reduced pressure. The remaining solid material was dis-
solved in diethyl ether and the insoluble white powder, i.e.
DIPEA-HCI, was removed by filtration. The solvent was evapor-
ated under reduced pressure and the crude compound was
purified by column chromatography, using the solvent mixture
EtOAc-n-hexane (50:50) as an eluent. Pure ligand L1% (R; =
0.63) was obtained with a yield of 55% (2.96 g, 4.82 mmol).
Elemental analyses calculated (found) (%) for C,5sHgF;1oNgO,:
C: 48.88 (50.16), H: 1.31 (1.10), N: 13.68 (13.64). It has to be
noted that higher experimental values for C may be obtained
with triazine-based compounds.’® '"H NMR (300 MHz, CDCl;,
room temp.): § = 8.40 (ddd, J = 4.9, 1.9, 0.8 Hz, 2H), 7.73 (ddd,
J=8.0,7.5,2.0 Hz, 2H), 7.47 (dt, J = 8.1, 0.9 Hz, 2H), 7.20 (ddd,
J = 7.5, 4.9, 1.0 Hz, 2H) ppm. IR (KBr): v = 3428(w), 1596(s),
1562(s), 1519(s), 1417(s), 1435(m), 1375(s), 1309(m), 1305(m),
1254(m), 1234(m), 1166(m), 1076(s), 997(s), 812(w), 774(w),
697(w), 662(w) cm ™.

trans-[Fe(L1),(NCS),]-2CH,Cl, (1)

A methanolic solution (5 mL) of KNCS (0.019 g, 0.2 mmol) was
added to an aqueous solution (2 mL) of FeSO,-7H,0 (0.028 g,
0.1 mmol). After 15 minutes of stirring, the precipitate of
K,S0, was removed by filtration. Ascorbic acid (in small quan-
tities) was added to the filtrate to prevent oxidation to iron(ur).
Subsequently, a solution of L1 (0.086 g, 0.2 mmol) in dichloro-
methane was added to the iron(u) solution. The resulting
yellow reaction mixture was filtered and the filtrate was left
unperturbed for the slow evaporation of the solvent. After
three days, small yellow single crystals of 1, suitable for X-ray
diffraction studies, were obtained with a yield of 70% (85 mg,
0.07 mmol, based on iron). Elemental analyses calculated
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(found) (%) for Cs3H3gFeN;404S,Cl, (1 - CH,Cl,): C: 56.54
(55.71), H: 3.40 (3.30), N: 17.42 (17.59). IR (KBr): v = 3435(w),
2067(m), 1604(m), 1556(m), 1488(m), 1376(s), 1309(m),
1245(m), 1201(m), 1016(w), 809(w), 772(w), 688(w) cm ™.

trans{Fe(L1),(NCSe),]-4CH,Cl,-4MeOH (2)

Compound 2 was obtained using the synthetic procedure
applied to prepare 1, but using KNCSe (0.029 g, 0.2 mmol)
instead of KNCS. Single crystals of 2, suitable for X-ray diffrac-
tion studies, were obtained after three days with a yield of 63%
(101 mg, 0.063 mmol, based on iron). Elemental analyses cal-
culated (found) (%) for CssHueFeN;,06Se,Cl, (2 — 4CH,Cl,-
4MeOH + 3H,0): C: 52.54 (52.03), H: 3.56 (3.08), N: 16.50
(17.04). IR (KBr): v = 3425(w), 3066(w), 2074(s), 1602(m),
1559(m), 1487(m), 1435(m), 1373(s), 1311(m), 1249(m),
1194(m), 1077(w), 1018(w), 906(w), 808(w), 767(w), 687(w)
em™!

trans{Fe(L1"),(NCS),]-2CH;CN (3)

Compound 3 was obtained applying the synthetic procedure
used to prepare 1, but the ligand L1¥ (0.122 g, 0.2 mmol) was
dissolved in acetonitrile instead of dichloromethane. Single
crystals of 3, suitable for X-ray diffraction studies, were
obtained after three days with a yield of 65% (96 mg,
0.063 mmol, based on iron). Elemental analyses calculated
(found) (%) for CseH,,F0FeN;60,S,: C: 45.36 (46.19), H: 1.50
(1.74), N: 15.11 (15.10). IR (KBr): v = 3464(w), 2056(s), 1610(m),
1557(w), 1519(s), 1475(m), 1372(s), 1309(m), 1241(m), 1078(m),
1000(m), 806(w), 781(w), 753(W), 642(m) cm™*.

X-ray crystallography

X-ray diffraction data for L1 at 250 K, for 1 at 100, 240 and
300 K and for 3 at 100, 190 and 280 K, were collected with a
Bruker APEX II CCD diffractometer on the Advanced Light
Source beamline 11.3.1 at Lawrence Berkeley National Labora-
tory, from a silicon 111 monochromator (2 = 0.7749 A). Data
for 2 at 100 K were obtained using Mo K, radiation (1 =
0.7107 A) on a Bruker APEX II QUAZAR diffractometer
equipped with a microfocus multilayer monochromator. Data
reduction and absorption corrections were performed with
SAINT and SADABS.®* The structure of 2 was solved with
SIR97,°* while those of L1, 1 and 3 were solved with SHELXS.®*
All structures were refined on F* using the SHELXTL suite.®*
Crystallographic and refinement parameters are summarized
in Tables S1-S4. Selected bond distances and angles are given
in Tables 1-3. All details can be found in the supplementary
crystallographic data for this paper in cif format with CCDC
numbers 921061-921067 (coordination compounds 1-3) and
922570 (ligand L1).
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ABSTRACT: Reaction of iron(II) selenocyanate (obtained from Fe(ClO,), and KNCSe) 3l
with 2-(IN,N-bis(2-pyridyl)amino)-4,6-bis(pentafluorophenoxy)-(1,3,5)triazine (L1¥) in
propionitrile produces the compound [Fe(L1F),(NCSe),]-2CH,CH,CN (1N®**2PrCN),
which shows spin-crossover (SCO) properties characterized by a T, of 283 K and a ATy,
(ie., temperature range within which 80% of the transition considered occurs) of about 65
K. Upon air exposure, 1N**2PrCN gradually converts to a new SCO species that exhibits
different properties, as reflected by T,, = 220 K and ATy = 70 K. Various
characterization techniques, namely, IR spectroscopy, thermogravimetric analysis, and
thermodiffractometric studies, reveal that the new phase is obtained through the loss of the
lattice propionitrile molecules within several days upon air exposure or several hours upon
heating above 390 K.
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B INTRODUCTION applications was recognized with 1D coordination polymers of
the type {Fe'(4-R-1,2,4-triazole);]X,}, (for instance, with R =
H or NH, and X = BF,” or NO;~), which show room-
temperature spin transition associated with wide hysteresis
loops.”™"* Such materials have indeed been used to conceive a
display device.'""® Thus, the switching properties of these
“bistable” molecules make them highly attractive because they

may find a number of applications in molecular elec-
11,14-19

The spin-crossover (SCO) phenomenon is a particular
property of d*—d’ transition metal ions in which they may
change their spin state from low spin (LS) to high spin (HS)
and vice versa when appropriate donor atoms are coordinated
to the metal centers, providing intermediate ligand-field
strength.' ™ This HS < LS conversion may occur through
the application of an external stimulus such as temperature, '
light, or pressure."*™ tronics.” .

SCO was first observed in 1931 by Cambi and co-workers, Most iron-based SCO compounds are iron(II) complexes
who serendipitously discovered that the magnetic properties of with a [FeN] octahedral geometry that is typically formed by
iron(III) coordination compounds of the type [Fe- aromatic nitrogen donor groups, e.g, pyridine or azole

(dithiocarbamate),] showed temperature-dependent reversibil- rings.**™** For about 7 years, we have been developing a
ity of their magnetic moments, from s ~ 1.9u5 (S = '/,) at family of ligands based on 2,2’-dipyridylamine (gépa) unit(s)
low temperatures to fe ~ 5.9y (S = 5/2) at higher ones.” attached to a 1,3,5-triazine (or s-triazine) ring.”® The first
More than eight decades later, SCO represents an important member of this family, namely, 2,4,6-tris(dipyridin-2-ylamino)-
research area of molecular magnetism, as illustrated by the 1,3,5-triazine (dpyatriz), was reported by some of us in 2003.”7
continuously growing number of groups worldwide that are

devoted to the design and investigation of new SCO materials.® Received: June 17, 2014

The great potential of SCO compounds toward practical Published: August 26, 2014
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This ligand, containing three dpa groups on the s-triazine
ring,*® allowed for the preparation of iron(I) coordination
compounds with attracting SCO properties.”***** Concur-
rently, Murray and co-workers have described a number of
dipyridylamino-substituted-triazine ligands, which have engen-
dered various SCO materials exhibiting diverse transition
properties.>’ 3° Recently, we have described the iron(II)
complex trans-[Fe(L1¥),(NCS),]-2CH;CN (1N“5-2MeCN),
with L1F 2-(N,N-bis(2-pyridyl)amino)-4,6-bis-
(pentafluorophenoxy)-(1,3,5)triazine, which exhibits a rela-
tively cooperative SCO character.”” In the present study, we
report on the preparation and characterization of the
comparable selenocyanate analogue complex [Fe-
(L1F),(NCSe),]-2CH;CH,CN (1N¥°%2PrCN), which shows
solvent-dependent SCO properties.”* ™" These particular
features are unraveled through thermal, magnetic, and
variable-temperature structural studies, which are analyzed
and compared with the properties of related compounds.

B RESULTS AND DISCUSSION

Synthesis and Crystal Structure of Compound
The ligand 2-(N,N-bis(2-pyridyl)amino)-4,6-bis-
(pentafluorophenoxy)-(1,3,5)triazine (L1¥) was prepared as
described earlier for the preparation of 1NV®:2MeCN.”
Compound 1N®$¢-2PrCN, i.e., [Fe(L1F),(NCSe),]-
2CH,;CH,CN, was obtained with a yield of 60% by reaction
of iron(Il) perchlorate hexahydrate (1 equiv), potassium
selenocyanate (1 equiv), and ligand L1 (2 equiv), as explained
in the Experimental Section. 1N®**2PrCN is triclinic, space
group PI, in the whole 100—300 K range (single-crystal data
collections performed at 100, 200, 260, and 300 K, Table S1). A
representation of the molecular structure of 1N at 100 K
(low-spin state) is depicted in Figure 1. Selected bond lengths
and angles are listed in Table 1.

The coordination environment of the iron(II) ion in
analogous to that of the previously reported compound 1¥¢5.*7
The octahedral geometry is formed by two L1F ligands in the
equatorial plane and two trans, N-coordinated selenocyanate

1 NCSe

lNCSe is

Figure 1. Representation of the molecular structure of the iron(II)
complex 1N®*®2PrCN (LS state, determined at 100 K) with partial
atom-numbering scheme. Hydrogen atoms and lattice propionitrile
molecules are not shown for clarity. Symmetry operation: a = 1 — «, 1
-»l—-=z
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Table 1. Coordination Bond Lengths (A) and Angles (Deg)
and Supramolecular Interactions for Compound 1N
2PrCN at Three Different Temperatures®

bond 100 K (LS) 260 K 300 K (HS)
Fel—N1 1.930(1) 1.948(3) 2.037(5)
Fel—N2 1.981(1) 2.011(3) 2.161(3)
Fel—N3 1.979(1) 2.007(4) 2.150(4)
Fel--Fel,’ 8.468(1) 8.638(3) 8.807(4)
angle 100 K (LS) 260 K 300 K (HS)
N2—Fel—-N3 86.25(6) 85.75(14) 82.85(13)
N3—Fel—N2a 93.75(6) 94.25(14) 97.15(13)
N1-Fel—Nla 180 180 180
TFe€ 31 34 44
o7 25 40 64
-7 interactions” 100 K (LS) 260 K 300 K (HS)
01--C19g 3.199(3) 3.205(6) 3.221(8)
01--C20g 3.076(2) 3.119(6) 3.138(7)
C15--C20g 3.323(2) 3.350(6) 3.348(7)
Cg6--Cgbg 4.589(1) 4.603(3) 4.623(4)
C8--C10p 3.555(2) 3.589(6) 3.605(3)
C7--C10p 3.654(2) 3.736(5) 3.762(3)
C9--N3p 3.700(2) 3.783(6) 3.806(2)
Cg4---Cgdp 3.682(1) 3.764(3) 3.786(3)
halogen---halogen contacts” 100 K (LS) 260 K 300 K (HS)
F4---F7e 2.885(2) 2.933(5) 2.937(7)
F8---F9k 2.780(2) 2.852(5) 2.872(7)
lone pair---7 interactions® 100 K (LS) 260 K 300 K (HS)
N7---Flc 3.104(2) 3.305(2) 3.268(7)
Cl12--F2c 3.014(2) 3.024(5) 3.047(7)
Flc-CgS 3.238(2) 3.360(4) 3.478(5)
F2c-Cg$ 3.443(2) 3.401(4) 3.398(5)
NI1S--C21 3.202(3) 3.312(7) 3.332(10)
NI1S--C26 3278(3) 3.261(8) 3.320(11)
NIS---Cg7 3413(2) 3.399(7) 3.466(10)
Sel-C22b 3.531(2) 3.663(5) 3.720(6)
Sel---C23b 3.772(2) 3.906(5) 3.935(5)
Sel---F6b 3.192(1) 3.239(3) 3.269(4)
Sel-Cg7 4.320(1) 4.486(3) 4.552(4)
Sel--C13 3.697(2) 3.755(4) 3.789(5)
Sel--CgS 3.585(1) 3.654(2) 3.722(2)

aSymmetry operations: a=1—x,1 -y 1—zb==1+xy2zc=2
—x1l-yp2-ze=2—-—x2-y2—-zg=1-x1-y2—-zk=2
-%2—y1—2zp=2—x1-y 1—z "Closest intermonomer Fe--
Fe distance (observed along the crystallographic a axis). “)’ = the sum
of 190 — Ol for the 12 N—Fe—N angles in the octahedron.®>% 9@ =
sum of |60 — 6l for the 24 N—Fe—N angles describing the trigonal
twist angle.**

anions (Figure 1). The Fe—N, e bond lengths of 1.981(1)
(Fe—N2) and 1.979(1) A (Fe—N3) are representative of an LS
iron(II) ion (Table 1). Consistently, the Fe—Nyg, distances of
1.930(1) A are also indicative of an LS state. Actually, all Fe—N
coordination distances observed in 1N are very similar to
those of the related thiocyanate compound 1N (measured at
100 K).>” At 300 K, these bond lengths increase by ca. 0.17 A
(Fe—NPyﬁdine) and 0.11 A (Fe—Nycs.) (Table 1), hence
illustrating the occurrence of a full (i.e., 100%) spin transition
that is corroborated by variable-temperature magnetic suscept-
ibility measurements (see Magnetic and Thermal Studies
section). Such bond distance variations are typical for this
type of SCO FeNg system.** Finally, the distances observed for
1N®e2PrCN at 260 K, ie., 2.007(4)—2.011(3) A for Fe—

dx.doi.org/10.1021/ic501389s | Inorg. Chem. 2014, 53, 9827—9836
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Figure 2. Views of the crystal packing of LS 1¥**2PrCN showing (A) the formation of a supramolecular 1D chain along the crystallographic ¢ axis
by means of parallel-displaced 77 interactions between pentafluorophenoxy rings, with Cg6--Cg6g = 4.589(1) A (the inset shows the labeling of
the atoms involved in short supramolecular contacts (see Table 1), which are displayed as green dotted lines), and (B) the formation of a
supramolecular 1D chain along the crystallographic a axis by means of 7---7 interactions between coordinated pyridine moieties, with Cg4---Cg4p =
3.682(1) A (red dotted line) (the inset shows the labeling of the atoms involved in short supramolecular contacts (see Table 1), which are displayed
as green dotted lines). Symmetry operations: g=1—x, 1 —y2—zp=2—x1—-y1—z

Figure 3. View of the crystal packing of LS 1V®5®2PrCN illustrating the occurrence of intermolecular lone pair- interactions (green dotted lines)
between the selenocyanate anions and adjacent pentafluorophenoxy moieties (Sel--C22b = 3.531(2) A, Sel--C23b = 3.772(2) A, and Sel---F6b =
3.192(1) A) and intramolecular lone pair---7 interactions between the selenocyanate anions and triazine rings (Sel-+CgS = 3.585(1) A). The inset
shows the labeling of the atoms involved in lone pair---7 interactions. Symmetry operation: b = —1 + «x, y, z.

N, ridine and 1.948(3) A for Fe—Nycs, (Table 1), suggest the
occurrence of a 1:7 HS/LS mixture, as estimated by properly
weighing the bond length values found for the pure LS and HS
states, shown in Table 1. In fact, the yT value of about 0.42 cm?
mol™" obtained at 260 K by bulk magnetic studies (see
Magnetic and Thermal Studies section) indicates the presence
of ca. 15% HS centers, in fair agreement with the structural
results.

The octahedral distortion parameters X and @ estimate the
magnitude of the deformation of the coordination geometry
with respect to a perfect octahedron (for which the X and @
values are 0).”* Upon LS — HS transition, the coordination

9829

angles vary from 86.25(6) and 93.75(6)° to 82.85(13) and
97.15(13)°, respectively; as the angles move away from the
ideal value of 90°, the increased distortion of the octahedron
can be interpreted by the entropy-driven SCO phenomenon.*®
Accordingly, for LS 1NCSe ¥ = 31 and @ = 25, and these values
are increased for HS 1N“% to 44 and 64, respectively (Table 1).
The AY (T — Zig) and AD (Oyg — Pg) parameters
characterize the extent of the structural changes induced by the
spin transition. For 1NCSe AY and A® amount to 13 and 39,
respectively; the rather high A® value is indicative of an
alteration of the octahedral geometry when the iron(II) centers
transit from the LS to the HS state. Such strong structural

dx.doi.org/10.1021/ic501389s | Inorg. Chem. 2014, 53, 9827—-9836
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Figure 4. View of the crystal packing of LS 1V“5®2PrCN showing the formation of a supramolecular 1D chain along the crystallographic ¢ axis
through double lone pair(C4Fs)-(triazine) interactions characterized by the short contact distances N7--Flc = 3.104(2) A and CI12--F2c =

3.014(2) A. Symmetry operation: c=2 —x, 1 — 3,2 — z.

Figure 5. View of the crystal packing of LS 1N52PrCN showing the formation of 2D sheets in the bc plane by means of strong F---F bonding
contacts (green dotted lines; F8:--F9k = 2.780(2) A and F4---F7e = 2.885(2) A). Symmetry operations: e=2 —x,2 —y,2 —z; k=2 —x,2—y, 1 —

z.

deformation may affect the mutual interaction, in the crystal, of
the transition metal ions spins, hence potentially enhancing the
cooperativity between the switchin§ sites that would lead to an
abrupt LS < HS crossover event.” Because the A® value of
the related thiocyanate compound 1N“$:2MeCN is also high
(namely, 36*”), cooperative behavior may be expected as well
for solid 1N“5*2PrCN.

The crystal packing of LS 1N“¢2PrCN reveals an intricate
network of supramolecular interactions that strongly connect
the iron(II) molecules. The metal complexes form a 1D
supramolecular chain along the crystallographic ¢ axis by means
of parallel-displaced z---7 interactions involving pentafluor-
ophenoxy rings (Figure 2A). Actually, a very strong lone
pair-7 contact'”*® is observed between the oxygen atom O1
and a neighboring pentafluorophenoxy unit; for instance, the
contact distance O1--C20g of 3.076(2) A is significantly below
the sum of the van der Waals radii of O and C (i, 3.22 A).
Moreover, the C15--C20g contact distance of 3.323(2) A also
reflects a strong arene---arene stacking interaction (the sum of
the van der Waals radii of two C atoms is 3.40 A). In fact, the
C¢F;0--C4F,O contacts are shorter in LS 1NS¢-2PrCN
compared to LS 1N®2MeCN (for which the shortest O-+-C
contact distance amounts to 3.112(2) A%). Similar to that of
IN®-2MeCN, the iron(II) complexes are associated through
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nearly face-to-face 7--m interactions between coordinated
pyridine to generate another 1D chain that runs along the
crystallographic a axis (Figure 2B). These supramolecular
bonds are characterized by a centroid-to-centroid distance
Cg4--Cgdp of 3.682(1) A, which again is smaller than that of
1NS2MeCN (3.757(1) AY). Along the a direction, the 1D
supramolecular chains are further stabilized via lone pair-7
contacts involving the selenocyanate anions (Figure 3). Thus,
the selenium atom Sel interacts with an adjacent pentafluor-
ophenoxy ring (Sel--Cg7 distance of 4.320(1) A; Table 1),
with the shortest contact distances being Sel--C22b =
3.531(2) A and Sel--C23b = 3.772(2) A (Figure 3), which
are close to the sum of the van der Waals radii of Se and C,
namely, 3.60 A. In addition, a very short close contact is
observed between Sel and F6b; indeed, the corresponding
separation value of 3.192(1) A is well below the sum of the van
der Waals radii of Se and F, i.e., 3.37 A. Sel is also involved in
an intramolecular lone pair---7 interaction with a triazine ring
(Sel-+CgS = 3.585(1) A; Figure 3 and Table 1).

Along the ¢ direction, the formation of another type of 1D
chain is observed, which is formed through double lone pair
(C¢Fs)-n(triazine) interactions (Figure 4), with centroid-to-
fluorine distances CgS+Flc and CgS--F2c of 3.238(2) and
3.443(2) A, respectively (Table 1). These 1D chains are

dx.doi.org/10.1021/ic501389s | Inorg. Chem. 2014, 53, 9827—-9836
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connected to the chains formed by the parallel-displaced
Ticepso - Mcerso interactions (see above and Figure 2A), in a
parallel fashion. Furthermore, the chains interact with the
lattice propionitrile molecules via lone pair---z contacts with
pentafluorophenoxy rings (Figure 4). These noncovalent
bonding interactions are characterized by distances of N1S---
C21 = 3.202(3) A and N1S--C26 = 3.278(3) A (Figure 4 and
Table 1; N1S:--Cg7 = 3.413(2) A), which are within the sum of
the van der Waals radii of N and C, i.e., 325 A.

The 2D supramolecular sheets in the ac plane are connected
to each other by triple strong F---F bonds (bc plane; Figure S);
indeed, the contact distances F8---F9k and F8k---F9 of 2.780(2)
A and F4---F7e of 2.885(2) A (Table 1) are all below the sum
of the van der Waals radii of two F atoms, namely, 2.94 A¥ Al
of these supramolecular bonding interactions generate a 3D
framework of tightly packed iron(II) complexes, indicating the
likely cooperative character of the SCO, as indeed corroborated
by magnetic and thermal studies (see below).

Furthermore, the magnetic and thermal studies disclose an
interesting behavior of 1N“**2PrCN upon aging or annealing
(see Magnetic and Thermal Studies section). Indeed, a
displacement of the transition temperature toward a lower
value is observed upon progressive loss of lattice propionitrile
molecules. To understand this phenomenon, we have
attempted several crystallographic studies on single crystals of
1NCSe2PrCN. First, measurements at temperatures above 300
K typically resulted in rapid crystal degradation, impeding the
determination of the structure. Actually, 1N“*2PrCN also
degrades within a few days, when left in air, at room
temperature.

Following the strategy adopted for the magnetic studies (see
below), i.e., warming to 300 or 320 K for short periods of time
and subsequent cooling to 100 K (see Scheme S1), we have
collected seven single-crystal X-ray diffraction data sets of
INCS22PrCN (see details in Table S1). No changes are
observed around the iron(II) ion (see Table S2 for pertinent
metric data) or in the crystal lattice, where the propionitrile
molecules are found. However, as manifested by a slight
worsening of the agreement indices, these temperature-
dependent studies have led to a progressive deterioration of
the single crystal. Further thermal annealing above 320 K
results in the complete loss of crystallinity; accordingly, the
structural modifications associated with the elimination of
propionitrile molecules from the crystal lattice could not be
assessed by single-crystal diffraction studies.

Magnetic and Thermal Studies. Differential scanning
calorimetry measurements on freshly prepared polycrystalline
powders showed an endothermic/exothermic event upon
warming/cooling, as expected for the SCO transition occurring
in 1N®¢2PrCN. However, upon repeating the measurements
on powders left in contact with air, a second anomaly appeared
at lower temperatures, whereas the original one was
significantly lowered. After 1 week in contact with air, only
this second anomaly at lower temperatures remained (Figure
S1). In a similar manner, variable-temperature magnetic
measurements showed a behavior highly dependent on the
thermal history of the sample within the magnetometer (see
Figure S2 for a yT vs T plot, where jy is the molar paramagnetic
susceptibility). The first heating scan, performed up to 350 K,
evidenced a complete thermal SCO centered at ca. 283 K,
whereas the first cooling (to S K) and second heating (to 330
K) scans showed a conversion occurring in two similar steps
centered at ca. 280 and 215 K. After this second warming scan,
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the conversion occurred again as a single step centered at ca.
217 K. No further variation of the behavior was then detected
in further temperature scans. The similarity between the
observations made with these two techniques points to a
modification of 1N**2PrCN occurring upon prolonged air
exposure at RT or shorter periods of time at temperatures in
the 330—-350 K range in a He depression (the sample is
subjected to vacuum at room temperature prior to insertion in
the magnetometer sample space, so the modification seems to
require slightly higher temperatures than 300 K), in agreement
with the rapid loss of crystallinity of single crystals observed
above 320 K. The two-step magnetic transition (evidenced also
by the two DSC anomalies) corresponds to a situation in which
two distinct phases are present in the material, i.e., with partial
modification of pristine 1N“*2PrCN. Thermogravimetric
measurements were thus carried out to ascertain a possible
loss of the lattice propionitrile molecules. The data shows a
6.6% weight loss centered at 382 K, with an onset at around
330 K (Figure S3). These data agree perfectly with the loss of
all propionitrile molecules from the crystal lattice (theoretical
value, 6.86%). Under the dynamic conditions used here, the
loss of propionitrile is completed at ca. 390 K, slightly above its
conventional boiling temperature at ambient pressure. Clearly,
upon moderate heating, 1N“***2PrCN tends to lose its lattice
propionitrile, which, in the solid state, is only weekly bound by
van der Waals interactions. Powder diffraction methods reveal
that the resulting material is polycrystalline, with an infrared
spectrum almost identical to that of 1N®**2PrCN; notably, the
NCSe~ vibrations at 2055 and 2098 cm™" slightly broaden, the
former being shifted by ca. 6 cm™" toward lower wavenumbers
(Figure S4). Not unexpectedly, the modified phase can thus be
ascribed to desolvated 1N¢5e,

The temperature dependence of the yT product of 1N¢Se
2PrCN and 1V, obtained reproducibly by thermal annealing
of fresh 1N¢S%2PrCN for 2 h at 80 °C, is depicted in Figure 6,
evidencing LS < HS transitions centered on 283 and 220 K for
INGS22PrCN and 1N, respectively. The conversions are
complete, with yT increasing from ca. 0.02—0.04 cm® mol™ K

3 [ 3| 14°5:2MeCN oo 1
~ 2r ? B>
E‘ 2L 4 ? 3
'._o' . ? :/1>
E T ? 05 3
£ [ s v
S !/ T
[;.< 1L ¥1ncse.2PrCN =
950 200 250 300 350 <
0 o 1NCSe.2PICN]
0 50 100 150 200 250 300 350

r(K)

Figure 6. yT vs T plot for 1N“¢2PrCN (red dots) and 1% (blue
dots) depicting their full SCO process and corresponding temperature
dependence of their excess enthalpies normalized to that involved in
the process of SCO (black dashed lines). Note that the latter is
equivalent to the temperature dependence of the HS fraction yys(T).
The inset yT vs T plot compares the SCO of 1V°-2PrCN with that of
the analogue compound 1N“$2MeCN (gray dots). Full lines are
guides to the eye.
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below 220 K and above 120 K, respectively, a typical value for
an Fe(Il) ion in a LS S = O state, to ca. 2.97 cm® mol™' K at 350
K and ca. 3.04—3.08 cm® mol™ K above 300 K, respectively;
both values are indicative of a mostly HS S = 2 state.

The SCO curves of both materials are indeed very similar in
shape, with that of 1N°%¢ simply being shifted to lower
temperatures by ca. 63 K. The value of ATy, the temperature
range over which 80% of the LS <> HS conversion takes place,
is indeed the same at about 65 K, slightly higher than that
observed for 1N®2MeCN, namely, ATy, ~ 50 K (see inset of
Figure 6).%” This less efficient cooperative character shown by
INGS22PrCN (compared to that of 1N“*2MeCN) might be
interpreted by two concurrent effects: the presence of bulkier
propionitrile molecules, compared to acetonitrile, and that of
the more diffuse Se atom, resulting in weaker supramolecular
interactions (with respect to those involving an S atom) and
molecules and Fe(II) ions being kept (on average) further apart
than when S atoms are present. This latter contribution seems
to be particularly relevant, as the desolvated 1N material has
a similar (larger) AT, (of ca. 70 K).

The temperature dependence of the molar heat capacity of
1NCSe2PrCN and 1V°% exhibit a marked anomaly, in the 240—
320 and 180—260 K ranges, respectively, and culminating at
280 and 218 K (Figure 7, top). These features are in perfect
agreement with the magnetic data and are thus due to the SCO

1600
1200
2
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400} L
1NCSe.2PrcN 1NCSe
180 240 300 150 200 250 30
T(K) T(K)
NCSe.
sl 1 2PrCN
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e
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b’.‘.
Q100 F
0 P iiai et M
160 200 240 280 320
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Figure 7. (Top) Molar heat capacities of 1N°*2PrCN and 1N
showing a significant endothermic anomaly arising from the process of
SCO. The dashed lines are the respective estimated lattice
components. (Bottom) Excess molar heat capacities associated with
the SCO of 1N®*2PrCN and 1N, The full red lines are fits to
Sorai’s domain model (see text and ref 50), with n = 8.1 and Tgc =
281.7 K and n = 5.2 and Tsco = 219.4 K for 1N*2PrCN and 1V¢%
respectively.
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process in 1N“®2PrCN and 1N, The corresponding excess
heat capacities allow the associated excess enthalpy and entropy
to be determined as 9.71 kJ mol™' and 34.6 ] mol™" K/,
respectively, for 1N**2PrCN and 8.27 kJ mol™' and 37.9 ]
mol ™ K™ for 1N, Normalizing AH(T) to the corresponding
AHgco also provides the temperature variation of the HS
fraction, yyg(T), depicted as dashed lines in Figure 6, which is
again in excellent agreement with the magnetic data. To
provide a comparable estimation of the cooperative character of
the SCO in 1N5®2PrCN and 1V, their excess heat capacities
were fitted to Sorai’s domain model (see the Supporting
Information for details),50 often used in SCO systems,
cooperative or not, for which accurate calorimetric data are
available.>' >* The model gives a measure of the cooperativity
through the number, n, of like-spin SCO centers per interacting
domain. Here, the derived best fits (red lines in Figure 7,
bottom) provide moderate numbers of interacting molecules
per domain at n = 8.1 and 5.2 for 1N®*2PrCN and 1N¢*,
respectively. These values are in the same range as that of the
1N®-2MeCN  analogue (n 6.2) and indicate a similar
cooperative character of the SCO in these materials,
significantly inferior to the value of 14.2 we recently reported
for the related [Fe(L1),(NCS),]-2CH;OH (L1 = 2-chloro-4-
(N,N-(2-pyridyl)amino)-6-(pentafluorophenoxy)-(1,3,5)-
triazine).”* Although it gives rise to a decrease in the SCO
temperature by nearly 60 K, the loss of the lattice propionitrile
molecule does not seem to affect significantly the way the
electronic transition couples to the lattice phonons, the major
component of the SCO cooperativeness.

X-ray Powder Diffraction Studies. As mentioned above,
the temperature effect on the solid-state structure of 1N¢Se
2PrCN (with possible structural changes) could not be
investigated by single-crystal X-ray diffraction as a result of
the degradation of the material when T > 320 K. Therefore, X-
ray powder-diffraction studies were carried out to explore
potential temperature-dependent structural changes in 1N<%
2PrCN. Powder diffraction data, collected in the 300—370 K
range (shown in Figure 8) and analyzed by the structureless Le
Bail whole pattern profile method, allowed the relative changes
of the lattice parameters to be retrieved (cell volume and the
size and shape of the thermal strain tensor). These results are
numerically reported in Table 2 and are graphically depicted in
Figure 9. The shape and orientation of the thermal strain
tensor, elongated in the [110] direction, was then compared
with the known crystal structure, which evidenced the presence
of weakly bound slabs parallel to the (110) plane and is thus
prone to more significant thermally induced dilatation.

Prolonged heating at 370 K showed a progressive change of
the diffraction trace, which was completed after ca. 1 h. After
eliminating a few peaks (attributed to an unknown contami-
nant), a reliable unit cell for the HT phase was obtained (using
TOPAS-R):>°> a = 8.87,b =1121,c = 1540 A, & = 102.3, f =
84.3, and y = 1034°, V = 1454 A% GOF(20) = 21.%° The
crystal symmetry and the lattice parameters herein proposed
match those found for the pristine solvated phase (see Table
S1, V = 1557 A at 300 K). The difference in the molar volume
(AV = —103 A?) is well-matched with that expected for the loss
of two PrCN molecules (64 A3 as estimated by SMILE®).
After cooling to room temperature, diffraction data were
collected with an overnight measurement (shown in Figure S5).
Unfortunately, the powder pattern, due to partial degradation,
contained too many peaks, making the crystal structure
determination of the desolvated phase impossible.
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Figure 8. Variable-temperature X-ray powder diffraction data, collected between 30 and 100 °C. Vertical axis (back to front: temperature increase).
The blue portion refers to the pristine 1N“®2PrCN species, transforming into the (still triclinic and contracted, see text) unsolvated phase (the two
weak low-angle peaks at 5.6 and 7.3°, highlighted by the black arrows, belong to an unknown contaminant generated by partial degradation). The red
portion contains 12 XRPD traces collected under isothermal conditions (in air) at 100 °C (5 min each).

Table 2. Linear and Volumetric Thermal Expansion Coefficients of 1N°**2PrCN in the Form of dln x/9T (x = a, b, ¢, a, f, y and
v)“
dln a/oT dln b/oT oln ¢/0T oln a/0T dn p/0T dln y/0T oln V/oT
+160 +74 +78 +9 —18 +78 +227
“Units in M K. Values were computed by fitting the TXRPD-derived data in the 30—95°C range, where a nearly linear trend was observed.

The loss of the lattice propionitrile molecules will atmosphere, with the sample being held within a gelatin capsule and
irremediably affect the solid-state packing of the iron(II) thus _SUbjeth*d to dry fiePreSSion'- .
complexes. Actually, the propionitrile molecules connect the Differential scanning calorimetry (DSC)  experiments were
[Fe(LlF)Z(NCSe)Z] complexes, through lone pair--7 inter- pérformed with a Q1000 calorimeter from TA Instruments equipped
actions (Figure 10), generating a 1D supramolecular chain, and Wlt,h the LN,CS accessory. The temperature a.nd enth.al Py .scales were
are therefore involved in the observed SCO properties of INCSe, calibrated with a standard sample of indium, using its melting

) ) transition (156.6 °C, 3296 J mol ™). The measurements were carried
2PrCN. Consequently, their removal will have an effect on the out using aluminum pans with a mechanical crimp, with an empty pan

magnetic properties of the material (Figure S6). In fact, the as reference. The zero-heat flow procedure described by TA
spin-transition properties of the propionitrile-free compound Instruments was followed to derive heat capacities, using synthetic
INCSe are modified compared to those of 1NS®2PrCN (see sapphire as reference compound. An overall accuracy of ca. 0.2 K for
above), as reflected by the lower T, N (220 K instead of 283 K) the temperature and up to S—10% for the heat capacity was estimated
and slightly lower cooperativity (n/ATy, value of ca. 5.2/70 K over the whole temperature range by comparison with the synthetic
instead of 8.1/65 K). sapphire. A lattice heat capacity was estimated from data below and

above the anomaly associated with the SCO process (dashed lines in
Figure 7, top). Excess enthalpy and entropy were derived by
integration of the excess heat capacity with respect to T and In T,

B EXPERIMENTAL SECTION

Physical Measurements. Infrared spectra were recorded with a respectively.
Nicolet 5700 FT-IR spectrometer (as KBr pellets) or with a Materials. The ligand 2-(N,N-bis(2-pyridyl)amino)-4,6-bis-
PerkinFlmer Spectrum 100 apparatus equipped with an ATR device (pentafluorophenoxy)-(1,3,5)triazine (L1%) was prepared according
(neat samples). 'H NMR spectra were recorded at room temperature to the literature.”” Fe(ClO,),-6H,0, ascorbic acid, KNCSe, and
with a Varian Unity 300 MHz spectrometer; chemical shifts are propionitrile were purchased from Sigma-Aldrich and used as supplied.
reported in ppm relative to the residual solvent signal of CDCl; (6 = Synthesis of [Fe(L1),(NCSe),]2CH;CH,CN (1N%-2PrCN). A
7.26 ppm). Elemental analyses were performed by the Servei de solution of ligand L1¥ (0.122 g, 0.20 mmol) in propionitrile (5 mL)
Microanalisi, Consejo Superior de Investigaciones Cientificas (CSIC) was added to a solution of Fe(ClO,),-6H,0 (0.026 g, 0.10 mmol) in
of Barcelona. Thermogravimetric measurements were performed with propionitrile (2 mL) containing ca. S mg of ascorbic acid (to prevent
a SDT2960 thermobalance from TA Instruments under synthetic air at oxidation to iron(IIl)). Next, a solution of KNCSe (0.029 g, 0.20
10 °C min™". mmol) in propionitrile (3 mL) was added, and the resulting light-

Magnetic measurements were performed on bulk microcrystalline yellow reaction mixture was filtered. The filtrate was left unperturbed
powders using a commercial SQUID magnetometer of the Physical for the slow evaporation of the solvent; after 4 days, single crystals of
Measurements unit of the Servicio General de Apoyo a la 1NCSe2PrCN, suitable for X-ray diffraction analysis, were obtained
Investigacion—SAI, Universidad de Zaragoza. Correction for the with a yield of 60% (0.096 g, 0.06 mmol, based on iron). Elemental
experimentally measured contribution of the sample holder and the analyses calculated (found) (%) for CsgH,eF,0FeN cO,Se,: C, 43.41
sample diamagnetism, estimated from Pascal’s tables, were applied. In (43.59); H, 1.63 (1.67); N, 13.97 (13.81). IR (KBr): v = 2096(w),
this setup, the sample space is maintained under a low-pressure He 2061(m), 1607(m), 1558(m), 1521(s), 1471(m), 1437(w), 1371(s),
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Figure 9. (Top) Relative lattice parameter changes (including cell
volume), measured by TXRPD data. Horizontal axis, temperature (T,
K); vertical axis, (wp — x39)/%30 (x = a, b, ¢, @, B, 7, and V). (Bottom
left) Thermal strain tensor for the 30—95 °C range, computed by
Ohashi’s method® and drawn with Wintensor.** (Bottom right)
Crystal packing of 1V®¢2PrCN viewed approximately down [110],
highlighting the (110) plane, separating slabs of weakly bound
molecules, which conform to the longest axis of the thermal strain
tensor shown on the left.

Figure 10. View of the solid-state structure of 1N“**2PrCN showing
the interaction of a propionitrile molecule with two pentafluorophenyl
rings (in space-filling mode) belonging to two neighboring iron(II)
complexes, through lone pair---7 interactions.

1307(m), 1244(m), 1158(m), 1079(m), 1001(m), 978(m), 806(w),
778(w), 644(w) cm™.

Single-Crystal X-ray Crystallography. X-ray diffraction data for
1NCSe2PrCN were collected on a yellow (purple at 100 K) needle
with a Bruker APEX II CCD diffractometer on the Advanced Light
Source beamline 11.3.1 at Lawrence Berkeley National Laboratory
from a silicon 111 monochromator (1 = 0.7749 A). Seven data sets
were acquired successively on the same crystal following the
temperature sequence depicted in Scheme S1. Attempts at measuring
at temperatures above 300 K or bringing crystals above 320 K for a
longer period of time systematically resulted in loss of crystallinity.
Data reduction and absorption corrections were performed with
SAINT and SADABS, respectively.>® The structures were solved usin
SIR97°%® and refined over F* using the SHELXTL suite.”®
Crystallographic and refinement parameters are summarized in
Table S1. Selected bond distances and angles are given in Tables 1
and S2. All details can be found in the supplementary crystallographic
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data for this article in cif format with CCDC numbers 1007424—
1007430. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

X-ray Powder Diffraction. Gently ground powders of
2PrCN were deposited in the hollow of a zero-background plate, 0.2
mm deep (a silicon monocrystal supplied by Assing SrL,
Monterotondo, Italy). Diffraction experiments were performed on a
vertical-scan Bruker AXS D8 Advance diffractometer in 26 mode,
equipped with a linear position-sensitive Lynxeye detector, primary
beam Soller slits, and Ni-filtered Cu Ka radiation (4 = 1.5418 A).
Generator settings: 40 kV, 40 mA.

Thermodiffractometric (TXRPD) experiments were performed on a
powdered batch of 1NV®S¢2PrCN, deposited in the hollow of an
aluminum-framed silicon monocrystal, mounted on a Peltier-driven
sample heating stage, assembled by Officina Elettrotecnica di Tenno,
Ponte Arche, Italy; diffractograms were acquired in air from 30 to 100
°C, with steps of 10 °C, in a significant low-angle 26 range (5—20°)
and, under isothermal conditions, at 100 °C for ca. 1 h. Lattice
parameters at each T, for each phase, were refined by the structureless
Le Bail procedure,62 and linear thermal expansion coefficients were
derived from data collected in the 30—100 °C range. Thermal strain
tensors were computed using the STRAIN module available on the
Bilbao Crystallographic Server following Ohashi’s method.®®

1NCSe.

B CONCLUSIONS

For about 8 years, our group and that of Murray”' have been
investigating the SCO properties of a particular family of
iron(1I) systems obtained from 2,2’-dipyridylamino-substituted
triazine ligands. Through ligand design, it has been possible to
obtain members of this group of SCO complexes with
interesting properties.*” In the present study, a new compound
belonging to this family was prepared that exhibits solvent-
dependent SCO properties. Indeed, the loss of propionitrile
molecules present in the crystal lattice of 1N“**2PrCN results
in a strong alteration of its SCO behavior, which is reflected by
an important shift of the transition temperature, from T/, =
283 K to 220 K (for the desolvated compound 1¥¢%¢). This
variation of the magnetic properties is most likely due to a
modification of the crystal packing of the transiting molecules,
hence exemplifying the great sensitivity of the SCO
phenomenon. In addition, the results reported herein illustrate
the potential of (2,2'-dipyridylamine/triazine)-based iron(II)
complexes to generate SCO materials with singular properties.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data for 1N®S¢2PrCN at different temper-
atures with the corresponding coordination bond distances and
angles, DSC traces for fresh and aged INCSe2PrCN, 4T vs T
plots, TGA of fresh 1N“*®2PrCN, IR spectra of 1N“**2PrCN
and 1N, XRPD data for 1N, and crystal packing views of
IN®S¢2PrCN showing the location of the lattice solvent
molecules. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Seven new hetero triply-bridged dinuclear Cu(i) compounds have been synthesized and characterized
corresponding to a series with general formula [Cu;(L),(u-OH)(u-OH,)(u-0>CR)IX; (where L = bpy = 2,2'-
bipyridine, 4,4’-dmbpy = 4,4’-dimethyl-2,2’-bipyridine and 5,5-dmbpy = 5,5’-dimethyl-2,2’-bipyridine;
R = H for formate, CH3 for acetate, CH,CH3 for propionate and C(CHs)s for trimethylacetate and X =
CF3SO3~ and ClO47). All compounds exhibit ferromagnetic behavior with the experimental J values
derived from magnetic susceptibility measurements being in the 73-104 cm™' range. The overall
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qualitative behavior is reproduced by state of the art density functional theory based methods.
However, none of the functionals is able to reproduce the fine details along the series which
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1. Introduction

The magnetochemistry of Cu(u) systems has received much
attention because of their interesting structural and magnetic
properties, as well as their application as molecular based
materials."” In these materials, the Cu(u) ions exhibit a d°
electronic configuration and, hence, can be considered as
suitable candidates representative of basic models of magnetic
coordination compounds, especially in di- and polynuclear
Cu(n) systems.”® A deep understanding of magneto-structural
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constitutes an excellent benchmark for future developments.

correlations is highly desirable to be able to predict the
magnitude of the coupling constant, its character and the
corresponding physical mechanism, thus allowing one to design
and synthesize new molecular based materials with improved
magnetic properties. Hence, magneto-structural correlations for
a series of compounds with different structural and magnetic
properties are usually derived either from experimental measure-
ments or theoretical calculations. Clearly, compounds with
strong ferromagnetic coupling are of great interest for potential
technological applications.*™*?

Among the different Cu(u) families with ferromagnetic properties,
previous work has focused on the design, magnetic properties and
magneto-structural correlations of the hetero triply-bridged dinuc-
lear Cu(n) systems because this particular type of compound exhibits
moderate to strong ferromagnetic interactions.®® In this type of
system, the magnetic interaction occurs via bridging ligands,
although various pathways are possible,'® which depend on the
coordination geometry of the Cu(u) ion, the Cu- - -Cu separation, the
bond angles involving the bridging atoms, the dihedral angle
between the planes containing the Cu(u) ions and the distance from
the Cu(n) to the bridging ligands. Structurally, the Cu(u) ions are in a
five-fold coordination which, however, corresponds to a rather broad
range of geometries, from regular trigonal bipyramidal (TBP) to
regular square-based pyramidal (SP). In a previous work,'® the
possible topological arrangements of the dinuclear unit have
been organized in six different classes: class A corresponds to
co-planar bases with a square pyramidal geometry for both

This journal is © the Owner Societies 2013
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Cu(u) environments and the two bridges (aquo or hydroxo) lying
in the equatorial positions; class B contains compounds
with non-coplanar bases with a square pyramidal geometry
for both Cu(u) ions with carboxylato and hydroxo bridges in
the equatorial positions; class C includes compounds with non-
coplanar bases with a square pyramidal geometry for both
Cu(u) ions and two carboxylato bridges lying in the equatorial
positions; class D stands for non-coplanar bases with a square
pyramidal geometry for both Cu(u) ions, one single-atom or
triatomic bridge in an equatorial-equatorial configuration and
two carboxylato bridges in an axial-equatorial configuration; class
E stands for non-coplanar bases with a trigonal bipyramidal
geometry for both Cu(u) ions and one hydroxo bridge in an
axial-axial configuration; and, finally, class F refers to non-
coplanar bases with square pyramidal and trigonal bipyramidal
geometries, two bridges occupying the axial-equatorial positions,
with the third one in an equatorial-equatorial configuration. The
knowledge of these topologies is useful to unravel the relationships
between structural features and the value of the intramolecular
magnetic exchange interaction in the triply-bridged dinuclear unit.

In previous studies, the magneto-structural correlations
have been investigated for some of these compounds by the
simple Extended Hiickel (EH) method and a linear correlation
has been found for class B compounds allowing a first step
towards a proper understanding.'® However, to obtain more
quantitative relationships it is necessary to go beyond the semi-
empirical EH method and to make use of more reliable
electronic structure methods as demonstrated by recent studies
on other triply bridged dinuclear Cu(n) compounds which
employed state of art density functional theory (DFT) based
methods.""'? Six different exchange-correlation functionals
have been used in order to fully understand the magneto-
structural correlation and also to accurately predict the broad range
of magnetic coupling constant (J) values exhibited by class B and
class F compounds with ferro- and antiferromagnetic behavior,
respectively. The DFT calculations have revealed that, for ferromag-
netic class B compounds, the calculated J values almost quantita-
tively correlate with the sum of Addison’s T parameter™ of each
Cu(u) ion. The calculated and experimental J values of all com-
pounds are in agreement,'* especially for the long-range separated
hybrid LC-0PBE method."* In particular, the DFT calculations
properly reproduce the magnitude of the magnetic coupling
constants in the whole range of topologies studied. However,
the calculated J values of class B compounds exhibit a rather
large dependence on the type of hybrid exchange-correlation
functional used and may even show noticeable deviations from
the experimental values, especially in this type of ferromagnetic
compound. Therefore, the precise interpretation of the magnetic
interactions in class B compounds with ferromagnetic inter-
actions still requires further attention and either accurate wave
function based calculations or a more systematic study aimed
precisely to better understand the performance of current DFT
approaches in describing this type of system is needed. There is
little doubt that wave function based calculations, using for
instance the Difference Dedicated Configuration Interaction (DDCI)
method, will properly describe these systems as highlighted in the
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review paper by Moreira and Illas.” It is also clear that without a
modeling of the external ligands, these calculations are likely to be
computationally unfeasible. Therefore, in the present paper we
focus on the second possibility and, to this end, we extend the
investigation of the magneto-structural correlations and accurate
prediction of intramolecular magnetic interactions of this series of
compounds by adding seven newly synthesized compounds of class
B and analyzing simultaneously the effect of the type of DFT
method and of the basis set used to represent the electron density.
We will show that the current exchange-correlation functionals,
which properly describe magnetostructural correlations involving
antiferromagnetic interactions," face difficulties in properly repro-
ducing the J values and trends along the series of ferromagnetic
compounds which, therefore, constitute a challenge for state of the
art exchange-correlation functionals.

2. Experimental

The new compounds can be generally described as members of
the [Cuy(L),(1-OH)(1-OH,)(n-0O,CR)]X, series where L = bpy =
2,2'-bipyridine, 4,4’-dmbpy = 4,4’-dimethyl-2,2’-bipyridine and
5,5'-dmbpy = 5,5'-dimethyl-2,2’-bipyridine; R = H for formate,
CH; for acetate, CH,CH; for propionate and C(CHj); for
trimethylacetate and X = CF;SO;~ and ClO, . In particular,
the following compounds are considered: [Cu,(bpy),(n-OH)-
H-OH)(1-0,CCH5)](CF3S05), (1), [Cuy(4,4"-dmbpy),(1-OH)(1-OH,)-
p-0,CH)](CIO,), (2), [Cuy(4,4’-dmbpy),(u-OH)(u-OH,)(1-O,CCH,)l-
CIOy) (3), [Cus(5,5'-dmbpy),(1-OH)(1-OH, (-0,CCHL|(CIO,), (4),
Cu,(5,5'-dmbpy),(-OH)(1-OH,)(1-0,CC(CH;)5)|(ClO,), (5),
Cuy(5,5’-dmbpy),(1-OH)(1-OH,)(1-0,CCH3)|(CF5S03),  (6) and
Cu,(5,5"-dmbpy),(1-OH)(p-OH,)(1-O,CCH,CH3)|(CF5S03), (7), for
which structure can be easily understood by inspection of
Scheme 1. The synthesis, crystal structures, magnetic properties
and a systematic theoretical study are described in the forthcoming
sections.

[ e Y

—

2.1. Materials and measurements

2,2/-Bipyridyl, 4,4’-dimethyl-2,2’-bipyridine and 5,5’-dimethyl-
2,2'-bipyridine were purchased as commercial chemicals from
Aldrich. All reagents are commercial grade materials and were
used without further purification. Elemental analyses (C, H, N)
were performed on a Perkin-Elmer PE 2400 CHNS/O Analyzer.

Scheme 1
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IR spectra were recorded on Spectrum One FT-IR spectrophotometer
as KBr disc in the 4000-450 cm " spectral range. Solid-state (diffuse
reflectance) electronic spectra were measured as polycrystalline
samples on a Perkin-Elmer Lambda2S spectrophotometer, over
the range 8000-18 000 cm ™.

Magnetic susceptibility measurements for compounds 1-7
were carried out with a Quantum Design SQUID MPMS-XL
magnetometer working in the temperature range 2-300 K at
magnetic fields of 500 G (2-30 K) and 10 kG (2-300 K). The EPR
spectra of microcrystalline samples of 1-7 were recorded at
X-band frequency (v ~ 9.4214 GHz) with a Brucker ES-200
spectrometer in the temperature range 300-4 K.

2.2. Synthesis

Here we describe in some detail the synthesis procedure and
experimental conditions for [Cu,(bpy),(i-OH)(u-OH,)(1-O,CCH;)J-
(CF3S03), (1); the corresponding description for the rest of com-
pounds (2 to 7) has similar routes and are described in more detail
in the ESIT file.

A warmed methanol solution (10 ml) of bpy (0.156 g,
1.0 mmol) was added to a warmed aqueous solution (20 ml)
of Cu(CF3S03), (0.361 g, 1.0 mmol). Then, an aqueous solution
(5 ml) of NaO,CCHj; (0.204 g, 3.0 mmol) was slowly added. The
mixture was warmed, with the addition of DMF (2 ml), yielding
a clear dark blue solution. Upon slow evaporation at room
temperature for 6 days, the product 1 was isolated as violet-blue
block-shaped crystals. The crystals were filtered off, washed
with the mother liquid and air-dried. Yield: ca. 75%. Anal. calc.
for CpaHy,Cu,FeN4O4S,: C, 34.62; H, 2.78; N, 6.73%. Found: C,
34.60; H, 2.80; N, 6.69%.

Caution. Perchlorate salts are potentially dangerous, only
small quantities should be prepared.

2.3 Crystallography

X-ray data for single-crystal samples of compounds 1, 2, 4, 6
and 7 were collected at 100 K, whereas those of compound 3
and compound 5 were collected at 150 and 173 K, respectively.
Reflection data were collected on a 1K Bruker SMART APEX
CCD area-detector diffractometer using rotating mode, graphite-
monochromated Mo Ko radiation (4 = 0.71073 A) at a detector
distance of 4.5 cm and a swing angle of —30°. A hemisphere of
the reciprocal space was covered by combination of three sets of
exposures; each set had a different ¢ angle (0°, 88°, 180°) and
each exposure of 40 s covered 0.3° in w. Raw data frame
integration was performed with the SAINT code,'® which also
applied correction for Lorentz and Polarization effects. An
empirical absorption correction by using the SADABS'” program
was applied, which resulted in transmission coefficients ranging
from 1.000 to 0.678, 0.746 to 0.603, 1.000 to 0.818, 1.000 to 0.850,
0.891 to 0.665, 0.945 to 0.614 and 0.746 to 0.614 for 1-7,
respectively. The structures were solved by direct methods and
refined by a full-matrix least-squares method on (Fyp,)* using the
SHELXTL-PC Version 6.12 software package.'®

All hydrogen atoms of compound 1-4 were determined at
the difference map and refined isotropically by riding with the
heavy atoms. For compound 5, all hydrogen atoms on carbon
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atoms were fixed except O-H hydrogen atoms whose positions were
refined. Also, one hydrogen atom of an aqua bridging molecule
could not be located and the position was fixed according to
geometry optimization from theoretical calculations. In addition,
three methyl groups of trimethylacetate appear to be disordered. All
hydrogen atoms on carbon atoms of compound 6 were fixed except
O-H hydrogen atoms whose positions were refined. One triflate
group was also found to be disordered. For compound 7, all
H atoms were determined at the difference map and refined
isotropically and bonded to the heavy atoms except hydrogen
atoms on C(6) and C(8) which were fixed.

The crystal and refinement details for compounds 1-7 are
listed in Table S1 (ESIT). Selected bond lengths and angles are
given in Tables S2-S8 (ESIY).

3. Computational details

A series of DFT calculations with state of the art exchange-
correlation functionals has been carried out considering the iso-
lated dinuclear Cu(u) cationic complexes in vacuo. The electron
density was described either explicitly considering all electrons or
using small core (LANL2) effective core potential (ECP) for the Cu
atoms which allows one to take scalar relativistic effects into
account. For the all electron calculations we used a rather large
standard basis set of Gaussian Type Orbitals (GTO) which is the
same as in previous works''"'? and is defined as follows: 6-3111+G
extended with an ffunction (exponent(f) = 0.528) for Cu and
6-31G(d) for the remaining atoms. For the calculations where
the Cu innermost 10 electrons are described through a relativis-
tic ECP, two different bases have been used which are either the
standard LANL2DZ or the more extended standard LANL2TZ."
The rest of atoms are described at the all electrons level with the
6-31G(d) basis set. We will refer to the three sets of calculations
as AE, ECP-DZ and ECP-TZ, respectively.

The DFT calculations have been carried out using a variety of
exchange-correlation functionals including hybrid schemes
such as the well-known B3LYP and BHHLYP,*>*' the MO06
and MO06-2X meta-GGA functionals developed by Zhao and
Truhlar®* and the short- (HSE)*® and long-range (LC-oPBE)
functionals™* proposed by Scuseria and collaborators. In all cases
the calculations were carried out within the unrestricted (spin-
polarized) formalism. Clearly, in this type of formalism, the spin
symmetry is not guaranteed.”®® Nevertheless, in the unrestricted
Kohn-Sham formalism one can approximate the triplet (T) state
using a single Slater determinant with two unpaired electrons (Z.e.,
S, = 1). However, to estimate the energy of the open shell singlet
state it is possible to make use of the broken-symmetry (BS)
approach imposing S, = 0. In this way, the singlet-triplet gap
energy has been obtained on the basis of the expectation value of
the Heisenberg Hamiltonian as in eqn (1)

A A

H=-J8,8, 1)

that using the appropriate mapping’® leads to the approximate
relation:

J = 2[E(BS) — E(T)] @)
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where E(BS) is the energy of the broken-symmetry state and E(T)
is the energy of the spin unrestricted approximation to the
triplet state.*® Here, it is important to stress that eqn (2) takes
into account the so-called spin projection to approximately
recover the spin symmetry lost in the BS approach and which
is inherent to the use of a single Kohn-Sham determinant.?*~?
Here one must advert that alternative methods for calculating
J couplings without the use of spin symmetry*® lead to results
that are not always accurate®® when high quality range separated
functionals like those employed in this paper are used. Never-
theless, one must admit that magnetostructural correlations
involving mainly antiferromagnetic compounds do not suffer
from this limitation. It has also been recently shown that, for a
given functional, results obtained using the mapping procedure
in eqn (2) are in agreement with those obtained using the spin
flip Time Dependent DFT approach which properly accounts for
spin symmetry in this type of system.?”

All calculations were carried out using the Gaussian09 suite
of programs.®®

4. Results and discussions
4.1 Description of the crystal structures

The crystal structures of compounds 1-7 consist of a hetero
triply-bridged dinuclear Cu(u) cationic unit and two counter-
anions (CF;SO;~ for compounds 1, 6 and 7; ClO,” for com-
pounds 2-5). For each of the cationic units, two [Cu(L)] groups
are linked together by three different bridging ligands: aquo,
hydroxo and carboxylato. The environment of each Cu(u) center
corresponds to a distorted square pyramidal geometry of the
CuN,0,0’ chromophore, with t values of 0.10 and 0.38 for the
two Cu(u) centers. Let us recall that the Addison parameter is
defined as t = (« — f5)/60, where « and f are the largest
coordination angles. Hence, one has t = 0 for square pyramidal
(SP) and t = 1 for trigonal bipyramidal (TBP) geometry.'® The
coordination environment around each Cu(u) ion contains two
N atoms of the chelate ligand (Cu-N 1.978(1)-2.012(6) A), an
oxygen atom of the carboxylato bridging ligand (Cu-O
1.941(1)-1.983(1) A) and an oxygen atom of the hydroxo ligand
(Cu-0 1.908(1)-1.938(5) A) to form the square bases. The apical
site of each Cu(u) atom is occupied by an oxygen atom of an
aquo ligand at distances in range of 2.310(4)-2.442(1) A. The
syn,syn-coordinated carboxylato ligand bridges two equatorial
planes of each Cu(u) chromophore, giving the Cu- - -Cu distances
in the range of 2.979(1)-3.077(1) A. The CuN,0,0’ chromophores
are non-planar with dihedral angles (y in Table 1) between the
CuN, and CuO, planes in the range of 10.10(2)-28.62(1)°. The
dihedral angles between the equatorial planes (¢ in Table 1) are
in the range of 112.07(1)-122.08(1)°. The bridging angles of
Cu-OH-Cu are in the range of 100.80(7)-107.26(5)°. According
to these structural features, compounds 1-7 are classified as
class B (Scheme 1).

The lattices of all compounds are stabilized by intermolecular
n-7 interactions between aromatic pyridine rings on chelate ligands
of adjacent dinuclear cations and hydrogen bonding between the
aquo and hydroxo bridges and triflate or perchlorate anions. The
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molecular structure of compound 1 is shown in Fig. 1 whereas
the rest of structures are shown in Fig. S1-S6 (ESIf). For
comparison purposes, the structural data of compounds 1-7
and of some other relevant hetero triply-bridged dinuclear Cu(n)
compounds previously studied'®'? are summarized in Table 1.

4.2 Spectral characterizations

The infrared spectra display a broad band at 3510 cm™* for 1,
3519 cm ™! for 2, 3524 cm ™! for 3, 3434 cm ™ for 4, 3401 cm ™"
for 5, 3475 cm™ ' for 6 and 3479 cm~ ! for 7, which can be
assigned to the bridging OH vibration of the hydroxo ligands
and/or lattice water. The spectra also exhibit the intense bands
at 1557 and 1445 em™ ' for 1, 1577 and 1413 ecm ' for 2,
1554 and 1443 cm™* for 3, 1557 and 1479 cm™* for 4, 1540 and
1480 cm ™! for 5, 1564 and 1481 cm ' for 6 and 1556 and
1479 ecm™ ! for 7, corresponding to the v,i(COO~) and v{(COO")
vibrations of carboxylato bridging ligands namely acetato for 1, 3,
4 and 6, formato for 2, trimethylacetato for 5 and propionato for 7,
respectively. The spectra of compounds 1, 6 and 7 show the broad
and intense bands of the stretching of CF3S0; ™ at 1277 1,4(S-0),
1153 1,(C-F), and 1029 v4(S-0) ecm™' for 2; 1279 1,4(S-O),
1161 v,(C-F) and 1031 v4(S-0) cm™ " for 6 and 1281 1,(S-O),
1158 v,4(C-F) and 1031 14(S-O) em ™" for 7. The IR spectra of
compounds 2-5 present the broad and intense bands of the
stretching for the ionic ClO,~ anion (1103 ecm™" for 2, 1106 cm ™"
for 3, 1111 cm ™' for 4 and 1120 cm™" for 5).

The diffuse reflectance spectra of compounds 1-7 display a
broad band (16 530 cm ™" for 1, 16030 cm™ " for 2, 16340 cm ™
for 3, 16590 cm ™' for 4, 16490 cm ™ for 5, 16240 cm ™ * for 6
and 16320 cm ™" for 7) and a lower energy shoulder (13 880 cm ™"
for 1, 13060 cm ™! for 2, 13620 cm ™! for 3, 13960 cm ™" for 4,
13600 cm ™' for 5, 13540 cm ' for 6 and 13940 cm™ " for 7).
These features are typical and can be assigned to the d,y, d,,
dy; —» dyeye and dp — d,_j. transitions for the square
pyramidal geometry of the class B triply-bridged dinuclear
Cu(n) compounds. Notice that according to strict symmetry
considerations for the distorted square pyramidal geometry of
compounds 1-7, the d,y, d,,, d,, orbitals are not triply degenerated
which is the origin of the broad band mentioned above.

4.3 Electron paramagnetic resonance spectra and magnetic
properties

The Electron Paramagnetic Resonance Spectra (EPR) of com-
pounds 1-7 (X-band, v ~ 9.4214 GHz) have been recorded at
different temperatures between 4 and 300 K for polycrystalline
solid samples. The general shape of the spectra is similar for all
compounds; we show the EPR spectra of compound 4 in Fig. 2
as a representative example. A summary of data obtained from
EPR measurements is reported in Table 2.

As expected for ferromagnetic systems,”” the principal
transition band near g ~ 2.1 (corresponding to Amg = 1) shows
some asymmetry but maintains the center of the band as T goes
from 300 to 4 K. No significant fine structure is observed.
A broad band near g,,, ~ 4.4 is also observed and assigned
to the half field transition (corresponding to Amg = 2). Both
bands slightly increase their intensity as temperature increases
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Table 1 Structural and magnetic data for Class B triply-bridged dinuclear copper(i) compounds®

Cu-X

Cu-
Compound” Geom ? ¢ ¢ Y Cu---Cu Axial Equatorial OH-Cu Jex,  Ref
[Cu,(dpyam),(y-OH)(-OH,)- SP,SP  0.43 164.4  40.4 3124 2414 1.911-2.023 109.6 n.d. 10
(1-0,CCH,)](S204) (1)
[Cu,(bpy)a(n-OH)(1-OH,)(1-0,CCH,) - SP,SP  0.21,0.19 120.5 14.5,11.6  3.049  2.347,2.460 1.938-2.017 104.0 n.d. 10
(NOy), (1)
[Cu,(phen),(1-OH)(1-OH,)- SP,SP  0.21,0.16 114.6 17.0,8.6  3.002  2.374,2.390 1.925-2.008 102.1 120.8 10
(1-O,CCH3)|(BF4),-(H,0)0.5 (I11)
[Cu,(bpy)a(n-OH)(1-OH, )(1-0,CCH,) - SP,SP  0.14,0.25 1181 — 3.035  2.379, 2.405 2.006-2.010 103.8 19.3 10
(Clo,), (Iv)
[Cu,(phen),(1-OH)(1-OH,)- SP,SP  0.02,0.14 113.8 16.4,8.2 2989  2.360,2.375 1.933-2.020 101.3  120.0 10
(1-0,CCH,)](CIO,), (V)
[Cu,(bpy)s(n-OH)(u-OH,)- SP,SP  0.20,0.16 120.1 15.0,10.9  3.037  2.382,2.415 1.920-2.005 104.5 148.9 10
(1-0,CCH,CH;)](ClO,), (VI)
[Cuy(bpy),(1-OH)(1-0,CCH;)(u-CI) - SP,SP  0.41,0.28 123.0 27.4,18.9 3.040  2.632, 2.657 1.936-2.029 103.3 145.3 10
Cl'(Hzo)o.s (VH)
[Cu,(phen),(1-OH)(1-OH,)- SP, SP  0.19, 0.21 122.3 14.6,12.2 3.026 2.344, 2.368 1.925-2.029 103.6 98.4 12
(1-0,CCH,CH,)](NOy), (VIII)
[Cu,(phen),(p-OH)(1-OH,)- SP,SP  0.10,0.22 117.7, 9.9,16.2  3.010  2.419,2.379 1.911-2.015 103.8, 151.2 12
(1-0,CC(CH,),)](Cl0,),(CH,CH,0H) (IX) 0.08,0.26 120.4 8.8,21.2  3.034  2.425,2.369 1.893-2.012 105.3
[Cu,(bpy)a(1-OH)(1-0,CCH,CH)- SP,SP  0.14,0.15 154.8 11.2,11.8 3.341  2.351,2.354 1.906-2.019 122.3 104.5 12
(1-0,SOCF;)(CF3S0;)(DMF), 5 (X)
[Cu,(bpy)o(1-OH)(1-OH,) (- SP,SP  0.24,0.25 118.95 15.67, 18.73 3.024  2.394,2.323 1.921-2.009 103.39 102.1 pw
0,CCH,)](CF;80,), (1)
[Cu,(4,4’ dmbpy)z(u-OH)(u-OHZ)(p-OCH)]- SP,SP  0.10,0.38 122.08 10.10,28.62 3.077  2.324,2.409 1.908-1.999 107.26 72.6 pw
(ClO4),
[Cu,(4,4’ dmbpy)z(u OH)(-OH,)- SP,SP  0.11,0.30 120.19 11.37,25.20 3.055  2.323,2.442 1.918-1.999 105.55 90.2 pw
(1-OCCH,)](ClOy); (3)
[Cuy(5,5'-dmbpy),(1-OH)(1-OH,)- SP,SP  0.21,0.22 112.07 14.81,15.64 2.984  2.329, 2.346 1.929-2.003 101.07 104.3 pw
(1-OCCH;)](ClOy); (4)
[Cu,(5,5"-dmbpy),(1-OH)(1-OH,)- SP,SP  0.17,0.19 114.56 11.49,13.99 3.008  2.320, 2.333 1.921-2.012 102.40 98.7 pw
(1-OCC(CH,)5)](CI0y); (5)
[Cuy(5,5"-dmbpy),(1-OH)(i-OH,)- SP,SP  0.34,0.31 118.72 22.29,20.60 3.007  2.310,2.323 1.923-2.003 102.57 92.1 pw
(1-OCCH,)](CF3803), (6)
[Cuy(5,5"-dmbpy),(1-OH)(i-OH,)- SP,SP  0.23,0.27 112.25 15.61,18.04 2.979  2.321,2.339 1.931-1.996 100.80 103.1 pw
(w-OCCH,CH3)](CF5503), (7)

¢ Abbreviations: bpy = 2,2’ b1pyr1d1neY 4,4’-dmbpy = 4,4’ d1methy1 -2,2'-bipyridine, 5,5’-dmbpy = 5,5’-dimethyl-2,2’ b1pyr1d1ne, n.d. = not deter-

mined, pw = present work
parameter for Cu(u) center, ¢ is the angle between basal planes and y

are in A and Cu-OH-Cu angles in degrees. Je,, is the experlmentally derived magnetic coupling constant in cm

Fig. 1 Molecular structure and atomic numbering scheme for compound 1.
Triflate counteranions are omitted for clarity.

and the Amg = 2 half field transition band shows important
intensity with respect to the Amg = 1 transition. This observa-
tion confirms the ferromagnetic character of these compounds.
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SP = dlstorted square pyramld Geom stands for the coordlnatlon of Cu(l) and Gu(2) 7 is the Addison structural
is the tetrahedral twist angle, both in degrees. Cu- - -Cu and Cu-X distances

-1

Molar magnetic susceptibility (y,) measurements were carried
out using microcrystalline samples of compounds 1-7 and
diamagnetic corrections were calculated from the Pascal tables.
The as measured yT vs. T plots for all compounds are quite similar
and display clear ferromagnetic behavior as shown in Fig. 3. At room
temperature, the y\T values are in the 0.965-1.007 cm® Kmol *
range, close to the value expected for two uncoupled Cu(u) ions. To
account for the magnetic behavior of the dinuclear Cu(u) complexes
and to evaluate the corresponding coupling constant /, defined as
the singlet-triplet splitting, we fitted the raw experimental suscepti-
bility data using the Bleaney-Bowers equation®® with an additional
temperature independent paramagnetism term, usually denoted as
No. In addition, we corrected the Bleaney-Bowers expression with a
mean-field Weiss 0 parameter to account for the small antiferro-
magnetic intermolecular interactions detected in the low tempera-
ture region for these ferromagnetic dinuclear complexes:

Nﬁzgz ZEJ/kBT

m(T—0) = kg 1+ 3e//keT

+ NaT (3)

Best-fit parameters were obtained by minimization of the
error function R = Z{[(mT)cate— (mDexp) /(mTexp }, and results
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Fig. 2 EPR spectrum of compound 4 at 4 K.

Table 2 Experimental normal and half-field (at 4 K) EPR signals and best-fit
susceptibility data to eqn (3) (9iso, Jexp and 6) for compounds 1-7. Additional
details corresponding to the fitting are reported in Table S9, ESI

Compound g Sz Giso Jexp (em™) O(K)  No(x107°) R (x107%)
1 2.082 4.498 2.194 102 —-0.39 30 2.4
2 2.095 4.350 2.163 73 —-0.73 90 3.6
3 2.066 4.438 2.177 90 —0.58 60 3.3
4 2.092 4.429 2.167 104 —0.33 110 1.4
5 2.097 4.427 2.178 99 —-0.31 50 2.1
6 2.074 4.426 2.196 92 —0.55 60 3.1
7 2.063 4.376 2.162 103 —0.38 40 2.3

are also shown in Table 2. In the view of the intrinsic low
accuracy involving the fitting of ferromagnetically coupled
Cu(u)-Cu(n) systems with rather large molecular weights one
should avoid overparametrization. Therefore, the fitting was
here consistently carried out for all compounds using the
minimum possible number of parameters. Note that for these
ferromagnetic compounds, y\7T ranges from 0.9 to 1.2. Because
of this small yuT range, small instrumental inaccuracies
appear magnified and evidences as small discontinuities near
50K—attributable to the technical use of two different tempera-
ture probes for the high and low T ranges—although one must
note that the J values are extracted from the high temperature
part of the y\T versus T curve. The need for a small number of
parameters in describing the yyT versus T curve of these
ferromagnetic compounds also leads to a more difficult fitting
to the magnetic model which affects especially the low T part of
the ymT versus T curve. The gis, values obtained from the fitting
are consistent with those corresponding to Cu(u) systems and
to the g values measured at 4 K which essentially correspond to
the triplet state (Table 2). Here, we will mention the selected
magnetic plot of compound 4 (Fig. 3) and the results of the
remaining compounds are summarized in ESIT (Fig. S7-S12).
The ymT vs. T plot of compound 4 shows a room temperature
ymT product value of 1.01 ecm® Kmol ™", slightly higher than that
expected for two uncoupled Cu(u) ions. Lowering the temperature

This journal is © the Owner Societies 2013
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Fig. 3 Plot of magnetic susceptibility-temperature product (ymT) versus tem-
perature (T) for compound 4.

causes the T product to continuously increase until reaching a
plateau value of 1.15 cm® Kmol " at 50 K. Upon further cooling,
mT shows an abrupt descent for all compounds, which clearly
suggests that this quantity tends to zero when temperature tends
to 0 K. This behavior can be explained by the existence of
ferromagnetically coupled Cu(n) pairs responsible for the
high temperature regime, where the low-lying triplet state was
increasingly populated in detriment of the singlet state. Below
liquid nitrogen temperature, small antiferromagnetic intermolecu-
lar interactions manifest and tend to couple the triplet states in
such a way that the S = 1 spin moments of the different molecules
cancel out each other and, as a result, a zero global magnetization
is approached near the liquid helium temperature.

4.4 Magneto-structural correlations

Here we analyze the common magnetostructural correlations
involving the experimental value of the magnetic coupling
constant (Jeyp,) and the key feature of the molecular structure.*”
Fig. 4 plots Je., versus the distance between the two Cu centers
and Fig. 5 plots Je,p, versus the angle formed by the Cu-OH-Cu
structural moiety where the OH corresponds to a monoatomic
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Fig. 5 Plot of the experimental J (cm™") vs. Cu—-OH-Cu (deg.) of compounds 1-7.

bridge that links two Cu centers at an equatorial position. Both
plots exhibit a clear trend which is slightly more quantitative in
the second case. These plots are important since they reveal a
clear trend along the series indicating that the magnitude of
the ferromagnetic coupling increases with decreasing Cu- - -Cu
distance, as expected from simple arguments, and also
increases with decreasing Cu-OH-Cu bond angle which can
also be explained in terms of qualitative rules. Hence, these
empirical correlations provide a very useful testing ground for
theoretical methods.

In previous work it has been suggested that the aggregate
Addison t parameter also provides useful information about
the relationship between structure and magnetic coupling. In
fact, the Addison parameter allows one to properly define
compounds 1-7 as belonging to class B. However, it does not
provide a suitable magnetostructural correlation, which is at
variance of previous work.'" This is likely to be due to the fact
that values of the magnetic coupling constant studied exhibited
a broader range but also to their ferromagnetic character. This
will be confirmed by the DFT calculations described in the next
subsection.

4.5 Density functional theory based calculations

The calculated and experimental values of the magnetic coupling
constants are summarized in Table 3 where the aggregate
Addison 7 parameter is also shown for comparison. All methods,
including UHF which neglects electron correlation except for the
part included by spin polarization, consistently predict these
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compounds to be ferromagnetic, in agreement with experiment
and all methods regularly predict that all compounds have a
similar value of the magnetic coupling constant, again in agree-
ment with experiment. However, the fine details are more subtle,
difficult to describe and do not always go in the expected
direction. The calculated values of the magnetic coupling con-
stant strongly depend on the type of exchange-correlation func-
tional and, more precisely, on the amount of Fock exchange
included in the exchange potential. This is not surprising and
has been reported for quite a large number of systems although
most of them exhibiting strong antiferromagnetic character."*°
The novelty here is that none of the studied methods is able to
describe 2 as the compound with smallest J and 4 as the one with
the largest. One can suggest that the experimental measure-
ments and fitting procedures for these two compounds are
intrinsically not enough and accurate, although the magnetos-
tructural correlations in Fig. 4 and 5 will not support such a
claim. Even accepting that these two compounds represent
exceptions and excluding them from the statistical analysis,
one will face the same problem since none of the methods will
now predict that 3 is the compound with the smallest J and 7 the
one with the largest.

In order to define in a more precise way the failure of all
theoretical methods it is convenient to make some considera-
tions. Let us start with the UHF results; here the calculated
values for a given compound arising from the AE and ECP
calculations are almost the same and even the effect of the
basis set is almost negligible since going from the LANL2DZ to
the LANL2TZ changes the calculated values by less than 2 em ™.
This is consistent with the fact that UHF neglects correlation
and that the main effect of increasing the basis set would be
precisely in the description of the correlation effects. This is
obvious in the case in which electron correlation is accounted
for in a configuration interaction type wave function. In fact,
DFT calculations with these two basis sets exhibit significant
differences and, in the case of the LANL2DZ, deviates too much
from the AE values. This is clearly an artifact of the limited
basis set and will no longer be commented here. Let us now
discuss the results obtained with the popular B3LYP functional
which contains a 20% of Fock exchange and which is known to
overestimate the magnetic coupling constant of antiferromagnetic
Cu(u) dinuclear compounds by a factor of ~2, provided the
proper mapping (¢f eqn (2)) is used.'>* Results in Table 3
indicate that B3LYP calculated J values obtained at the AE level
with the small core ECP and a triple-{ valence basis set for the
Cu atoms—hereafter referred to as ECP—are almost the same
differing by at most 4 cm ™" or 2%. However, the calculated values
are significantly larger than the experimental values although, at
variance of antiferromagnetic dinuclear Cu(u) compounds the
deviation factor varies from 2.2 to 1.5. Interestingly, the M06
predicted values are much larger and, surprisingly, AE and ECP
predicted values differ by a larger amount of ~60 cm ™. There is
no clear explanation for these trends since M06 and B3LYP
contain a similar amount of Fock exchange (27% and 20%,
respectively) and one could perhaps conclude that these differ-
ences are a result of the parametrization of the M06 functional.
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Table 3 Calculated values of the coupling constant J (in cm™") for compounds 1-7, using hybrid and screened functionals compared to experimental magnetic
values. AE and ECP stand for calculations with all electrons and effective core potentials respectively. For the ECP only results with the more extended TZ basis are

shown

]calc

UHF MO06-2X BHHLYP LC-oPBE HSE B3LYP MO06
[a] Tagg AE ECP AE ECP AE ECP AE ECP AE ECP AE ECP AE ECP ]exp
1 0.49 371 38.1 67.1 95.8 83.5 85.6 135.3 143.1 147.7 155.5 169.5 170.5 238.9 301.9 102
2 0.48 37.6 39.4 66.5 96.7 82.1 85.3 133.1 143.0 146.0 155.7 165.8 168.6 231.0 299.1 73
3 0.41 38.3 39.4 67.9 96.9 84.1 86.3 134.2 141.8 148.1 155.7 170.0 170.7 240.3 304.0 90
4 0.43 36.0 37.2 65.8 94.5 81.9 84.6 132.3 141.4 145.2 154.4 167.0 169.7 236.8 300.5 104
5 0.36 34.8 35.5 64.8 93.5 80.0 81.9 133.0 141.9 145.9 155.0 168.7 171.2 240.3 308.7 99
6 0.65 371 38.5 68.0 100.0 84.0 87.2 138.3 148.8 150.7 161.5 173.4 177.0 249.0 326.1 92
7 0.50 36.3 38.0 66.1 96.7 82.4 86.2 133.2 143.7 146.0 157.1 168.0 172.5 237.6 305.7 103

This hypothesis seems to be confirmed by analysis of the
results obtained by the BHHLYP and MO06-2X functionals,
containing 50% and 54% Fock exchange respectively. The
BHHLYP calculated magnetic coupling constant values at the
AE and ECP levels, as in the case of B3LYP, almost coincide
with differences of at most ~2 cm '. In addition, these
calculated values are those closest to the experimental ones
which, again, is at variance of existing experience with the
family of antiferromagnetic dinuclear Cu(n) complexes. Inter-
estingly, the values predicted by the M06-2X functional are
almost in the experimental range but only when considering
the results from ECP calculations which, as in the case of the
MO06 discussed above, deviate from the AE by ~30-40 cm™".
The difference between AE and ECP calculated values in the
MO06 and M06-2X functionals remains difficult to understand.
Finally, we discuss the HSE and LC-oPBE short- and long-range
separated functionals which, for the dinuclear Cu(u) complexes
database investigated up to now, provide the most accurate
results in terms of agreement with experiment.**? Results in
Table 3 show that also here results obtained at the AE and ECP
levels deviate although by ~10-15 em™", this is no doubt less
than in the case of the M06 and M06-2X but still noticeable.
Here, one will be tempted to attribute this difference to the
range separation parameter which, as shown by Phillips and
Peralta,” has a significant influence on the calculated results.
In the best scenario, the range separated functionals deviate
from experiment by 30%.

The fact that exchange-correlation functionals that provide
an almost quantitative description of antiferromagnetic com-
pounds fail to describe the differences exhibited along a series
of ferromagnetic dinuclear Cu(i1) complexes is likely to be due
to the different types of electronic correlation effects governing
the magnetic coupling. In the case of antiferromagnetic com-
pounds, the largest contributions correspond to metal to metal
and metal to ligand excitations. The first ones correspond to
the well-known superexchange mechanism®®*° which appear
already at the CASSCEF level and are essentially the result of non-
dynamical correlation. The second ones involve double excita-
tions from the reference CASSCF wave function to the virtual
orbitals*"*? and are described reasonably well by second order
perturbation theory based methods,*® although one must also
be aware of possible artifacts due to the slow convergence of the
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perturbation series.** In the case of ferromagnetic compounds,
the main contribution comes from direct exchange*"** and it is
necessary to go well beyond double excitation from the refer-
ence space to improve the description. It is likely that this is the
origin of the difficulties of the present exchange-correlation
functionals in describing ferromagnetic interactions.

5. Conclusions

A new series of seven dinuclear Cu(i) compounds with a common
triple bridge consisting of hydroxo, aquo and carboxylato ligands
has been synthesized, the crystal structures were solved and the
magnetic properties studied by EPR and magnetic susceptibility
measurements as a function of temperature. The seven com-
pounds thus obtained exhibit ferromagnetic coupling which is a
consequence of the topology introduced by the type of bridging
ligands as previously shown.'®™” Nevertheless, the magnetic
coupling constant J between the Cu centers spans a rather broad
range from 73 to 104 cm™ " which is clearly governed by the
different external ligands. These affect the Cu- - -Cu distance and
the Cu-OH-Cu bonding angle which indeed appear to be reason-
able structural parameters defining magnetostructural correla-
tions. Nevertheless, these trends are far from being quantitative.

The magnetic coupling in these triple bridged dinuclear
compounds has been examined by a series of density functional
methods going from simple hybrids such as B3LYP and
BHHLYP to the M06 and M06-2X meta-hybrid and including
also the HSE and LC-oPBE range separated functionals. Inter-
estingly, all these methods consistently predict the compounds
to be ferromagnetic but all fail to reproduce the variation from
compound to compound. In fact, for a given functional, the
calculated J values along the series are almost constant and, in
some cases very far away from experiment. The best results are
provided by the BHHLYP functional where results obtained at
the AE and ECP levels are also close to each other. The M06-2X
functional, which contains a similar amount of Fock exchange,
also predicts values in the experimental range although here
the AE and ECP calculated values differ by a noticeable amount.
The popular B3LYP functional largely overestimates J and this
is also the behavior of M06 which contains a similar amount of
Fock exchange. In addition, M06 calculated values depend on
whether the Cu core electrons are treated with AE or with a
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small core ECP. This is similar to the behavior described above
for the M06-2X and the origin remains unclear. Finally, the HSE
and LC-oPBE range separated functionals which have found to
perform the best in previous work dealing with a family of
compounds spanning a broad range of values, from moderately
ferromagnetic to strong antiferromagnetic, fail to reproduce
the order of magnitude of J for the present new compounds.
Furthermore, AE and ECP values obtained with the range separated
functionals differ, which may be due to the inadequacy of the
standard parameter governing range separation.

Therefore, the most important conclusion of the present
work is that while the different exchange-correlation func-
tionals explored in this work to investigate the magnetic
coupling constant of the new ferromagnetic Cu(u) dinuclear
compounds properly predict the qualitative nature of the
experimental coupling, none of them is able to reproduce the
trend in ferromagnetism along the series, and only BHHLYP
predicts values in the experimental range. It is likely that the
origin of the difficulties of the present exchange-correlation
functionals in describing ferromagnetic interactions is due to
the fact that a proper description in terms of wave function
based methods requires including higher order terms in the
perturbation treatment or, equivalently, to go beyond double
excitations out of the CASSCF reference wave function defined
by the magnetic orbitals only.”> Clearly, the current density
functional needs to be further improved to be able to properly
describe ferromagnetism. The present series of compounds
provides an excellent playground to test new and improved
functionals.
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The crystalline Co™ coordination compound with empirical formula [Co(Hampy),(H,0)4](SO4)>(H,0); (1); ampy =
4-aminomethylpyridine was obtained. The structure contains a mononuclear [Co(Hampy),(H,0)4]*" cation unit, two
sulfate ions, and three lattice water molecules. The Co® " cation shows an elongated octahedral geometry comprised of four
oxygen atoms from water molecules at equatorial positions and two nitrogen atoms from Hampy ligands which are
protonated at NH,. Each mononuclear cation unit is assembled by intermolecular hydrogen bonding and 7w stacking
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network. Investigations of the dynamic structural behaviour demonstrate that the title compound exhibits a solvent-
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Introduction

Recently, flexible and dynamic coordination compounds, which
can change their structures in response to external stimuli, have
attracted growing interest since they are important for the
development of certain devices and sensors." ™ Structural
transformations involving coordination polymers and networks
have been studied more recently.l” '®! These kinds of solid-state
structural transformations not only directly reflect the relation-
ship between the structures involved but can also affect the
properties of coordination polymers with small structural
changes. Several types of structural transformations are pri-
marily influenced by the following pathways, including
expansion of the metal coordination number, thermal dissocia-
tion/association, condensation, rearrangement of bonds, or the
removal or exchange of solvents.!'”? The guest-induced crys-
talline-to-amorphous transformation and the guest-induced
backward transformation are typically found in the dynamic and
flexible coordination frameworks supported by weak intermo-
lecular interactions, such as hydrogen bonds, m—r stacking, van
der Waals forces, and others. Therefore, the guest molecules
may also play a key role by acting as an essential support to the
cavity of the host framework.!'® "]

From our previous work, we reported the reversible thermal
dehydration and rehydration of the supramolecular frameworks
[M(H,0)4(ampyz),][M(H,0)6](S04)2(H,0), (M= Co", Fe'' and

Journal compilation © CSIRO 2013

mixed Co"/Fe", ampyz =2-aminopyrazine)*!! and Co"-3,
5-pyridinedicarboxylate compounds.”*) These compounds
exhibit water-induced reversible crystal-to-amorphous transfor-
mations with chromotropism. The reversibility is driven by very
strong hydrogen bonding between lattice and coordinated water
molecules and sulfate anions. In this contribution, it is clearly
known that sulfate is found as a framework former which has
diverse coordination chemistry to transition metal ions, some-
times displaying more than one coordination mode in a single
framework. Sulfate is also a very suitable anion for the con-
struction of hydrogen-bonded networks because it readily forms
strong hydrogen bonds.** In our study, we sought to synthesise
coordination compounds with strong (classical) hydrogen-
bonding properties of the sulfate anion to produce solids which
featured both coordination polymers and hydrogen-bonding
motifs in the extended structures. During achieving this aim,
we successfully synthesised a new 3D supramolecular frame-
work [Co(Hampy),(H,0)4](SO4)>(H,0); which contains strong
intermolecular hydrogen bonding generated from coordinated
and uncoordinated water molecules, amino, and sulfate groups.
This compound shows a reversible crystal-to-amorphous trans-
formation upon desorption and resorption processes, which is
verified by elemental analysis, thermogravimetric analysis
(TGA), X-ray powder diffraction (XRPD), as well as spectro-
scopic identification.

www.publish.csiro.au/journals/ajc
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Experimental
Materials and Measurements

All reagents were commercial grade materials and were used
without further purification. The IR spectra were recorded as
KBr discs on a Perkin—Elmer Spectrum One FT-IR spectro-
photometer in the 4000-450 cm ™' spectroscopic range. Solid-
state (diffuse reflectance) electronic spectra were measured as
polycrystalline samples on a Perkin—Elmer Lambda2S spec-
trophotometer, within the range 200-1100nm. Elemental
analyses (C, H, and N) were determined using a Perkin—Elmer
PE-2400 CHNS/O Analyzer. TGA was perform with a Perkin
Elmer Pyris Diamond TG-DTA between 30 and 800°C in a N,
atmosphere with a heating rate of 10°C min~' by using a-Al,O5
as a standard material. The XRPD data were collected on a
Bruker D8 ADVANCE diffractometer using monochromatic
Cux,, radiation, and the recording speed was 1 s step™ ! over the
20 range of 5-50°C at room temperature.

Synthesis of [Co(Hampy),(H»0)41(SO4)»(H20)5 (1)

An aqueous solution (10mL) of Co(SO,4)-7H,O (0.2810g,
1.0mmol) was added to a methanolic solution (S5mL) of
4-aminomethylpyridine (ampy, 0.1081 g, 1.0 mmol). A metha-
nolic solution (5mL) of NaN;3 (0.0655 g, 1.0 mmol) was then
added. After 3 weeks, orange crystals were obtained. Yield
~75%. Anal. Calcd for C12H32N401582C0: C 2420, H 542,
N 9.41. Found: C 24.13, H 5.37, N 9.27 %. Vpax (KBr)/cmf1
3319s v(O-H), 1625m, 1524m and 1429m v(C=C),
1176s, 1108vs, 1089vs, and 1022s v(S-0), 825 §(N-H), 661m
8(C—C). Amax (diffuse reflectance)/cm™' 20408, slightly less
than 9000.

Dehydration was performed by heating single crystals of
1 to 200°C in air and maintaining this temperature for 2h,
resulting in the dehydrated form. The rehydration process
was performed by exposing the evacuated sample in air for
24 h. The solvent-induced reversible structural transformation
properties were also tested for various solvents (methanol,
ethanol, acetone, acetonitrile, dichloromethane, and hexane)
by exposing the dehydrated samples to solvent vapour for
1 day at room temperature and heating the solvated samples
at 200°C for 20 min. These processes were verified many
times to repeat the reversibility of the de- and readsorption
processes.

Crystallography

The X-ray single-crystal data was collected at 293 K. Reflection
data were collected on a 1K Bruker SMART APEX CCD area-
detector diffractometer using rotating mode, graphite-
monochromated Moy, radiation (4 0.71073 A) at a detector
distance of 4.5 cm and swing angle of —30°. Raw data frame
integration was performed with SAINT,**! which also applied
correction for Lorentz and polarization effects. An empirical
absorption correction was applied using the SADABS pro-
gram,*>! which resulted in transmission coefficients ranging
from 1.000 to 0.897. The structures were solved by direct
methods and refined by full-matrix least-squares methods on
(Fops)* using the SHELXTL-PC Version 6.12 software pack-
age.”®! All hydrogen atoms were located by difference synthesis
and refined isotropically. The details of crystal data, selected
bond lengths and angles are listed in Tables 1 and 2. For the
water lattice molecule, the oxygen atom (O15) was disordered
with site occupancies of 0.5.

A. Cheansirisomboon, C. Pakawatchai, and S. Youngme

Table 1. Crystallographic data for compound [Co(Hampy),(H,0),]

(504)2(H,0)3 (1)
Parameter 1
Formula CoC,H3,N4045S,
Formula weight 595.47
T[K] 293(2)
Crystal system Monoclinic
Space group P2(1)/c
a[A] 9.4969(5)
b [A] 18.005(1)
c[A] 14.7005(8)
o [deg.] 90.00
B [deg.] 108.213(1)
7y [deg.] 90.00
VA% 2387.8(2)
VA 4
De [gem ™3] 1.656
p[mm '] 0.971
F(000) 1244
Crystal size [mm?] 0.048 x 0.184 x 0.188
Number of reflection collected 33049
Number of unique reflection [Rj,] 5923 (0.0487)
Data/restraints/parameter 5923/0/444

GOF 1.131
Final R indices [/ > 2a(1)] R, 0.0714, wR; 0.1574
R=Z||F,| — [F|VZEIF|
Ry = [Ew{[[Fo| — |Fell}/ZwlFo 1"
R indices (all data)
Max/min electron density [e A3]

R, 0.0871, wR, 0.1665
1.743/—0.653

Table 2. Selected bond lengths [108] and angles [deg.] for compound 1

Bond distances

Co-01 2.101(3) Co-04 2.087(3)
Co-02 2.063(3) Co-N1 2.156(3)
Co-03 2.079(3) Co-N2 2.168(3)
Bond angles

01-Co-02 88.33(15) 03-Co-Nl1 93.69(14)
01-Co-03 179.16(15) 04-Co-N1 89.11(13)
01-Co-04 91.49(14) O1-Co-N2 93.00(13)
02-Co-03 91.58(16) 02-Co-N2 92.00(14)
02-Co-04 179.33(14) 03-Co-N2 87.84(14)
03-Co-04 88.59(16) 04-Co-N2 88.66(13)
01-Co-NI1 85.47(13) NI1-Co-N2 177.27(12)
02-Co-N1 90.23(14)

Results and Discussion
Spectroscopic Characterisations

The IR spectrum of compound 1 shows a strong band in the
region 3400-3000cm ' which is assigned to the stretching
v(N-H) of the primary amine in the Hampy ligand overlapping
with the v(O-H) of water molecules. The NHj scissoring
mode®”! shows a medium band at 1625 cm ™" and the strongest
bands due to SO3~ stretching vibrations are observed around
1100 cm™".*®! Those of the dehydrated materials show similar
spectra to that of the original crystalline compound 1, but the
broad band of v(O-H) of water molecules disappeared. The
solid-state UV-vis diffuse reflectance spectrum of 1 agrees with
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Fig. 1. Crystal structure and atomic labelling scheme of [Co(Hampy),(H,0)4](SO4)2(H,0); (1) (ampy =
4-aminomethylpyridine). The ellipsoids are shown at a 50 % probability level.

Fig. 2.

1D structure of compound 1 connected by face-to-face m—r interactions between pyridine rings of the Hampy ligand

(ampy = 4-aminomethylpyridine). Hydrogen atoms, sulfate anions, and lattice water molecules are omitted for clarity.

the typical d—d transition of high-spin Co" in an octahedral
geometry with two observed bands at 20408 cm ™' (490 nm) and
slightly less than 9000 cm ™' (1100 nm), which are assigned to
the 4T1g — 4T1g(P) and 4T1g — 4T2g transitions, respectively,
the 4T1g - 4A2g transition expected at around 600 nm was not
observed. The band around 28571 cm ™' (350 nm) appears due to
a charge transfer transition and internal transition within
Hampy.

Crystal Structure of [Co(Hampy),(H>0)4](SO.4)2(H,0); (1)

Compound 1 crystallizes in the monoclinic crystal system with
the P2,/c space group. The crystal structure of 1 consists of a
compound cation, two sulfate anions, and three water molecules
as shown in Fig. 1 together with the numbering scheme. Selected
distances and angles are listed in Table 2. The Co" ion exhibits a
distorted octahedral coordination through four aqua ligands with
the average Co—O distance of 2.0825(1) A composing the basal
plane and two frans-nitrogen atoms from the monodentate
Hampy ligand with Co—N distances of 2.156(3) and 2.168(3) A
occupying the axial sites. Both Hampy ligands are protonated
at NH,, leading to a mononuclear cation unit [Co
(Hampy)»(H,0)4]*". The Co-Nyampy lengths in the title

compound are in good agreement with the corresponding
distances reported for other mononuclear Co" compounds
such as [Co(na),(H,O)4](sac), [Co-N: 2.153(1) 10\],[29]
[Co(ina),(H,0)4](sac), [Co-N: 2.169(1)A]R” but slightly
different from those found in [Co(dmpy),](sac)2(H,0), [Co-N:
2.034(2) A] (na=nicotinamide, sac =saccharine, ina=
isonicotinamide, dmpy = 2,6-dimethanolpyridine).*"! The Co—
Oaqua distances are in good agreement with those found in
[Co(4-acpy)>(H,0)4](sac), [Co—O: 2.068(1)-2.099(1) A2
and [Co(mein),(H,0)4](sac), [Co-O: 2.085(2)—2.099(1)1&]
(4-acpy = 4-acetylpyridine,  mein = methylisonicotinate).”**’
The basal plane is planar with a slight tetrahedral twist of 1.05°
and the Co atom lies 0.136 A above the basal plane towards the
axial site. The bond angles around the octahedron are in the
ranges of 85.47(13)°-93.69(14)° and 177.27(12)°-179.33(15)",
which are close to the ideal octahedral geometry. In the extended
molecular structure each mononuclear cation unit is linked by
m—r stacking by pyridine rings of Hampy moieties to build a 1D
chain (Fig. 2). Moreover, these chains are supported by elec-
trostatic forces and the intermolecular hydrogen bonds involv-
ing oxygen atoms of sulfate anions, amine moieties on Hampy
(N3 and N4), coordination waters in the [Co(Hampy),(H,0),]*"
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Fig. 3.

3D packing structure of compound 1 in the bc plane formed by intermolecular hydrogen bonding (blue dot

lines) among layers through Hampy (ampy = 4-aminomethylpyridine), sulfate anions, and lattice and coordinated

water molecules.

unit (O1-04), and lattice water molecules, to provide an entire
3D supramolecular structure of 1 as shown in Fig. 3. Details of
hydrogen bonds are summarised in Table 3.

Thermogravimetric Analysis

The TGA was recorded for the crystalline samples in the tem-
perature range 30-800°C. The TGA curve of compound 1 is
shown in Fig. 4. The first step of weight loss in the temperature
range 30-180°C (found: 22.05% and calc.:21.17 %) corre-
sponds to the loss of all seven water molecules per formula unit,
resulting in the dehydrated form of [Co(Hampy),(SO4),] (1A).
This dehydrated form of 1A is stable up to approximately 200°C
and then rapidly decomposes to unidentified products.

Solvent-Induced Reversible Crystal-to-Amorphous
Transformation Properties

Compound 1 contains both guest water and coordinated water.
In order to obtain more insight into the dynamic properties
relative to these water molecules, the dehydration and rehy-
dration processes were performed and verified by elemental
analyses, TGA, XRPD, and spectroscopic techniques.

Interestingly, the water molecules can be readsorbed fully by
exposing the evacuated samples to water vapour at room tem-
perature, evidenced by elemental analysis. The heating and
exposing procedures were repeated several times to demonstrate
the reversibility of the de- and rehydration processes.

The most distinguished feature of the crystals of 1 is that they
undergo a water-induced reversible crystal-to-amorphous trans-
formation with chromotropism driven by thermal dehydration
and rehydration. When the single crystals of 1 were heated to
200°C in air and maintained at this temperature for 2 h, these
crystals suddenly lose crystallinity and the colour changes from
orange (1) to purple (1A). The elemental analysis (Anal. Calc.
for Ci,H;sN405S,Co:C 30.71, H 3.87, N 11.94. Found:
C30.48,H3.70,N 12.29 %) and XRPD results (Fig. 5¢) indicate
that the chemical composition of the non-crystalline solid is
[Co(Hampy)»(SO4)-] (1A) in an amorphous powder which is
formed by the collapse of the supramolecular structure of
1 accompanied with the destruction of the hydrogen bonding
network when all water molecules are removed. Interestingly,
the amorphous form 1A can be restored to the crystalline form
[Co(Hampy),(H,0)4](SO4)>(H>0); (1’) in which the colour
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Table 3. Hydrogen bonds of compound 1

D-H.--A D-H H-A[A] D-A[A] D-H-A [deg]
O(1)-H(1A)---0(6)' 0.73 1.99 2.6942 163
O(1)-H(1B)---O(6)" 0.75 2.06 2.8017 169
0(2)-H(2A)---0(5)" 0.76 1.90 2.6598 174
0(2)-H(2B)---0(9)" 0.73 2.02 2.7428 175
0(3)-H(3A)---0(7) 0.79 2.03 2.8024 165
O(3)-HGB)--O(11)"  0.64 2.10 2.7272 166
O(4)-H(4A)--O(10)"¥  0.84 1.88 2.7129 171
O(4)-H(4B)--0(15))  0.66 1.98 2.6312 168
O(4)-H(4B)--O(15A)"  0.66 1.99 2.6413 167
N@3)-H(5)--0(6)"! 0.90 2.04 2.8962 158
N(3)-H(6)---0(14)" 0.92 1.85 2.7581 174
N3)-H(7)---0(11) 0.94 1.87 2.7950 170
N(4)-H(8)---0(12)’ 0.90 1.98 2.8758 176
N(4)-H(9)---0(10)" 0.91 1.98 2.8266 156
N(4)-H(9)--0(15A)" 091 2.55 3.0393 115
N(4)-H(10)--O(13)  0.85 1.95 2.7606 160
O(13)-H(13A)--0(12)  0.75 2.02 2.7682 177
0(13)-H(13B)--0(7)  0.73 2.13 2.8422 166
O(14)-H(14A)--0(9)  0.85 2.08 2.8644 153
O(14)-H(14B)--0(8)  0.72 2.01 2.7085 163
O(15)-H(15A)--O(7)  0.56 221 2.7621 166
0(15)-H(15B)--0(9)  0.92 1.95 27171 140

ASymmetry codes: (i) —x, —1/2+4y, 12—z (i) x, 12—y, 12+z
(i) =1 +x,p,z; (iv) =1 4+x, 12—y, =124z, (vi) 1 +x, 112 =y, 1/2+z;
V) —2+x, 12—y, —1/2+z.
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Fig. 4. Thermogravimetric analysis curves of as-synthesised 1, the rehy-
drated form 1, the methanolic form 1A-MeOH, and the rehydrated form 1”
after exposed 1A-MeOH in air for 3 h.

returns to the original crystalline one after being exposed in air
for 24 h, as confirmed by the elemental analysis (Anal. Calc. for
C12H3,N40,5S,Co: C 24.20, H 5.42, N 9.41. Found: C 24.10,
H 5.27, N 9.30%) and the XRPD measurement results. The
restored solid has the same XRPD pattern as the simulated one
from the single crystal X-ray diffraction data of 1 (see Fig. 5a, d).
These results suggest the crystalline-to-amorphous and revers-
ible amorphous-to-crystalline transformations in the supramo-
lecular framework of 1 induced by the hydration control.
Furthermore, to verify the solvent-induced reversible structural
transformation properties, the dehydrated [Co(Hampy),(SO4),]
(1A) was further studied with various solvents (methanol,
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Fig. 5. The X-ray powder diffraction patterns for compound 1.
(a) Simulated pattern based on the single-crystal X-ray raw data of 1;
(b) as-synthesised 1; (c¢) dehydrated form 1A that was prepared by drying at
200°C under vacuum for 2 h; (d) rehydrated form 1’ after exposed in air for
24 h; (e) the methanolic form 1A-MeOH after exposed to methanol vapour
for 1 day at room temperature; and (f) the rehydrated form 1” after exposing
1A-MeOH to air for 3 h.

ethanol, acetone, acetonitrile, dichloromethane, and hexane)
by exposing 1A to solvent vapour for 1 day at room temperature.
The results show that the purple colour of solid 1A in all solvent
vapours still remains, excluding in methanol vapour when the
colour changes from purple (1A) to pink (1A-MeOH). The pink
solid 1A-MeOH loses a methanol molecule after exposure to air
for 3 h and the colour returns from pink to the original orange
crystalline sample (1”). Moreover, after heating 1A-MeOH at
200°C for 20 min the colour changes from pink (1A-MeOH) to
purple (1A) which manifests the reversible process with chro-
motropism. Therefore, the rehydrated form 1A was heated and
cooled many times to repeat the reversibility of the de- and
re-adsorption processes. The results exhibit the colour shuttle
change from purple to orange (exposed in air) and from purple to
pink (exposed in MeOH vapour), suggesting the solvent-
induced reversible structural transformation phenomenon.

These dynamic structural behaviours with chromotropism
are summarised as a schematic representation in Fig. 6 and these
were proved by TGA, XRPD, and spectroscopic techniques.
The TGA curve of 1A-MeOH (see Fig. 4, green line)
indicates the release of one methanol molecule from
Co(Hampy),(SO4),(MeOH) (1A-MeOH). The TGA curve of
1” is found to have identical weight loss to that of 1 and 1’,
indicating the same composition. The XRPD pattern of
1A-MeOH and 1” are shown in Fig. 5e, f. When the amorphous
phase 1A is exposed to methanol vapour, the XRPD pattern is
readily converted into the second crystalline form of 1A-MeOH
in which the colour changes to pink and then returned to the
original orange crystalline form 1” after evaporation of methanol
in air for 3 h.

In addition, the reversibility of the water or methanol
adsorption and the change in the coordination environment
can be visualised by the change in colour of the compound.*%
This change of colour can be attributed to the change of the
crystal field splitting of the central Co®" ions during the
adsorption and removal of solvent molecules. The change in
colour of the Co compound prompted us to study the change in
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Fig. 7. The UV-vis diffuse reflectance spectra of as-synthesised 1, the
dehydrated form 1A, the rehydrated form 1’, the methanolic form
1A-MeOH, and the rehydrated form 1”.

electronic transitions in the samples. For this, the solid-state
UV-vis diffuse reflectance spectra as shown in Fig. 7 clearly
show that the bands observed in 1, 1’, and 1” correspond very
well to the identical transitions causing the same colour of
products, and evidence that 1, 1’, and 1” have the same Co*"
environments. Whereas the amorphous form 1A shows the
different d—d transitions with two broad bands at 575 and around
1100 nm, and two shoulders at around 660 and 417 nm, giving
the distinctive purple colour. The higher energy shoulder at
417nm is due to a charge transfer transition and internal
transition within Hampy. That of the crystalline form
1A-MeOH agrees with the typical d—d transitions of high spin
Co? " in distorted octahedral geometry with two broad bands at
540 and 1050 nm, with a shoulder around 640 nm, which are
assigned to the 4T1g — 4T1g(P), 4T1g — 4T2g, and 4T1g — 4A2g
transitions, respectively. The first broad band at 540 nm shows a
similar characteristic to that of the original crystalline form but

Purple

A. Cheansirisomboon, C. Pakawatchai, and S. Youngme

1 ’
Rehydrated

,%

Rehydration
in air 24 h
—_—
A ————
Dehydration
200°C,2h

i.

Orange

Desolvation
200°C, 20 min

Rehydration
inair3h

Changes in colour during de- and re-adsorption of water and methanol molecules in crystalline sample 1.

slightly shifted around 50 nm to lower energy, resulting in the
distinctive pink colour. The chromotropic behaviour of this
compound is principally ascribed to the changes of the d-orbital
energy level, induced by the drastic change in the coordination
environments around the metal centre during de- and read-
sorption processes.*®! As found in nature, cobalt-containing
metal-organic frameworks (MOFs) can have a wide range of
colours which make it easy, in many cases, to identify different
phases. The most common colours are a very light pink for
octahedral coordinated ones and an intense blue for tetrahedral
coordination. For distorted octahedra, the pink colour can
intensify to orange, dark red, purple, and violet depending on
the ligand and the type of distortions.*”! All of the results
confirm the solvent-induced reversible transformation with
chromotropism in the supramolecular network of 1 and are
indicative of the high selective recognition of 1A to water
molecules. The selective methanol accommodation with chro-
motropism in dehydrated 1A when compared with many sol-
vents excluding water could be attributed to the proper size of
methanol molecules and weak host—guest interactions.
Interestingly, the conspicuous dynamic behaviour of 1 is
similar to that found in our previously published data of the
mononuclear  compounds  [M(H,0)4(ampyz),][M(H,0)s]
(SO4)2(H,0), (M:COH, Fe'', and mixed Co'/Fe'; ampyz =
2-aminopyrazine) which exhibit crystal-to-amorphous transfor-
mations with chromotrophism.*!! Both 1 and those previous
compounds contain abundant hydrogen donors and hydrogen
acceptors from coordinated and uncoordinated water molecules,
amino, and sulfate groups to generate the intermolecular
hydrogen-bond interactions as well as — stacking. Thus, they
have more accessible intermolecular hydrogen bonding that is
able to trigger the reversible crystal-to-amorphous transforma-
tion after de- and re-adsorption processes. In contrast, the
reversible process is not found for the 2D framework of
[Co(pydec)(H,0),],, (pydc = 3,5-pyridinedicarboxylate).[*?)
This structure was not recovered but changed to another crys-
talline form of a polymeric chain of [Co(pydc)(H,0)4],,(H,0),
after the water re-adsorption process, and the reversibility takes
place between this resulting 1D compound and the dehydrated
amorphous form after de- and rehydration processes. This may
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be due to the fewer intermolecular interactions in the original
structure which are not enough to trigger the structural transfor-
mation to the original 2D framework as compared with that of
the title compound 1.

The process of reversibility between the amorphous and
crystalline materials only take place in the presence of the water
and methanol, and this could be a dissolution/recrystallization
process rather than a solvent-induced solid-state reaction as this
involves structural reorganization of the supramolecular frame-
work or rearrangements of the molecules interacting by inter-
molecular hydrogen bonds and non-covalent contacts.*®!

Conclusion

In summary, [Co(Hampy),(H,0)4](SO4)>(H,0); with a three-
dimensional supramolecular framework has been successfully
prepared and structurally characterised. The crystal structure
shows a network of mononuclear units which contain intermo-
lecular m—r stacking and hydrogen-bonding interactions stabi-
lising the whole structure. Thermal decomposition, elemental
analysis, XRPD, and spectroscopic results indicate that the
transformation from the crystal form of [Co(Hampy),(H,0)4]
(SO4)>(H,0); to the amorphous powder of [Co(Hampy),(SO4),]
is reversible with the colour changes. The original crystalline
form is recovered from the collapsed amorphous sample by the
restoration of water molecules. Moreover, the dried amorphous
powder also transforms to the second crystalline form Co
(Hampy),(SO4),(MeOH) after exposure to methanol vapour
and then recovered to the original one in air. Thus the desorp-
tion/resorption processes involving the weak intermolecular
interactions can trigger the reversible crystal-to-amorphous
transformation with chromotropism for compounds 1 and the
dried amorphous powder of [Co(Hampy),(SO4),] may be
applied as an indicator for humidity and methanol vapour.

Supplementary Material

CIFs and CheckCIFs for compound 1 are available on the
Journal’s website. CCDC number 899500 contains the supple-
mentary crystallographic data for the title compound. This data
can be obtained free of charge through http://www.ccdc.cam.ac.
uk/conts/retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223-336-033; or email: deposit@ccdc.cam.ac.uk.
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A new flexible 3D supramolecular framework, [Co(4,4"-bipy)(pro),(H,0)] (1) (4,4’-bipy = 4,4’-bipyridine and
pro = propionate) has been prepared and structurally characterized. This compound crystallizes in monoclinic,
space group P2;/c. Each Co(lI) cation shows an octahedral geometry. The Co(II) ions are assembled by the
bridging propionate and 4,4’-bipyridine ligands in c and a axes, generating an infinite 2D layer. These 2D layer
networks are further linked to one another by hydrogen bonding interactions, leading to a 3D supramolecular
framework. Interestingly, compound 1 exhibits water-induced reversible crystal-to-amorphous transformation
with chromotropism confirmed by spectroscopic techniques, elemental analysis, TGA, and XRPD. Thus,
dehydrated amorphous form, Co(4,4’-bipy)(pro), (1A), may be utilized as an indicator for humidity.

© 2014 Elsevier B.V. All rights reserved.

The construction of metal-organic frameworks (MOFs) is currently
attracting considerable attention because of their intriguing molecular
topologies and crystal packing motifs, along with their potential
applications such as adsorption, separation, ion exchange, catalysis,
magnetism, optics, and electrical conductivity [1,2]. One of the impor-
tant properties of MOFs is the framework flexibility which exhibits
solid-state structural transformations with breaking, making, or
rearrangement of bonds driven by chemical stimuli [3-5]. The structural
transformations are generally accompanied by removal or exchange of
guest, changes in coordination number of metal containing nodes, and
conformational changes in flexible parts of organic ligands [3]. The
water-induced structural reversible transformation is typically found
in the dynamic and flexible coordination frameworks supported by
weak intermolecular interactions, such as hydrogen bonds, - stack-
ing, van der Waals forces, and others. Therefore, the solvent molecules
may also play a key role by acting as an essential support to the structure
of the host framework and it is important for expanding the field of
crystal engineering by controlling the weak interaction of MOFs [3-5].

From our previous work, the reversible thermal dehydration and re-
hydration of 1D coordination framework [Co(3,5-pydc)(H20)4]n(H20)y;
3,5-pydc = 3,5-pyridinedicarboxylate have been reported [6]. The

* Corresponding author. Fax: +66 4320 2373.
E-mail address: sujittra@kku.ac.th (S. Youngme).

http://dx.doi.org/10.1016/j.inoche.2014.03.015
1387-7003/© 2014 Elsevier B.V. All rights reserved.

reversibility is driven by strong hydrogen bonding between guest
water and coordinated water molecules and other components. Without
guest water like a 2D coordination network [Co(3,5-pydc)(H;0).],, the
irreversibility is observed. Herein, we report the contradictory case, the
highly stable 3D supramolecular framework [Co(4,4’-bipy)(pro),(H,0)]
(1). Its 2D coordination layers are assembled by hydrogen bonding inter-
actions, leading to a 3D supramolecular framework. This compound
shows a reversible crystal-to-amorphous transformation upon desorp-
tion and resorption processes.

Single-crystal X-ray structural analysis shows that compound 1 is
a 2D coordination network. The asymmetric unit consists of one
cobalt atom, one 4,4’-bipy ligand, two pro ligands, and one coordinated
water molecule (Fig. 1a, and Fig. S1) [7,8]. Each Co(II) ion exhibits a
distorted octahedral geometry; the coordinate environment comprises
of two O atoms from two different pro bridges, one O atom from
water molecule and one O atom from a monodentate, terminal pro li-
gand, forming a square base (Fig. 1b, Fig. S1 and Table S1), while two
axial positions of octahedron are completed by two N atoms from differ-
ent 4,4’-bipy ligands (Table S1). These Co(Il) ions are linked by the
bridging 4,4’-bipy ligand (N(1) and N(2)) in a axis and the bridging
pro ligand (O(3) and O(4)) along c axis, leading to an infinite 2D layer
network (Fig. 1c and Fig. S2) leaving a water molecule and a remaining
monodentate propionate as the terminal ligands in which both coordi-
nated water and the uncoordinated O(2) of non-bridging propionate
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Fig. 1. Perspective view of 1 showing, (a) asymmetric unit and (b) coordination environment of the cobalt atom. (c¢) Crystal packing diagram of 2D layer structure in ac plane. (d) Crystal
packing diagram of 3D supramolecular network, assembled by hydrogen bonding interactions. [Symmetry codes: A = —x, —y, —z; B= —x,1/2-4+y,1/2-z; C=x,1/2-y,12 + z,i=2 — x,

1—-y1—z]

ligand are hydrogen-bonded (O(5)-H(6w)~0(2)) to one another
(Fig. S3a). These 2D layers of compound 1 are linked to one another
by strong interlayer hydrogen bonding among the uncoordinated O
atom of the monodentate, terminal propionate ligands and H atoms of
4,4'-bipy ligand (C(2)-H(2)~0(2) and C(9)-H(7)~0(2)) with H-O
distances of 2.481(19) and 2.364(19) A (see Table S2), leading to a 3D
supramolecular framework (Fig. S3b).

To assess the thermal stability, TGA was recorded for the single-
phase polycrystalline samples in the temperature range of 30-800 °C.
During the heating process, the TGA profile of 1 indicates the release
of one coordinated water molecule at the first step of weight loss

1 1A

As-synthesized

Dehydrated

which is in the temperature range of 100-134 °C (found, 3.81%; anal.
calcd, 4.21%), resulting to the dehydrated form of Co(4,4’-bipy)(pro),
(1A), which is stable up to =215 °C and then the structure rapidly
decomposes at higher temperature, as shown in Fig. S4.

The dynamic structural behaviors of 1 relating to their dehydration
and rehydration processes are studied by elemental analyses, XRPD,
and spectroscopic techniques. When the single crystals of 1 were heated
to 150 °Cin air for 20 min, these crystals suddenly lose their crystallinity
and the color changes from orange (1) to pink (1A). Then this non-
crystalline solid was exposed to water vapor for 12 h and the color of
the solid 1A was returned to that of the original crystals 1/, as shown

1

Rehydration Rehydrated

Dehydration

—_—
150 °C

20 min

water vapor
12 h.

—
Dehydration

150 °C

Pink

20min

Orange

Fig. 2. Change in color during de- and rehydration in crystalline sample.
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in Fig. 2 and Fig. S5. For this, the solid-state UV-vis diffuse reflectance
spectra as shown in Fig. S6, clearly show that the bands observed in 1
and 1’ correspond very well to the identical transitions causing the
same color of products, and evidence that 1 and 1’ have the same
Co(Il) environments. This spectral feature agrees with the typical d-d
transitions of high spin Co(ll) in distorted octahedral geometry with
two broad bands at 471 and 1180 nm, assigned to the vs: 4T1g —
“T14(P) and vy: *Ty; — *Tay, transitions, respectively [9]. Whereas the
amorphous form 1A shows different d—d transitions with three broad
bands, v3: *T1g — “T14(P) which is splitted into two shoulders at around
484 nm and 518 nm (“Eg and *Ayg), v2: *T1g — *Asg at 656 nm and then
vy: Ty — Ty which is splitted into two shoulders at around 934 nm
and 1337 nm (“Byg and “Eg), giving the distinctive pink color and
corresponding to the tetragonally distorted octahedral geometry [9].
Furthermore, the IR spectra also confirm the structural transformation
behavior in 1, as shown in Fig S7. In 1A, the broad and strong peaks of
O-H stretching around 3300 cm™~! and H-0O-H bending around
1500-1600 cm™ ! of coordinated water molecule disappear, resulting
to the sharper IR spectrum with different splitting feature and a shift
in some peak positions. In contrast, these features are removed in the
IR spectrum of the rehydrated form 1/, which are identical to that of
the as-synthesized 1. The XRPD pattern of the as-synthesized product
closely match the simulated one from the single-crystal data (Fig. S8).
However, the XRPD pattern of dehydrated 1A shows peak disap-
pearance, indicating that the dehydrated Co(4,4’-bipy)(pro), (1A)
is in an amorphous phase (anal. calcd: C, 53.19; H, 5.02; N, 7.75%.
Found: C, 52.26; H, 5.04; N, 7.61%) which is formed by the collapse of
supramolecular structure of 1 accompanied with the destruction
of hydrogen bonding networks when all water molecules are
removed. Interestingly, this amorphous phase 1A can be restored
to the original crystalline phase of 1’ in which the color returns to
that of the original color after being exposed in water vapor for 24 h,
as indicated by elemental analysis with the chemical composition of
[Co(4,4’-bipy)(pro).(H,0)] (1) (anal. caled: C, 50.67; H, 5.32;
N, 7.39%. Found: C, 50.34; H, 5.28; N, 7.42%) and the XRPD measurement
results. The restored solid has the same XRPD pattern as the simulated
one from the single-crystal X-ray diffraction data of 1. This behavior
was also investigated for other solvents vapor such as methanol,
ethanol, acetone, acetonitrile, dichloromethane, DMF and DMSO, but
sensitive only with water vapor.

In the present case, although water molecule does not directly
involve in the reversible crystal-to-amorphous transformation but
induces the strong interlayer hydrogen bonding, after heating, water
molecule is removed with the breaking of O(5) - H(6w)~0(2) hydrogen
bonds in the layer (Fig. S3). This consequently breaks the strong inter-
layer hydrogen bonds (C(2)-H(2)~0(2) and C(9)-H(7)-0(2)) as the
uncoordinated O(2) atom of terminal propionate group may move to-
ward metal center for weak coordination, thus immediately destroying
such hydrogen bonds between layers.

In summary, a new 2D coordination framework 1 has been
successfully prepared and structurally characterized. The layer
networks are linked to one another by hydrogen bonds, leading to
a 3D supramolecular framework. Compound 1 exhibits reversible

structural transformation from the crystal form (1) to the amorphous
powder (1A) with the color changes, triggered by the weak intermolec-
ular interactions during the removal and restoration of water molecule.
This work may have potential application as adsorbent material for
moisture.
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The dinuclear Co" coordination compound with empirical formula [Co,(2,4-pydc),(bpa)(H20)s](H20)2 (1);
bpa = 1,2-bis(2,4-pyridyl)ethane, 2,4-pydc = 2,4-pyridinedicarboxylate anion, has been synthesized and
ocharacterized by elemental analysis, single crystal X-ray diffraction, IR and UV-vis spectra, TGA and XRPD.
Compound 1 is a symmetry-related dinuclear compound consisting of two six coordinated cobalt atoms, one
bpa ligand, two 2,4-pydc ligands and two lattice water molecules. Each Co' ion is coordinated by one oxygen
atom and one nitrogen atom from 2,4-pydc bidentate chelate ligand, one nitrogen atom of bpa bidentate bridging
ligand and three water molecules, giving a distorted octahedral geometry with CoN,0,4 chromophore. The crystal
packing of this compound reveals a novel 3D supramolecular network, formed by hydrogen-bonding and C-H~m
interactions. Investigations of the dynamic structural transformation behavior demonstrate that the title
compound exhibits a solvent-induced reversible crystal-to-amorphous transformation with chromotropism
when exposed to water vapor. This indicates that the dehydrated amorphous form, Co,(2,4-pydc),(bpa)(H,0),

(1A), may be utilized as an indicator for humidity.

© 2013 Elsevier B.V. All rights reserved.

The design and synthesis of extended frameworks via supramolecular
interactions represent a new area of considerable interest [1,2]. In
particular, hydrogen bonding has been exploited for molecular recogni-
tion associated with biological activity, and for engineering of molecular
solids [1,2]. Much progress has been made in the construction of organic
building blocks into 1D, 2D and 3D hydrogen-bonding architectures,
and the use of metal complexes as building blocks to assemble multidi-
mensional frameworks by hydrogen bonding has also attracted much
recent attention [3]. Recently, flexible and dynamic coordination com-
pounds, which can change their structures in response to external stim-
uli, have attracted growing interest since they are important for the
development of certain devices and sensors [4-11]. The guest-induced
crystalline-to-amorphous transformation and the guest-induced re-
verse transformation are typically found in the dynamic and flexible
coordination frameworks supported by weak intermolecular interac-
tions, such as hydrogen bonds, -1 stacking, van der Waals forces,
and others. Therefore, the guest molecules may also play a key role by
acting as an essential support to the structure of the host framework
[12-14]. From our previous works, we reported the reversible thermal
dehydration and rehydration of the supramolecular frameworks,

* Corresponding author. Fax: +66 4320 2373.
E-mail address: sujittra@kku.ac.th (S. Youngme).

1387-7003/% - see front matter © 2013 Elsevier B.V. All rights reserved.
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[M(H20)4(ampyz),][M(H20)6](SO04)2(H20)2 (M = Co", Fe"" and mixed
Co'"/Fe", ampyz = 2-aminopyrazine) [15] and [Co(3,5-pydc)(H20)2]s,
[Co(3,5-pydc)(H20)4]n(H20)n; 3,5-pydc = 3,5-pyridinedicarboxylate
[16] and then [Co(Hampy),(H20)4](SO4)2(H,0)3; ampy = 4-amino-
methylpyridine [17]. The reversibility is driven by strong hydrogen
bonding between lattice and coordinated water molecules and other
components.

Herein, we report highly stable 3D supramolecular framework
[Coa(2,4-pydc),(bpa)(H20)6](H20), (1) which contains strong inter-
molecular hydrogen bonding generated from coordinated and uncoor-
dinated water molecules (Fig. 1). This compound shows a reversible
crystal-to-amorphous transformation upon desorption and resorption
processes, which is verified by elemental analysis, thermogravimetric
analysis (TGA), X-ray powder diffraction (XRPD), as well as spectro-
scopic identification.

Single-crystal X-ray structural analysis shows that complex 1 is a 3D
supramolecular network structure crystallized in the triclinic P-1 space
group [18]. The symmetry-related dinuclear compound consisting of
two six coordinated cobalt atoms, one bpa ligand, two 2,4-pydc ligands
and two lattice water molecules. Each Co" ion is coordinated by one
oxygen atom and one nitrogen atom from 2,4-pydc bidentate chelate
ligand, one nitrogen atom of bpa ligand and three water molecules, this
feature give a distorted octahedral geometry with CoN,O,4 chromophore
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Fig. 1. (a) Perspective view of the coordination environment of the cobalt atom in compound 1. (b) Crystal packing diagram of two-dimensional supramolecular structure of compound 1,
via hydrogen bonding and C-H- interactions b(a) top view and b(b) side view. Hydrogen atoms on aromatic rings are omitted for clarity. (¢) Crystal packing diagram of 3D supramolecular
network of compound 1, assembled by hydrogen bonding interactions. Hydrogen atoms on carbon atoms are omitted for clarity. [Symmetry codes: (i) = 1-x, -y, -z; (a) = 2-x, 2-y, 1-z;

(b) =
(Fig. 1a and Fig. S1). The bpa bidentate bridging ligand links between
both chromophores in the axial positions. The Co1-N and Co1-0 dis-
tances are in the range of 2.1081(14)-2.1466(14) A and 2.0696(15)-
2.1116(16) A, respectively. The selected bond distances and angles are
shown in Supplementary Material. These dimeric units are connected
to each other via hydrogen bonds with distances of 2.724(2), 2.974(2)
and 2.970 (2) A for 06-H6A-02b, 07-H7B--01b and 06-H6B-0lc, re-
spectively and C-H- interactions with distances of 2.78 A for C13-
H13B-Cgle, generating two-dimensional network as shown in Fig. 1b
and Fig. S2. Details of the hydrogen bonding are given in Table S1.
These 2D layers are assembled into a three-dimensional supramolecular
framework as by hydrogen-bonding interactions through lattice water
molecules with distances of 2.803(2) A, 2.682(2), 2.764(3) and 2.680(2)
for 05-H5B~08, 07-H7A-08d, 08-H8A~04e and 08-H8B-03f and
between coordinated water and caboxylate group of 2,4-pydc ligand
with distance of 2.644(2) A for 05-H5A~04a (Fig. 1c and Fig. S3).
Compound 1 contains both guest and coordinated water molecules.
The stability and dynamic structural behavior of 1 relating to their
dehydration and rehydration processes are studied by TGA, elemental

1

—

Dehydration
200 °C, 40 min

orange

1A

purple

—1+xVy,2(c)=1x1-y,-z; (d) = 1-x,1-y,1-z; (e) = x,-1 + y,zand (f) =1 + x, 1 + y, z].

analyses, powder X-ray diffraction UV-vis and IR spectra, and XRPD.
TGA (Fig. S4) reveals a weight loss of six water molecules in a range of
100-170 °C (calcd 11.6%, obsd 11.3%). When the single-crystals of 1
were heated at 200 °C in air for 40 min, these crystals suddenly lose
their crystallinity and the color changed from orange to purple. Then
these non-crystalline solids 1A were exposed to the laboratory air for
24 h and the color of solids 1A returned to that of original crystals.
Consequently, the bulk sample of 1 was used to study in detail. The
dehydrated 1A was obtained by heating the bulk samples at 200 °C in
air for 24 h and the rehydrated 1’ was obtained by exposing the
dehydrated sample to water vapor for 24 h at room temperature without
condensation (Fig. 2). The XRPD pattern of 1 is shown in Fig. S5. The
elemental analysis, TGA and XRPD pattern results indicate that the chem-
ical composition of the powder is Co(2,4-pydc),(bpe)(H,0), (1A) in an
amorphous phase (Anal. Calcd: C, 46.58; H, 3.61; N, 8.36%. Found: C,
4591; H, 3.92; N, 7.95%). Interestingly, this amorphous phase 1A can
be restored to the original crystalline phase of 1’ in which the color
returns to that of the original after being exposed in water vapor for
24 h, as indicated by elemental analysis with the chemical composition

1’

Rehydration
water vapor, 24 h

Dehydration
200 °C, 40 min

orange

Fig. 2. Change in color during de- and rehydration processes in bulk samples.
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of [Co,(2,4-pydc),(bpe)(H,0)6](H20), (1) (Anal. Caled: C, 40.22; H,
441; N, 7.22%. Found: C, 39.54; H, 4.43; N, 7.06%) and the XRPD mea-
surement results. The restored solid has the same XRPD pattern as the
simulated one from the single-crystal X-ray diffraction data of 1 as
shown in Fig. S5, indicating that 1’ and 1 are the same compound.
These results suggest the crystalline-to-amorphous and amorphous-
to-crystalline transformations in supramolecular network of 1 triggered
by the hydration control. The heating and exposing procedures were
repeated several times to demonstrate the reversibility of the de- and
rehydration processes. Furthermore, this structural change of bulk
sample is accompanied with a remarkable color change (Fig. 2) as con-
firmed by the solid-state UV-vis diffuse reflectance spectra (Fig. S6).
The electronic spectra clearly show that the bands observed in 1 and
1’ correspond very well to the identical transitions causing the same
color of products, and evidence that 1 and 1’ have the same Co"
environments. That of the crystalline form 1 and 1’ agrees with the
typical d—d transitions of high spin Co'! in distorted octahedral geometry
with two broad bands at 498 and 1146 nm, which are assigned to the
T,y > *T14(P), and “T;; — Ty transitions, respectively. The amor-
phous form 1A also shows the same d-d transitions with two broad
bands, but remarkably shifted to 560 (A ~62) and 1190 (A ~44) nm,
resulting in distinctive purple color and corresponding to the high-
spin Co" in distorted octahedral geometry with different type of distor-
tion [19]. The chromotropic behavior of this compound is principally
ascribed to the changes of the d-orbital energy level, induced by the
drastic change in the coordination environments around the metal
center during water de- and resorption processes. In addition, these re-
sults agree with the reversible change of the vibrational band in IR spec-
tra (Fig. S7) where the broader bands are observed for the amorphous
phase. In contrast, this feature is removed for the IR spectra of the
rehydrated form, which are identical to those of the as-synthesized 1.

All of these results confirm the water-induced crystalline-to-
amorphous phase transformation in the supramolecular network of 1
with reversible processes. Remarkably, the reversibility of the water ad-
sorption and the change in the coordination environment can be visual-
ized by the change in color of the compound. This behavior takes place
in water which could be a dissolution/recrystallization process rather
than a solvent-induced solid-state reaction as this involves structural
reorganization of the supramolecular framework or rearrangements of
the molecules interacting by inter-molecular hydrogen bonds and
non-covalent contacts [20].

In summary, a novel 3D supramolecular network formed by
hydrogen-bonding and C-H- interaction, has been synthesized and
structurally characterized. The successful synthesis of 1 shows that
strong intermolecular interactions (C-H-m and hydrogen-bonding
interactions) contribute to the formation of higher-dimensional net-
work. Thermal decomposition, elemental analysis, XRPD, and spectro-
scopic results indicate that the transformation from the crystal form of
[Coy(2,4-pydc),(bpa)(H,0)6](H20), (1) to the amorphous powder of
Co,(2,4-pydc),(bpa)(H,0), (1A) is reversible with the color changes.
The original crystalline form is recovered from the collapsed amorphous
sample by the restoration of water molecules. Thus, the desorption/
resorption processes involving the weak intermolecular interactions
can trigger the reversible crystal-to-amorphous transformation.
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Two new metal-organic frameworks, {[Zn(dpe)(1t-OOCCH3),](H20)}, (1) and {[Zns(dpe)s(p-OOCC,Hs)4]
(dpe)(Cl04)2}, (2) (dpe = 1,2-bis(4-pyridyl)ethene), have been prepared and investigated. Their structures
were determined by X-ray crystallography. The different structures of both compounds indicate that the
different steric constraints for a methyl group (acetato, compound 1) and an ethyl group (propionato,
compound 2), as well as the counteranion effects (ClO4~ for 2), play an important role in the formation
and structure of these coordination polymers. Compound 1 exhibits a 1D zig-zag polymeric chain based
on mononuclear secondary building units. The replacement of the acetate by propionate ligands, in the
presence of additional ClO4~ during the synthesis procedure, gives rise to a 2D network that is assembled
from trinuclear secondary building units (compound 2). In addition, both compounds are further stabi-
lized by n-rn interactions and by hydrogen bonds to form intricate supramolecular frameworks. The
1D (1) and 2D (2) networks exhibit voids that contain guest water molecules for compound 1 and per-
chlorate/dpe for compound 2. Both coordination compounds have been structurally characterized and
the thermal stability, potential cation-exchange and selected catalytic properties have been investigated.
Interestingly, both Zn(II) compounds act as active heterogeneous catalysts for the high-yield cyanosily-
lation of acetaldehyde in dichloromethane and show highly size-selective properties for the substrate
benzaldehyde. The metal sites in each compound have been studied in some more detail by using doped
species with Mn(II) and Cu(II) and the EPR properties.
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1. Introduction

The design and construction of coordination polymers, often
called metal organic frameworks, have attracted great attention
owing to their interesting topologies, their potential applications
in catalysis, gas storage, molecular recognition, and their magnetic,
electrical, and non-linear optical properties [1-10]. Generally, the
preparation of such materials can be influenced by many factors,
such as the nature of organic ligands, the coordination preference
of central metal ion, the crystallization conditions, the metal/li-
gand ratio, and the reaction solvent system, etc. [11-16]. Numer-
ous examples of metal organic frameworks were constructed
making use of hydrogen bonding, 7-7 contacts, and/or other weak
and non-covalent interactions [17,18]. In the vast amount of the re-
ported work, a variety of 1D, 2D, and 3D metal organic frameworks

* Corresponding author. Fax: +66 43 202 373.
E-mail address: sujittra@kku.ac.th (S. Youngme).

0020-1693/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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have been successfully obtained via the use of coordinating func-
tional groups, such as carboxylates, 4,4'-bpy-based ligands, and
mixtures of both carboxylate and 4,4’-bpy ligands [19-22]. In coor-
dination networks in general the 4,4-bpy ligands may act in a
bidentate bridging, or monodentate terminal modes, resulting in
1D linear, zigzag, ladder, molecular antenna railroads and chains,
2D bilayer, square and rectangular grid networks, or 3D non-inter-
penetrated and interpenetrated networks.

Therefore, the diversity and topologies on the molecular archi-
tecture have now been further extended by using a more flexible
organic linker, i.e. 1,2-bis(4-pyridyl)ethene (dpe) (Scheme 1), dur-
ing the synthesis of the coordination assembly and related to re-
cent literature [23-27].

In the present study, the semi-flexible ligand dpe (see Scheme 1),
the effect of the steric hindrance of different carboxylato ligands
(acetato and propionato ligands) and the influence of the nature of
the anion used, on the solid-state structure of the corresponding
coordination materials have been investigated. Thus, multicompo-
nent polymeric networks have been synthesized from zinc(Il) ions,
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Scheme 1. The conformations of rigid ligand 4,4'-bpy and semi-flexible ligand dpe.

dpe and a carboxylato ligand. It appears that their single-crystal X-
ray structures reveal a significant influence of a methyl (acetate)
and an ethyl (propionate) group on the assembly of the coordination
framework, as well as the effect of counteranion on the observed
coordination topology. The compounds {[Zn(dpe)(x-O0CCH5),](H>-
0)} (1) and {[Zn3(dpe)s(u-O0CC;Hs)4](dpe)(Cl04)2}n (2) have been
synthesized and characterized using XRD and EPR of their doped
Mn(II) and Cu(Il) derivatives. The thermal stability and catalytic
properties of both compounds in the cyanosilylation of aldehydes
have been investigated. Furthermore, the potential use in cation-ex-
change for compound 2 has been explored.

2. Experimental
2.1. Materials and physical measurements

All commercially available reagents were used as received. FT-
IR spectra were recorded on a Perkin-Elmer Paragon 1000 FT-IR
spectrophotometer, equipped with a Golden Gate ATR device,
using the reflectance technique (4000-300 cm™'). Elemental anal-
yses for C, H and N were performed with a Perkin-Elmer 2400 ana-
lyzer. Thermogravimetric analyses were carried out using a
Perkin-Elmer Pyris Diamond analyzer in flowing nitrogen at a
heating rate of 10 °C min~'. The X-band powder EPR spectra were
obtained on polycrystalline samples at room temperature and 70 K
using a Bruker EMX-plus spectrometer with DPPH (g = 2.0036) as a
reference.

2.2. Synthesis

2.2.1. Synthesis of {[Zn(dpe)(1-OOCCH3),](H20)},, (1)

An aqueous solution (15mL) of Zn(NOs),-6H,0 (0.306g,
1.0 mmol) was added to a solution of dpe (0.182 g, 1.0 mmol) in
ethanol (10 mL). Next, an aqueous solution (20 mL) of NaO,CCHj3
(0.138 g, 2.0 mmol) was added under continuous stirring. This
solution was allowed to stand unperturbed for the slow evapora-
tion of the solvent at room temperature, producing colorless nee-
dle crystals of 1 after a few days. Yield ca. 69%. Elemental Anal.
Calc. for C;6HgN,05Zn (383.71): C, 50.08; H, 4.73; N, 7.30. Found:
C,50.09; H, 4.84; N, 7.59%. IR (cm™1): v,4(CO0) 1575, v,(CO0) 1416,
3(0-C-0) 644.

2.2.2. Synthesis of {[Zns(dpe)4(1--O0CC,Hs)4](dpe)(ClO4)2}n (2)

An aqueous solution (10mL) of Zn(NOs),-6H,0 (0.313 g,
1.0 mmol) was added to a solution of dpe (0.182 g, 1.0 mmol) in
ethanol (10 mL). Subsequently, an aqueous solution (10 mL) of
NaCOOCH,CHj3 (0.201 g, 2.0 mmol) was added, followed by KClO4
(0.152 g, 1.0 mmol) under continuous stirring. Next, a few drops
of 98% CH3CH,COOH were added, yielding a clear colorless solu-
tion, which was allowed to stand unperturbed for the slow evapo-
ration of the solvent at room temperature. Colorless crystals of 2
were collected from the solution by filtration after several days.
Yield ca. 70%. Elemental Anal. Calc. for C;5H;9CIoN;{gO16Zn3
(1598.46): C, 54.10; H, 4.41; N, 8.76. Found: C, 53.72; H, 4.74; N,
9.07%. IR (cm™1): v,((CO0) 1569, v{(COO) 1417, 5(0-C-0) 643,
V(ClO4) 1104-1045.

Caution! Although no problems were encountered in this work,
perchlorate salts are potentially explosive and should be handled
in small quantities.

2.2.3. Synthesis of {[Zns(dpe)4(1--O0CC,Hs)4](dpe)(ClO04)2}, (2) doped
with Cu?* (2a) and Mn?* (2b)

An aqueous solution (10mL) of Zn(NOs),-6H,0 (0313 g,
1.0 mmol) was added to a solution of dpe (0.184 g, 1.0 mmol) in
ethanol (10 mL). Subsequently, an aqueous solution (10 mL) of
NaCOOCH,CH3 (0.201 g, 2.0 mmol) was added, followed by KClO,4
(0.152 g, 1.0 mmol) and 0.003 g (0.002 mmol) of Cu(NOs3),-3H,0
(or 0.003 g Mn(NOs),-4H,0 (0.002 mmol)) under continuous stir-
ring. Next, a few drops of CH3CH,COOH 98% were added, yielding
a clear colorless solution, which was allowed to stand unperturbed
for the slow evaporation of the solvent at room temperature. After
several days, colorless crystals of 2a (or 2b) were obtained. The
crystals were filtered, washed with the mother liquor and dried
in air. Yield ca. 66% (ca. 58% for 2b). The IR spectra of 2a and 2b
are similar to that of 2.

2.3. Crystal structure determination

The X-ray single-crystal data for compounds 1 and 2 were col-
lected at 293(2) K on a 1 K Bruker smart CCD area detector diffrac-
tometer using graphite monochromated Mo Ko radiation
(4=0.71073 A) at a detector distance of 4.5 cm and swing angle
of —35°. A hemisphere of the reciprocal space was covered by com-
bination of three sets of exposures; each set had a different ¢ angle
(0°, 88°, and 180°) and each exposure of 40 s covered 0.3° in w.
Data reduction and cell refinements were performed using the pro-
gram saINT [28]. An empirical absorption correction by using the
saDABs [29] program was applied, which resulted in transmission
coefficients ranging from 0.642 to 0.823 and 0.600 to 0.680 for
compounds 1 and 2, respectively. The structures were solved by di-
rect methods and refined by full matrix least-squares method on
(Fops)* with anisotropic thermal parameters for all non-hydrogen
atoms using the sHeixTL-PC V 6.12 software package [30]. The H
atoms were introduced at calculated positions and refined with a
fixed geometry with respect to their carrier atoms. One water oxy-
gen atom of 1 and the perchlorate groups of 2 were found disor-
dered and were refined with site occupancies of 0.5. The crystal

Table 1

Crystal and refinement data for compounds 1 and 2.
Compound 1 2
Empirical formula C6H18N205Zn C72H70C1,N19016Zn03
Formula weight 383.71 1598.46
T (K) 293(2) 293(2)
Crystal system Monoclinic Triclinic
Space group P2/c P1
a(A) 9.5897(6) 12.3805(9)
b (A) 5.6970(4) 13.1086(9)
c(A) 17.5177(9) 13.7188(9)
o (°) 90.00 110.40
B(°) 115.035 96.63
v (°) 90.00 112.46
V (A3) 867.12 1847.39
Z 2 1
Dearc (g cm™3) 1.470 1.437
u(mm) 1.443 1.111
F000) 396 824
0 range (°) 2.34-27.99 2.21-28.00
Goodness-of-fit 1.089 1.052
Final R indices R;=0.0371 R;=0.0623
[1>2a6(D)] WR; = 0.1049 WR, = 0.1578

R indices (all data) Ry =0.0403, wR,=0.1089  R; =0.0754, wR, = 0.1709

Ry = SIIFol — IFl/ZIFol, wRz = [SIW(Fs? — F2?1/SIw(F 2112,
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data and refinement details of the both compounds are listed in Ta-
ble 1; selected bond lengths and angles of 1 and 2 are given in Ta-
bles 2 and 3.

2.4. Catalytic reactions

A typical cyanosilylation reaction was performed as follows:
40 mg (0.006 mmol, 0.2 mmol of Zn) of MOF catalyst was sus-
pended in 5 mL of dry dichloromethane (CH,Cl,) or tetrahydrofu-
ran (THF), followed by the addition of the aldehyde (1.5 mmol)
and trimethylsilyl cyanide (3 mmol). The reaction mixtures were
stirred at room temperature under argon. The reaction conversions
as a function of time were determined by gas chromatography (GC)
analysis.

3. Results and discussion
3.1. Synthesis and structure

Crystalline materials were obtained for both compounds pre-
pared from zinc(II) ions, dpe and carboxylato ligands in ethanol-
H,0 solvent mixtures. Other solvent combinations were used, i.e.
methanol-H,0 and acetone-H,0, but the solvent pair ethanol-
H,0 gave the best results in terms of yield and quality of crystals.
Moreover, other counter anions (i.e. PFs~, BF;~ and CF3SO3~) were
examined. Unfortunately, the quality of these crystals was not
good enough for single-crystal X-ray analysis. Compounds 1 and
2 exhibit different topologies, induced by the different carboxylate
ligands used, as well as the counteranion effects (ClO4~ for 2), play
an important role in the formation and structure of these coordina-
tion polymers.

The combination Zn(Il)/dpe/acetate generates a 1D zig-zag
polymeric chain of 1 resulting from the secondary building units
with tetrahedral geometry (Fig. 2(A)). The complete replacement
of acetate by propionate for the case of the ClO, ion results in
the formation of a 2D network (compound 2; Fig. 5). This simple
framework is built from trinuclear propionato-bridged units that
are linked to two adjacent ones, to form a triple-stranded chain.

3.2. Crystal structure of {[Zn(dpe)(u-OOCCH3),](H20)},, (1)

The 1D molecular structure of compound 1 exhibits only one
type of zinc(Il) ion, with a tetrahedral N0, coordination environ-
ment (Fig. 1). Each Zn(II) ion lies on an inversion centre and is sur-
rounded by two oxygen atoms belonging to two acetato ligands
and two nitrogen atoms occupying by two pyridine N-donors from
two different (bridging) dpe moieties. Two acetato ligands [O1 and
O1a] act as a monodentate terminal ligands. The Zn-0 and Zn-N
bond distances can be considered as normal for this type of ZnN,_
0, coordination environment (Table 2) [31]. The distance Zn-02 of
2.982(1) A is too long to be considered as coordination.

The metal organic framework is formed from mononuclear
units which are connected through two dpe ligands to the other
Zn(Il) ions, generating 1D zig-zag infinite chains (Fig. 2A). These

Table 2
Selected bond lengths (A) and angles (°) for 1.
Zn1-O1la 1.939(1) 0la-Zn1-01 100.5(1)
Zn1-01 1.939(1) 0Ol1a-Zn1-N1 124.6(1)
Zn1-N1 2.043(1) 01-Zn1-N1 103.1(1)
Zn1-Nla 2.043(1) Ola-Zn1-N1la 103.1(1)
01-Zn1-N1la 124.6(1)
N1-Zn1-Nla 103.1(1)

Symmetry operation: (a) 1 —x,y, 0.5 — z.

Table 3

Selected bond lengths (A) and angles (°) for 2.
Zn1-02 1.992(6) Zn2-01a 2.095(5)
Zn1-N3 2.124(7) Zn2-01 2.095(5)
Zn1-04 2.171(5) Zn2-N4a 2.146(6)
Zn1-N1 2.183(6) Zn2-N4 2.146(6)
Zn1-N2 2.202(6) Zn2-03 2.185(6)
Zn1-03 2.220(4) 0la-Zn2-N4a 89.8(2)
02-Zn1-N3 99.9(3) 01-Zn2-N4a 90.2(2)
02-Zn1-04 162.0(2) 01a-Zn2-N4 90.2(2)
N3-Zn1-04 98.1(3) 01-Zn2-N4 89.7(2)
02-Zn1-N1 91.6(3) 01a-Zn2-03 88.7(2)
N3-Zn1-N1 89.9(3) 01-Zn2-03 91.3(2)
04-Zn1-N1 89.3(2) N4a-Zn2-03 90.7(2)
02-Zn1-N2 90.6(2) N4-Zn2-03 89.3(2)
N3-Zn1-N2 89.1(3) 01a-Zn2-03a 91.3(2)
04-Zn1-N2 88.7(2) 01-Zn2-03a 88.7(2)
N1-Zn1-N2 177.6(3) N4a-Zn2-03a 89.3(2)
02-Zn1-03 102.7(2) N4-Zn2-03a 90.7(2)
N3-Zn1-03 157.3(3)
04-Zn1-03 59.4(2)

Symmetry operation: (a) —x,2 -y, 1 -z

Fig. 1. Representation of part of the molecular structure of 1 showing the atom
labeling scheme for the zinc(Il) ion. The H atoms are not shown for clarity.
Symmetry operations: (a) 1 —x,y, 0.5 — z.

chains show m-7 interactions along dpe units (with centroid-to-
centroid distances ranging from 3.711(1) to 4.704(1)A) and are
connected to each other producing the closely packed 2D layers
(Fig. 2B). Each layer is linked to one layer above and to one layer
below through hydrogen bonded lattice water molecules forming
“ABAB..” layers (Fig. 2C), and the corresponding schematic mode,
illustrated top layer and bottom layer by blue and green, respec-
tively (Fig. 2D). The corners of these layers, made up by the
Zn(OOCHs3), groups, are surrounded by the disordered water mol-
ecules and all of these are connected to the acetato ligands in cor-
ners via relatively strong O-H---H hydrogen bonding interactions
(05a---02 =2.690(1) A and 05b---02 = 2.865(1) A). Through these
hydrogen bonds the zig-zag layers are connected with each other
via the guest water molecules (05) to form a 3D supramolecular
network with an empty cavity (Fig. 3).

3.3. Crystal structure of {[Zns(dpe )4 1i-OOCCoH5)4](dpe)(ClO4)2}, (2)

The influence of counteranion and steric effect on the molecular
architecture has been investigated by using a propionato ligand
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Fig. 2. (A) 1D zig-zag infinite chain of 1, (B) the n-7 interactions along dpe units
form 2D layers, (C) and (D) each layer is stacked atop of each other to form a square
grid structure in the top view and the corresponding schematic mode.

Fig. 3. 3D packing structure of 1 projected on the bc plane, and illustrating the
intermolecular hydrogen bonding by the dotted lines.

during the synthesis of the coordination assembly from reaction of
the Zn(NOs),-6H,0, dpe and propionato ligand in an EtOH/H,O
mixture with an incorporated ClO,~ anion during synthesis proce-
dure. Indeed, the solid-state structure of compound {[Zns(dpe)s
(u-O0CC;yH5s)4](dpe)(ClO4)2 ), (2), bearing ethyl groups, shows sig-
nificant differences compared to that of 1 (holding methyl groups).

The 2D molecular structure of compound 2 exhibits two differ-
ent types of zinc(Il) ions with octahedral-based N30z (Zn1) and
N,O4 (Zn2) geometries (Fig. 4). Zn1 is characterized by a strongly
distorted octahedral coordination environment, owing to the small
bite angle of the p-0,0’,0’ bridging mode of one of the two propi-
onato ligands (the angle 03-Zn1-04 is only 59.4(2) A; Table 3).
The basal plane is constituted of three oxygen atoms belonging
to two propionato ligands (02, O3 and O4) and one dpe ligand
(N3). The octahedron is completed by two dpe nitrogen atoms

Fig. 4. Representation of the molecular structure of 2 showing the atom labeling
scheme for the zinc(Il) ions. The perchlorate anions, the lattice dpe molecules and
the H atoms are not shown for clarity. Symmetry operations: (a) —x,2 -y, 1 -z

(N1 and N2), at the axial positions, linking Zn1 to two symmetry-
related Zn1a ions, generating a polymeric chain exhibiting the se-
quence {Zn1, Znla, Zn1, Znla,...} along c axis (Fig. 5). The Zn-0
and Zn-N bond distances are in normal ranges for this type of coor-
dination moiety [32].

Zn2 lies on an inversion centre. The coordination environment
around the Zn2 ion is an almost undistorted octahedron, since
the basal angles, varying from 88.7(2)° to 91.3(2)°, are close to
the ideal value of 90°. At the basal plane, Zn2 is coordinated by four
oxygen atoms (01, 03, Ola and 03a) from different propionato li-
gands. The axial positions are occupied by nitrogen atoms N4 and
N4a, belonging to two dpe ligands (located on an inversion centre)
at common distances. Zn2 is bridged to two symmetry-related Zn1
ions via two p1-0,0’- and two p-0,0’,0’-propionato ligands, gener-
ating a linear trinuclear [Zn1a, Zn2, Zn1] cluster (Fig. 5).

The trinuclear [Zn1a, Zn2, Zn1] clusters are connected to each
other, in a head-to-tail fashion, through the coordination of the
zinc(Il) ions by dpe ligands, producing a 1D chain exhibiting the se-
quence {Zn2, Zn2, Zn2,.. .} for the central metal ion and {Zn1, Zn1a,
Znl, Zn1a,...} for the external zinc(II) ions. This arrangement gives
rise to triple-stranded chains, illustrated by the blue, green and
yellow dpe ligands in Fig. 5. These coordination polymeric chains
are compared to those observed for compound 1 (see Figs. 2 and
5). In contrast to the methyl groups in 1, the ethyl groups of the
propionato ligands in 2 do not allow a close packing of the zig-
zag polymeric chains, as the result of steric constraints (Fig. 6). This
spatial organization allows the coordination of dpe ligands at the

Fig. 5. 2D coordination network in 2. The dpe ligands involved in the formation of
trinuclear zinc(Il) units are shown in blue, green and yellow-orange and those
connecting the 1D triple-stranded chains are shown in red. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 6. Illustrations of the steric hindrance due to the acetato methyl groups (shown
in the space-filling mode) in 1 (A) and propionato ethyl groups in 2 (B), which
prevents close contacts between the 1D zig-zag chains.

two external positions of the trizinc moieties (red-colored dpe li-
gands coordinated to Zn1 and Zn1a along a axis; Fig. 5), connecting
the triple-stranded chains to each other to form a 2D network.
Consequently, each layer in 2 exhibits two distinct types of chan-
nels, narrow channels (3.820 x 13.719 A%) within the triple-
stranded chains and larger channels (13.578 x 13.719 A?) between
the triple-stranded chains are found (see Fig. 7). Indeed, the shorter
interlayer Zn. - -Zn separation distance is 7.054(3) A for compound
2, while that of 1 is 9.401(3) A.

The herringbone-type architecture exhibits large cavities that
can accommodate bulky guest molecules, namely non-coordinated
dpe ligands and disordered perchlorate anions (Fig. 7) which are
hydrogen-bonded to each other (O(ClOy)---H-C=2.527(6)-
2.671(6) A. In addition, these guest molecules do significantly
interact with the metal organic framework. The non-coordinated
dpe ligands are hydrogen bonded to pyridine rings of dpe ligands
to adjacent layer (N5.--H-C = 3.471(6)-3.662(6) A) and the disor-
dered perchlorate anions are also hydrogen bonded to the pyridine
rings of the dpe ligands to adjacent layer (O5B.--H-C = 2.459(6)-
2.527(6) A, 06A. - -H-C =2.362(6)-2.617(6) A, 06B.- -H-C=
2.598(6)-2.612(6) A, and O8B..-H-C=2.558(6)-2.675(6) A). This
intricate network of supramolecular bonds produces a three-
dimensional structure.

Fig. 7. Representation of the 2D network of compound 2, illustrating the large
cavities which contain non-coordinated dpe ligands and disordered perchlorate
anions (space-filling mode).

3.4. Effect of the couteranion and carboxylato ligand on the topologies
of compounds 1 and 2

Single crystal X-ray analyses revealed that compounds 1 and 2
have different structural topologies. The use of slightly different
carboxylato, namely the acetato and propionato moieties as
secondary co-ligands of [Zn(Il)/dpe] coordination units, applying
the similar reaction conditions, but with additional ClO4~ ions
for 2, indeed leads to the formation of drastically distinct
networks (Scheme 2). The combination of Zn(II) ions, dpe ligands
and acetato co-ligands in 1 generates a 1D zig-zag polymeric chain
(Scheme 2A) resulting from the assembly of mononuclear chain
secondary building units with tetrahedral geometry. The sole
replacement of acetate by propionate without additional ClO4~
ion, did not result in a crystalline product. Hence the KClO4 was
added to the reaction during synthesis procedure, and these results
in the formation of 2D network (Scheme 2B) confirming that ClO4~
anions influence in the formation of the framework. This simple
framework is built from trinuclear propionato-bridged units that
are linked to two adjacent ones, to form a triple-stranded chain.
These triple-stranded chains are connected to each other via dpe
ligands (vertical red lines in Scheme 2B). This indicates that not
only the steric hindrance between acetate and propionate ligands
but also the nature of the counter ion is one of the factors that
can affect the overall structure of coordination networks [33].
Therefore, the combination of effects between steric hindrance of
carboxylate ligands and anions play an important role in the con-
struction of metal organic frameworks.

3.5. Thermogravimetric analysis

The thermal analysis of 1 (Fig. 8A) exhibits a two-stage decom-
position of the material. A first weight loss of 4.49% is observed in
the temperature range 52-95 °C, which corresponds to the release
of one lattice water molecule (calculated 4.69%). The structure is
stable up to about 230 °C, when it starts to decomposes gradually
to produce a white residue of ZnO at ca. 300 °C.

The thermogravimetric analysis of compound 2 (Fig. 8B) shows
a first weight loss in the temperature range 100-300 °C, character-
izing the loss of guest dpe ligand and two propionate ligands
(experimental value, 21.09%; calculated, 20.54%). In the tempera-
ture range 300-400 °C, the decomposition of the coordination
material is observed. As for compound 1, a white residue (ZnO)
of 2 is obtained when the sample is heated to 400 °C.

3.6. Zn(1l) compounds doped with Cu(ll) and Mn(II)

To learn more on the details of the coordination site, the influ-
ence of the nature of the doping metal ion, namely Cu(ll) and
Mn(II), has been investigated by EPR. This study illustrates the flex-
ibility of the coordination geometry of Cu(ll) compared to Mn(II).
Such investigations are of great interest in the context of potential
cation-exchange properties of metal organic frameworks with
structure retention. All doped compounds have been characterized
by IR spectroscopy and EPR at room temperature and 70K (see
Figs. 9 and 10). The IR spectra of the doped compounds are similar
to that of the original Zn(Il) compound, thus indicating that the
structure and therefore the environment around the zinc(Il) cen-
ters are essentially not altered.

The polycrystalline EPR spectrum of the trinuclear secondary
building units of Zn(Il) compound 2 doped with Cu(ll) shows sig-
nals revealing the presence of only one type of Cu(II) species which
is characterized by a four-lines hyperfine pattern with g;, = 2.314;
(with Aj =124, Fig. 9A) g, =2.080; this would be in agreement
with a distorted-octahedral geometry [34]. No super-hyperfine
splitting is resolved. These EPR data are could be indicative of
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Fig. 9. (A) Polycrystalline EPR spectrum of 2 doped with Cu(II), recorded at 70 K and
(B) Trinuclear Zn(Il) units of 2 where zinc(Il) ions (pink) have been replaced by
Cu(II) ions (green) in only one site I. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

the occurrence of only one predominant site for the Zn(II) ions in 2,
which has been replaced by Cu(Il) ions. In fact only a small fraction
of Zn ions in site I species are replaced by Cu or Mn, so in a very
small amount (by far not every Zn in site I is replaced. In the molec-
ular structure of 2 two distinct coordination geometries for the zin-
c(Il) ions are present, i.e. a highly distorted octahedron (site I) and a
rather perfect octahedron (site II in Fig. 9B) [35]. The simple EPR,
i.e. one species, could suggest that the EPR spectrum of the Cu(Il)
ion is due to only one site, and hardly any in the other site. So it
could be that the EPR parameters are due to the outer two ions,

Fig. 10. (A) Polycrystalline EPR spectrum of 2 doped with Mn(ll), recorded at 70 K
and (B) Trinuclear Zn(Il) unit of 2, where only the central Zn(II) sites have been
replaced by Mn(II) ions (orange). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

as a central Cu(II) would have a different EPR (compressed octahe-
dron). However, given the low resolution no firm conclusion about
a single species is allowed. Similarly, the doping with Mn(II) ions
leads to a heteronuclear compound, whose EPR spectrum shows
only a simple spectrum with one set of six lines, characterizing a
Mn(II) species (Fig. 10A). These data would suggest that only one
from the two potential coordination sites has experienced cation
exchange. Probably the Mn(Il) ions are occupying only site II
(Fig. 10B), since Mn(II) has the tendency to form rather regular
octahedral complexes.
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3.7. Catalytic properties

Both MOFs 1 and 2 have been tested as heterogeneous catalysts
for the cyanosilylation of acetaldehyde and benzaldehyde. Thus,
the selectivity and activity of the 1D (1) and 2D (2) coordination
polymers have been examined. Typically, the powdered catalyst
is suspended in CH,Cl, or THF. The aldehydic substrate and tri-
methylsilyl cyanide (1:2 molar ratio) are subsequently added at
room temperature and the reaction is carried out for 24 h
(Scheme 3) [36]. The course of the reactions has been monitored
by gas chromatography.

Blank reactions have been performed by carrying the cyanosily-
lation of acetaldehyde and benzaldehyde without solid catalyst, at
25 °C. These test reactions give only conversions of 18% for acetalde-
hyde and 10% for benzaldehyde, after a reaction time of 24 h. When
solid 1 is used as catalyst, a conversion of 74% (and even 82% when
using 2) of acetaldehyde is reached after 24 h reaction time in CH,_
Cl, (Table 4 and Fig. 11). This high conversion suggests first of all
that both catalysts act as a efficient catalyst for this reaction, and
that both acetaldehyde and trimethylsilyl cyanide can diffuse
through the pores to attain the Lewis metallic sites, to generate 2-
(methylsiloxy)propionitrile with a yield of 74% (1) and 82% (2).

When benzaldehyde, a sterically more demanding substrate, is
used under similar reaction conditions, a conversion of only 14% is
observed (18% for 2; Table 4). This significantly lower reactivity,
hardly better than the blank, suggests that the dimension of the
channels of the porous coordination polymer plays an important
role and leads to size selectivity.

Next, the influence of another organic solvent, namely THF, on
the conversion of acetaldehyde has been examined for each MOF
catalyst. For instance, in THF, compound 1 promotes the conversion
of only 57% acetaldehyde (59% for 2; Table 4). So, the reaction is less
efficient in THF, which may be explained by a competitive binding of
the substrate and the solvent to the metal site. This competitive
binding obviously does not occur with CH,Cl; as the solvent.

For instance, the reactions performed of 2 are more efficient than
for 1 (Table 4). These disparities regarding the distinct catalytic
activities in CH,Cl, and THF may be explained by structural features
characterizing both compounds. As mentioned above, the crystal
packing of the 2D framework of 2 generates huge cavities filled with
perchlorate anions and non-coordinated 1,2-bis(4-pyridyl)ethene
(dpe) molecules. Most likely, both solvents are capable of displacing
the dpe guest molecules of 2, therefore increasing the accessibility
of the aldehydic substrate to the metal centers, as compared to
the close contacts between the 1D zig-zag chains in 1.

The catalytic activities of compounds 1 and 2 for the cyanosily-
lation of aldehydes have been compared with those of zinc(II) por-
ous coordination frameworks, as well as with other porous
coordination frameworks. As reported earlier by our group [37],
{[Zn3(4,4'-bpy )3.5(L-02CH)4(H20),](Cl04)2(H20)2},  (3D),  {[Zn3
(4,4'-bpy)a(1-02CCHCH3)4](Cl104)2(4,4'-bpy )2(H20)a}n  (2D) and
{[Zn3(4,4™-bpy)3(1-02CCH3)4(H20)2](PFs)2(H20)2}, (1D), have been
tested as heterogeneous catalysts for the cyanosilylation of acetal-
dehyde and benzaldehyde. For example, the conversion of 3D
framework (95%) is significantly higher than that of 2D and 1D
frameworks (86% and 71%, respectively). This significant reactivity
suggests that the dimension of the channels of the MOF plays an
important role and leads to size selectivity. When, the catalytic

Me;SiO CN

Q MOF
| + Me3SiCN ——
Solvent
R H

R H
R= CHj;, phenyl

Scheme 3. Cyanosilylation reaction.

Table 4
Cyanosilylation of aldehydes catalyzed by compounds 1 and 2.

Catalyst Types  Substrate Solvent  Time (h)  Conversion (%)
1 1D acetaldehyde CH,Cl, 24 74
acetaldehyde THF 24 57
benzaldehyde  CH,Cl, 24 14
2 2D acetaldehyde CH,Cl, 24 82
acetaldehyde THF 24 59
benzaldehyde  CH,Cl, 24 18
100 -
Acetaldehyde / CH2CI2
X 80 T
.
s
% 60 - Acetaldehyde / THF
-
[0
=
S 40 -
(=]
20 - Benzaldehyde / CH2CI2
o -
T T T T T T
0 5 10 15 20 25
Time (h)

Fig. 11. Cyanosilylation of acetaldehyde and benzaldehyde with MOF 2 as catalyst.

properties of both Zn(Il) compounds are compared with those of
copper(Il) coordination frameworks, ie. the 2D networks
{[Cus(4,4'-bpy)3(1-O0CH )4(H20),](Cl04)2(H20)6 }n, {[Cu(4,4'-
bpy)(1-O0CH)(NO3)]}, and {[Cuy(4,4'-bpy)z(1-OOCCH3)3](PFs)(Ha-
0)}» a much lower activity is observed [38]. The higher catalytic
activities of 1 and 2 may suggest that the Lewis acidity of these zin-
c(Il) compounds is higher than that of the tested copper(Il) ones.

4. Conclusions

In summary, two new metal organic frameworks, [Zn(II)/dpe/
carboxylato] crystalline solids based on 1D and 2D coordination
networks of different topology have been prepared and character-
ized crystallographically. The influence of small secondary ligands,
namely common monocarboxylato ligands and the nature of the
counter ion, on the overall solid state structure of both compounds
have been investigated. This study suggests that the steric hin-
drance of the carboxylato co-ligand (acetato or propionato) and
the effect of counteranion may have drastic effects on the resultant
coordination networks. These results clearly indicate that a priori
minor synthetic changes give rise to the formation of drastically
distinct frameworks. Such studies are important in crystal engi-
neering, as they contribute to increase knowledge about ligand ste-
ric effect on framework topologies.

Furthermore, the catalytic activities of zinc(II)-dpe-carboxylato
compounds in the cyanosilylation of aldehydes have been investi-
gated. Both compounds display good heterogeneous catalytic
properties and show a high conversion of acetaldehyde in dichloro-
methane and also showed highly size-selective for the substrate
compound with benzaldehyde.

Acknowledgments

This work was supported by The Thailand Research Fund, The
Higher Education Research Promotion and National Research



42 P. Phuengphai et al./Inorganica Chimica Acta 403 (2013) 35-42

University Project of Thailand, Office of the Higher Education Com-
mission, through the Advanced Functional Materials Cluster of
Khon Kaen University and the Center of Excellence for Innovation
in Chemistry (PERCH-CIC), Commission on Higher Education, Min-
istry of Education, Thailand.

Appendix A. Supplementary material

CCDC 894458 and 894459 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk/data_request/cif. Supplementary data
associated with this article can be found, in the online version, at
doi:10.1016/j.ica. XXXXXXX.

References

[1] S. Keskin, J. Liu, R.B. Rankin, J.K. Johnson, D.S. Sholl, Ind. Eng. Chem. Res. 48
(2009) 2355.
[2] J. Crassous, Chem. Soc. Rev. 38 (2009) 830.
[3] Z. Wang, G. Chen, K.L. Ding, Chem. Rev. 109 (2009) 322.
[4] ].M. Yan, X.B. Zhang, S. Han, H. Shioyama, Q. Xu, Angew. Chem., Int. Ed. 47
(2008) 2287.
[5] H.K. Liu, X.H. Huang, T. Lu, X. Wang, W.Y. Sun, B.S. Kang, Dalton Trans. (2008)
3178.
[6] G. Ferey, C. Mellot-Draznieks, C. Serre, F. Millange, Acc. Chem. Res. 38 (2005)
217.
[7] B.-B.Ding, Y.-Q. Weng, Z.-W. Mao, C.-K. Lam, X.-M. Chen, B.-H. Ye, Inorg. Chem.
44 (2005) 8836.
[8] L. Pan, D.H. Olson, L.R. Ciemnolonski, R. Heddy, J. Li, Angew. Chem., Int. Ed. 45
(2006) 616.
[9] Q. Fang, G. Zhu, M. Xue, ]. Sun, F. Sun, S. Qiu, Inorg. Chem. 45 (2006) 3582.
[10] G. Becht, S.-J. Hwu, Chem. Mater. 18 (2006) 4221.
[11] Y.J. Song, H. Kwak, Y.M. Lee, S.H. Kim, S.H. Lee, B.K. Park, J.Y. Jun, S.M. Yu, C.l.
Yu, S.-J. Kim, Y. Kim, Polyhedron 28 (2009) 1241.
[12] M. Dy, X.-G. Wang, Z.-H. Zhang, L.-F. Tang, X.-]. Zhao, CrystEngComm 8 (2006)
788.

[13] A-Q. Wu, Y. Li, F.-K. Zheng, G.-C. Guo, J.-S. Huang, Cryst. Growth Des. 6 (2006)
444.

[14] P. Ren, N. Xu, C. Chen, H.-B. Song, W. Shi, P. Cheng, Inorg. Chem. Commun. 11
(2008) 730.

[15] C.Y. Chen, P.Y. Cheng, H.H. Wu, H.M. Lee, Inorg. Chem. 46 (2007) 5691.

[16] P. Phuengphai, S. Youngme, P. Kongsaeree, C. Pakawatchai, N. Chaichit, S.J.
Teat, P. Gamez, J. Reedijk, CrystEngComm 11 (2009) 1723.

[17] K. Biradha, CrystEngComm 5 (2003) 374.

[18] D. Braga, Chem. Commun. (2003) 2751.

[19] XJ.Li, C. Rong, D.F. Feng, W.H. Bi, Y. Wang, X. Li, M.C. Hong, Cryst. Growth Des.
4 (2004) 775.

[20] ].C. Dai, X.-T. Wu, S.-M. Hu, Z.-Y. Fu, ].-]. Zhang, W.-X. Du, H.-H. Zhang, R.-Q.
Sun, Eur. J. Inorg. Chem. (2004) 2096.

[21] Q.-Y. Liu, L. Xu, CrystEngComm 7 (2005) 87.

[22] Y.-C. Liao, F.-L. Liao, W.-K. Chang, S.-L. Wang, J. Am. Chem. Soc. 126 (2004)
1320.

[23] S.P. Jang, J.I. Poong, S.H. Kim, T.G. Lee, J.Y. Noh, C. Kim, Y. Kim, S.-J. Kim,
Polyhedron 33 (2012) 194.

[24] C.R. Maldonado, M. Quiros, .M. Salas, Inorg. Chim. Acta 365 (2011) 371.

[25] A. Aslani, A. Morsali, V.T. Yilmaz, O. Biiyiikgiingor, Inorg. Chim. Acta 362 (2009)
1506.

[26] Z.R. Ranjbar, A. Morsali, Inorg. Chim. Acta 360 (2007) 2056.

[27] H.W. Roesky, M. Andruh, Coord. Chem. Rev. 236 (2003) 91.

[28] saint, Version 4 Software Reference Manual, Siemens Analytical X-Ray Systems,
Inc., Madison, WI, USA, 1996.

[29] G.M. Sheldrick, sapass, Program for Empirical Absorption correction of Area
Dectector, University of Gottingen, Gottingen, Germany, 1996.

[30] sHeLxtL, Version 6.12 Reference Manual, Siemens Analytical X-Ray Systems, Inc.,
Madison, WI, USA, 1997.

[31] B.F. Hoskins, R. Robson, J. Am. Chem. Soc. 112 (1990) 1546.

[32] Y.M. Dai, E. Ma, E. Tang, J. Zhang, ZJ. Li, X.D. Huang, Y.G. Yao, Cryst. Growth
Des. 5 (2005) 1313.

[33] L. Carlucci, G. Ciani, D.M. Proserpio, S. Rizzato, CrystEngComm 4 (2002) 121.

[34] B.J. Hathaway, G. Wilkinson, R.D. Gill, J.A. McCleverty (Eds.), Comprehensive
Coordination Chemistry, vol. 5, Pergamon Press, Oxford, 1987.

[35] J.M. Thomas, Angew. Chem., Int. Ed. Engl. 27 (1988) 1673.

[36] S. Horike, M. Dinca, K. Tamaki, J.R. Long, J. Am. Chem. Soc. 130 (2008)
5854.

[37] P. Phuengphai, S. Youngme, P. Gamez, ]. Reedijk, Dalton Trans. 39 (2010) 7936.

[38] P. Phuengphai, S. Youngme, I. Mutikainen, P. Gamez, ]. Reedijk, Polyhedron 42
(2012) 10.


http://www.ccdc.cam.ac.uk/data_request/cif
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0005
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0005
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0010
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0015
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0020
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0020
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0025
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0025
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0030
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0030
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0035
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0035
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0040
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0040
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0045
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0050
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0170
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0170
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0055
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0055
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0060
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0060
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0065
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0065
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0070
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0075
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0075
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0080
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0085
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0090
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0090
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0095
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0095
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0100
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0105
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0105
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0110
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0110
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0115
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0120
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0120
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0125
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0130
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0135
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0140
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0140
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0145
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0150
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0155
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0155
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0160
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0165
http://refhub.elsevier.com/S0020-1693(13)00176-X/h0165

Polyhedron 102 (2015) 593-599

journal homepage: www.elsevier.com/locate/poly

Contents lists available at ScienceDirect

Polyhedron

POLYHEDRO!

Water-induced dynamic crystal-to-amorphous transformation
of cobalt(Il) coordination and supramolecular frameworks

@ CrossMark

containing benzene-1,2,4,5-tetracarboxylic acid and
trans-1-(2-pyridyl)-2-(4-pyridyl)ethylene ligands

Jureepan Piromchom ?, Jaursup Boonmak?, Kittipong Chainok”, Sujittra Youngme **

9 Materials Chemistry Research Center, Department of Chemistry, Center of Excellence for Innovation in Chemistry, Khon Kaen University, Khon Kaen 40002, Thailand
b Department of Chemistry, Thammasat University, Rangsit Campus, Klong Luang, Pathumthani 12121, Thailand

ARTICLE INFO ABSTRACT

Article history:

Received 30 April 2015

Accepted 6 November 2015
Available online 11 November 2015

Keywords:

Cobalt(II) coordination and supramolecular
framework
Trans-1-(2-pyridyl)-2-(4-pyridyl)ethylene
Benzene-1,2,4,5-tetracarboxylic acid
Chromotropism

Dynamic structural transformation

Two new Co" coordination and supramolecular frameworks containing carboxylate and N-donor ligands,
{Co,(bpe)(btec)(H;0)s}, (1) and [Co,(bpe)s(btec)(H,0)s]-8H,0 (2) (ppe = trans-1-(2-pyridyl)-2-(4-pyri-
dyl)ethylene, btec = benzene-1,2,4,5-tetracarboxylic acid) have been synthesized and structurally charac-
terized by single-crystal X-ray diffraction. The structure of 1 reveals an infinite 3D coordination network
while compound 2 forms a molecule. The units in 2 are connected to each other and through lattice water
molecules via hydrogen bonding, generating 3D supramolecular network. Interestingly, both compounds
exhibit water-induced reversible crystal-to-amorphous transformations with chromotropism confirmed
by spectroscopic techniques, elemental analyses, TGA, and XRPD. This phenomena is typically found in
the dynamic frameworks triggered by weak intermolecular interactions, especially hydrogen bonds.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Solid-state reversible structural transformations and functional
studies of bistable dynamic coordination polymers (CPs) or metal
organic frameworks (MOFs) and supramolecular frameworks have
recently attracted great attention to obtain smart functional
materials [1,2]. The dynamic frameworks have a blend of both
rigidity and flexibility. Rigidity makes material efficient in storage
and flexibility in selective sorption. Kitagawa et al. classified these
dynamic frameworks as “third generation coordination polymers”,
also called “soft porous crystals” [3-5]. Dynamic structural trans-
formation based on flexible frameworks is one of the most interest-
ing and presumably characteristic phenomena of coordination
polymers [6,7].

The bistable dynamic frameworks exhibit solid-state structural
transformations with breaking, making, or rearrangement of bonds
driven by external stimuli like heat, light, pressure, etc. [5].
Structural transformations are generally accompanied by removal
or exchange of guest, changes in coordination number of metal
containing nodes, and conformational changes in flexible parts of
organic ligands [6]. However, reports of such bistable dynamic
MOFs are limited, especially in the supramolecular frameworks

* Corresponding author.

http://dx.doi.org/10.1016/j.poly.2015.11.012
0277-5387/© 2015 Elsevier Ltd. All rights reserved.

generated from discrete molecules. Generally, such structural
changes in response to external stimuli are facilitated by weak
bonding interactions like hydrogen-bonding and n-m and C—H- - -1t
interactions [6,7]. These structural transformations induced by
chemical and/or physical processes are much more complicated
than encountered in the rigid frameworks. Thus, investigation of
solid-state structural transformations between bistable phases
and their correlations with the properties is very crucial to design
smart functional materials.

The dynamic structural transformation with chromotropism of
cobalt(Il) coordination and supramolecular frameworks have been
extensively studied [8] including our previous works [9]. These
compounds are liable to collapse/deform upon thermal dehydra-
tion/rehydration and shows selective adsorption for water over
organic solvents. The reversibility is driven by strong hydrogen
bonding between lattice and coordinated water molecules and
other components.

Herein, we report the synthesis of the 3D coordination and
supramolecular frameworks, {Co,(bpe)(btec)(H,0)s}, (1) and
[Coy(bpe)s(btec)(H,0)s]-8H,0 (2), respectively and their dynamic
behaviors. The reversible solid-state crystal-to-amorphous struc-
tural transformations are accompanied with the distinct color
change on de/rehydration. The selective sorption properties were
observed for adsorbates like H,O over methanol, ethanol, acetone,
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acetonitrile, dichloromethane, and hexane. The dynamics of the de/
rehydrated forms of compounds 1 and 2 were performed to inves-
tigate the possible reversible structural transformations with
chromotropism.

2. Experimental
2.1. Materials and physical measurements

All reagents are commercial grade materials and were used
without further purification. The IR spectra were recorded as KBr
discs on a Perkin-Elmer Spectrum One FT-IR spectrophotometer
in the 4000-450 cm™! spectral range. Solid-state (diffuse reflec-
tance) electronic spectra were measured as polycrystalline sam-
ples on a SHIMADZU Spectrum One spectrophotometer, within
the range 200-1500 nm. Elemental analyses (C, H, N) were deter-
mined using a Perkin-Elmer PE-2400 CHNS/O Analyzer. Thermo-
gravimetric analyses (TGA) were perform with a Perkin Elmer
Pyris Diamond TG-DTA between 30 °C and 800 °C in N, atmo-
sphere with a heating rate of 10 °C min~' by using o-Al,0; as a
standard material. The X-ray powder diffraction (XRPD) data were
collected on a Bruker D8 ADVANCE diffractometer using
monochromatic Cu Ko radiation, and the recording speed was
0.5 s per step over the 26 range of 5-50° at room temperature.

2.2. Preparation of {Co,(bpe)(btec)(H20)s},, (1)

A mixture of Co(NO3),-6H,0 (0.2 mmol, 0.0586 g), benzene-
1,2,4,5-tetracarboxylic acid (0.1 mmol, 0.0254 g), trans-1-(2-Pyri-
dyl)-2-(4-pyridyl)ethylene (0.1 mmol, 0.0182¢g), potassium
hydroxide (0.4 mmol, 0.0224 g) in distilled water (8 mL) was stir-
red for 30 min in air, then transferred and sealed in a 25 mL Teflon
reactor, which was heated at 140 °C for 24 h. The solution was then
cooled to room temperature for 12 h, to yield purple block crystals;
the yield based on Co was about 74%. Anal. Calc. for: Co,CyH gN>-
0,3 C,41.01; H,4.07; N, 4.35. Found: C, 41.20; H, 4.13; N, 4.52%. IR
spectrum (cm™!): 3348 (br), 1602 (s), 1559 (s), 1385 (s), 1325 (m),
1135 (m), 1021 (w), 814 (m), 765 (w), 536 (m).

2.3. Preparation of [Co,(bpe)4(btec)(H>0)s]-8H,0 (2)

Compound 2 was synthesized by the reaction of two aqueous
solutions at room temperature, one containing a mixture of Co
(NO3),-6H,0 (0.2 mmol, 0.0586 g) and trans-1-(2-pyridyl)-2-(4-
pyridyl)ethylene (0.1 mmol, 0.0182 g), in distilled water (8 mL),
and the other one containing benzene-1,2,4,5-tetracarboxylic acid
(0.1 mmol, 0.0254g) and potassium hydroxide (0.4 mmol,
0.0224 g) in distilled water (7 mL), and was stirred for 30 min in
air. This was allowed to stand undisturbed at room temperature.
After two days, orange crystals were obtained; the yield based on
Co was about 68%. Anal. C. for: Co,CsgHs59NgO>5 C, 52.42; H, 3.79;
N, 8.43. Found: C, 52.20; H, 3.71; N, 8.32%. IR spectrum (cm™'):
3313 (br), 1613 (s), 1563 (s), 1423 (m), 1383 (s), 1017 (w), 968
(w), 823 (m), 1343 (s), 773 (m), 738 (w), 548 (w).

2.4. X-ray data collection and structure determination

The X-ray single-crystal data for 1 and 2 compounds were col-
lected on a 1 K Bruker smart CCD area-detector diffractometer with
graphite-monochromated Mo Kot radiation (4=0.71073 A) using
the smarT program [10]. Raw data frame integration was performed
with saint [11], which also applied correction for Lorentz and polar-
ization effects. An empirical absorption correction by using the
saDABs [ 12] program was applied. The structure was solved by direct
methods and refined by the full-matrix least-squares method on F

with anisotropic thermal parameters for all non-hydrogen atoms
using the sHewxti-pc V 6.1 software package [13]. All carbon hydro-
gen atoms of 1 and 2 compounds were fixed and included in calcu-
lated positions and treated as riding atoms. That of the coordinated
water molecules were located and refined isotropically, except that
of 011, 012 and 013 in 1 which could not be located. In addition,
013 in 1 were disordered which were divided into O(13A) and
0O(13B), with site occupancies of 0.5. In case compound 2, hydrogen
atoms of coordinated water (07) and lattice water molecules
(08-016) could not be located. In addition, two lattice water mole-
cules (015 and 013) were located with site occupancies of 0.5.

3. Results and discussion
3.1. Syntheses

3.1.1. Description of {Cox(bpe)(btec)(H20)s}, (1)

Single-crystal X-ray diffraction reveals that 1 crystallizes in the
triclinic space group P1 (Table 1), showing a 3D coordination net-
work. The asymmetric unit contains two independent Co(II) ions,
one btec, one bpe and five coordinated H,O molecules. The Co1l
atom is coordinated by three carboxylato oxygen atoms from
two btec ligands (Co(1)-0(3) 2.059(4), Co(1)-0(4) 2.430(5) and
Co(1)-0(1A) 2.070(4) A), one nitrogen atom from bpe (Co(1)-N
(1) 2.104(5) A) and two oxygen atoms from water molecules (Co
(1)-0(9) 2.060(5) and Co(1)-0(10) 2.090(5) A), showing a signifi-
cantly distorted octahedral coordination geometry with Co(1)0OsN
chromophore. The Co2 atom also adopts a significantly distorted
octahedral coordination geometry with Co(2)OsN chromophore,
which is coordinated by two carboxylato oxygen atoms of two dif-
ferent btec ligands (Co(2)-0(5) 2.082(5) and Co(2)-0(7) 2.063
(4) A), one nitrogen atom from bpe (Co(2)-N(2) 2.111(5)A) and
three oxygen atoms from water molecules ((Co(2)-0(11) 2.115
(5), Co(2)-0(12) 2.215(8), Co(2)-0O(13A) 2.23(2) and Co(2)-0O
(13B) 2.21(2)A) (Fig. 1). The selected bond lengths and angles
around both Co(1) and Co(2) as given in Table S1 indicate the sig-
nificant distortion from the regular octahedral geometry.

Crystal size (mm?)
Number of reflections collected

0.309 x 0.078 x 0.04
49928

Table 1
Crystallographic data for compounds 1-2.
Crystal data 1 2
Formula Co,Cy2H 16N2013 C0,CsgH50Ng030
Formula weight 634.23 1456.92
T (K) 273(2) 120(2)
Crystal system triclinic monoclinic
Space group P1 P21/c
a(A) 6.9906(6) 15.1072(5)
b (A) 11.4556(9) 17.9546(6)
c(A) 15.8377(13) 13.8683(5)
o (A) 86.149(2) 90.00
B (A) 80.046(2) 103.7480(10)
y (A) 72.436(2) 90.00
V (A%) 1190.83(17) 3653.9(2)
V4 2 2
D, (g cm™~3) 1.768 1.324
u (mm™) 1.469 0.539
F(000) 640 1496

0.08 x 0.11 x 0.48
38685

Number of unique reflections 5913(0.00036) 7473(0.0278)
[Rint]

Data/restraints/parameter 5913/0/377 7473/0/467

Goodeness-of-fit (GOF) on F? 1.063 1.113

Final R indices [I > 2a(I)] R, =0.0887 R, =0.0829
WR, =0.1473 WR, =0.2411

R indices (all data) R;=0.1842 R, =0.0947
WR;, =0.1767 WR; = 0.2496

Max/min electron density (e A®)

1.543 and —0.607

1.937 and —0.858

R=Z||Fo| = IFll/ZIFoll, Rw = [EW{IFo| — |F P/ZwIF3*]' 2.
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Fig. 1. Perspective view of the coordination environment of cobalt atoms in 1. H atoms were omitted for clarity.

These Co(ll) ions are linked by the bridging bpe ligand (N(1) and
N(2)) with the Co1-Co2 distance of 9.1484(14) A in c-axis and the
bridging btec ligand in a-axis, generating 2D layer network (Fig. 2).
The adjacent layers are further twisting along the b-axis via btec
ligands to give an infinite flexible 3D framework (Fig. 3). In addi-
tion, the free carboxylate oxygens of btec and the coordinated
waters are involved in an extensive hydrogen bonding (09-
HOA. .08 2.20(6), 010-H10A. - -06' 1.86(6), 06---011 2.8079(83)
and 012---02 3.2782(104) A) (Fig. 4; Table S2).

3.1.2. Description of [Coy(bpe)4(btec)(H20)g]-4.5H50 (2)
Single-crystal X-ray structural analysis shows that 2 is a com-
pound crystallized in the monoclinic P2/c space group (Table 1).
The symmetry-related unit consists of two Co(Il) ions, four bpe
ligands, one btec, six coordinated waters and eight lattice water

molecules. Each Co(Il) ion is coordinated by two nitrogen atoms
from two bpe terminal ligands (Co(1)-N(1) 2.159(4) and Co(1)-N
(3) 2.128(4) A), one oxygen atom of the bridging btec ligand (Co
(1)-0(1) 2.032(3) A) and three coordinated water molecules (Co
(1)-0(5) 2.196(4), Co(1)-0O(6) 2.045(3) and Co(1)-O(7) 2.134
(4) A), this feature gives a slightly distorted octahedral geometry
with CoN,04 chromophore as compared to that of 1 (Fig. 5;
Table S3). The btec ligand links between both chromophores in
monodentate fashion to each Co atom. The selected bond distances
and angles are shown in Table S3. These units are connected to
each other in ABAB... arrangement via hydrogen bonds with
distance of 1.82(5)A for 06-H6B---02 and 3.20(5)A for
O5-H5A. --07 (Table S4), generating 2D layer network in bc plane
as shown in Fig. 6. All lattice water molecules (08-016) form a
cluster via hydrogen bonds and occupy the channels between

Fig. 2. A partial packing diagram in two-dimensional network of 1 in ac plane.
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Fig. 4. 3D framework of 1, showing extensive hydrogen bonding interactions by free carboxylate oxygens of btec and the coordinated waters along the b-axis [Symmetry

codes:i=1+x,y, —1+zii=xy, —1+2z|].

these layers along c axis, some of them bonded with free carboxy-
late oxygens (04---010 2.727 A), nitrogen atom (N4---09 2.799 A)
and coordinated waters (O6-H6A-:--08 2.047 A) as well as with
aromatic carbon atoms (C-H---O 2.663-3.905 A) on the surface of
the tube, generating 3D supramolecular framework (Fig. S1; Tables
S4-S5). Interestingly water molecules filling in each nano tube are
further extended to 1D water chain via hydrogen bond interactions
along c axis, the bond distances O---O (D---A) are in the range of
2.362-3.524 A which are typically expected for hydrogen bonding
interaction [14] (Fig. S2; Table S5).

3.1.3. Thermogravimetric analyses

To assess the thermal stability, thermal gravimetric analysis
(TGA) was recorded for the single-phase polycrystalline samples
in the temperature range 30-700 °C. During the heating process,
the TGA profile of 1 (Fig. 7) indicates that the release of five coor-
dinated water molecules occurs at the first step of weight loss in
the temperature range 100-250°C (found, 14.85%; Anal. Calc.,
14.19%), resulting to the dehydrated form of Co,(bpe)(btec) (1A),

which is stable up to ~300°C and then the structure rapidly
decomposes at higher temperatures. For compound 2 (Fig. 8), the
TGA profile indicates that the releases of all fourteen water mole-
cules (coordinated and lattice water molecules) occur at the first
step of weight loss in the temperature range 55-100 °C (found,
17.50%; Anal. Calc., 17.30%) resulting in the dehydrated form of
Co,(bpe)y(btec) (2A). This dehydrated form 2A is stable up to
~150 °C and then rapidly decomposes to unidentified products.

3.1.4. Structural phase transformation by thermal de/rehydration
processes

The compound 1 contains only coordinated water molecules
while 2 contains both lattice and coordinated water molecules.
The stable dehydrated forms of 1A and 2A were clarified by TGA
profiles. The dynamic structural behaviors of 1 and 2 relating to
their dehydration and rehydration processes are studied by ele-
mental analyses, XRPD, and spectroscopic techniques. Interest-
ingly, the water molecules can be adsorbed fully by exposing the
evacuated samples to water vapor over organic solvents at room
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Fig. 5. Perspective view of the coordination environment of cobalt atoms in 2. H
atoms were omitted for clarity.

—A

Fig. 6. Crystal packing of dinuclear units in ABAB... arrangement of compound 2
via hydrogen bonding in bc plane, generating two-dimensional supramolecular
structure.

temperature. The heating and exposing procedures were repeated
five times to demonstrate the reversibility of the de- and rehydra-
tion processes.

When the crystalline samples were heated to 250 °C for 1 and
100 °C for 2 in air for 10 min, these crystals suddenly lose their
crystallinity and the color changes from purple to blue for 1 and
orange to purple for 2. Then these noncrystalline solids were
exposed to the laboratory air for 10 min for 1 and 8 h for 2, and
the color of both noncrystalline samples were returned to that of
the original samples. Consequently, the bulk samples of 1 and 2
were used to study in detail. The dehydrated form 1A was obtained
by heating the bulk sample at 250 °C in air for 30 min and the re-
hydrated form 1’ was obtained by exposing the dehydrated sample

1007

90

80

70+

Weight (%)

100 200 300 400 500 600 700
Temperature (°C)

Fig. 7. TGA curves of as-synthesized 1, dehydrated form 1A, and rehydrated form 1’

100

Weight (%)

20

1 ) 1 ] 1 1
100 200 300 400 500 600
Temperature (°C)

Fig. 8. TGA curves of as-synthesized 2, dehydrated form 2A, and rehydrated form 2'.

to water vapor for 3 min. In case of 2 the dehydrated form 2A was
obtained by heating the bulk sample at 100 °C in air for 30 min and
the re-hydrated form 2’ was obtained by exposing the dehydrated
sample to water vapor for 12 h at room temperature without con-
densation, as shown in Fig. 9. For this, the solid-state UV-Vis dif-
fuse reflectance spectra, clearly show that the bands observed in
1 and 1’ and also in 2 and 2/, correspond very well to the identical
transitions causing the same color of products, and evidence that 1
and 1/, and also 2 and 2’ have the same Co" environments. For 1
this spectral feature agrees with the typical d-d transitions of high
spin Co" in distorted octahedral geometry with two broad bands at
520 and 1250 nm, assigned to the vs: “Tyy — “Ti4(P) and v:
Ty — Ty, transitions, respectively and a shoulder at around
650 nm arised from the v,: “Tyy — *A, transition [15]. Whereas
the amorphous phase 1A shows the different d-d transition with
a lower-energy broad band centered ca. 587 nm and a very broad
band centered around 1140 nm, giving distinctive blue color which
is typical for the four-coordinated tetrahedral geometry in majority
of 1A (Fig. 10). Both broad bands correspond to the vs: “A;, — “T;(P)
and v,: A, — T, transitions, respectively. In case of 2, the spectral
feature and orange color agree with the typical d-d transitions of
high spin Co" in a slightly distorted octahedral geometry with
two higher-energy broad bands centred at 512 and 1112 nm, as
compared to that of 1, which are assigned to the v3: *T;; — *Ty4(P),



598 J. Piromchom et al./Polyhedron 102 (2015) 593-599
1 1A 1’
As-synthesized Dehydrated Rehydration Rehydrated
- water vapor
Dehydration 30 min,
(a) >
250 °C S
- Dehydration
30min 250 °C
Purple Blue 30min Purple
2 2A 2’
As-synthesized Dehydrated Rehydration Rehydrated

100 °C

30min

Orange

Purple

water vapor

12 h.
e——

Dehydration

30min

Orange

Fig. 9. Changes in color during de- and rehydration processes in bulk samples of (a) 1 and (b) 2. (Color online.)

and vy: “Tyg — “T, transitions, respectively. The amorphous form
2A also shows the same d-d transitions of two broad bands, but
with the substantial shift to lower energy at 540 and 1250 nm,
resulting in distinctive purple color and correspond to the majority
of high-spin Co" in a significantly distorted octahedral geometry of
an amorphous phase [15], similar to that of compound 1 (Fig. 11).
The preference of the significantly distorted octahedral geometry
rather than tetrahedral one of an amorphous phase 2A is confirmed
from the purple color and a small shift of v3 (A =28 nm) as com-
pared to that of 1A (A =67 nm). The chromotropic behavior of 1
and 2 is principally ascribed to the changes of the d-orbital energy
level, induced by the drastic change in the coordination environ-
ment around metal center during dehydration and rehydration
processes [16]. Furthermore, these results agree with the reversible
change of the vibrational bands in IR spectra (Figs. S3 and S4)
where the shifted bands are observed for the amorphous phase.
In 2A, the broad and strong peaks of O-H stretching around
3300 cm~! and H-O-H bending around 1500-1600 cm™! of coor-
dinated and lattice water molecules disappear, resulting to the
sharper IR spectrum with different splitting feature and a shift in
some peak positions. In contrast, these features are disappeared
for the IR spectra of the rehydrated forms 1’ and 2/, which are iden-
tical to those of the as-synthesized 1 and 2. The XRPD patterns of

1 1A
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Dehydrated Rehydrated

water vapor

Dehydration 30 min,

250 °C

30min

30min Purple
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17
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Absorbance

T T T T
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T
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Fig. 10. The UV-Vis diffuse reflectance spectra of as-synthesized 1 (black line), the
dehydrated form 1A (red line), and the rehydrated form 1’ (blue line), representing
together with the chromatic changes in bulk samples. (Color online.)
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Fig. 11. The UV-Vis diffuse reflectance spectra of as-synthesize 2 (black line), the
dehydrated form 2A (red line), and the rehydrated form 2’ (blue line), representing
together with the chromatic changes in bulk samples. (Color online.)

the as-synthesized products 1 and 2 closely match the simulated
ones derived from the single-crystal data (Fig. 12). However, the
XRPD patterns of dehydrated 1A and 2A show peak disappearance,
indicating that the dehydrated Co(bpe)(btec), (1A) (Anal. Calc.: C,
55.75; H, 3.03; N, 7.65. Found: C, 55.82; H, 3.15; N, 7.93%) and
Co,(bpe)4(btec) (2A) (Anal. Calc.: C, 63.28; H, 4.21; N, 10.18. Found:
C, 63.32; H, 4.35; N, 10.31%) are in an amorphous phase which are
formed by the collapse of the frameworks of 1 and 2 accompanied
with the destruction of the frameworks when all water molecules
are removed. Interestingly, these amorphous phases, 1A and 2A
can be restored to the original crystalline phases of 1’ and 2’ in
which the color returns to that of the original color after being
exposed in water vapor for 30 min for 1" and 12 h for 2/, as
indicated by elemental analyses with the chemical composition
of [Co,(bpe)(btec),(H20)s], (1’) (Anal. Calc.: C, 41.01; H, 4.07; N,
4.35. Found: C, 41.25; H, 4.18; N, 4.59%) and [Coy(bpe)4(btec)
(H,0)6]-8H,0 (2') (Anal. Calc.: C, 52.42; H, 3.79; N, 8.43. Found: C,
52.23; H, 3.78; N, 8.39%), and the XRPD measurement results.
The restored solids have the same XRPD patterns as the simulated
ones derived from the single-crystal X-ray diffraction data of 1
and 2.
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Fig. 12. XRPD patterns for 1 and 2 at different conditions: simulated 1, as-
synthesized 1, dehydrated form 1A, rehydrated form 1/, simulated 2, as-synthesized
2, dehydrated form 2A and rehydrated form 2', respectively.

These results of compounds 1 and 2 confirm the water-induced
reversible crystalline-to-amorphous phase transformation with
chromotropism. This behavior of both compounds was also
investigated for other solvents vapor such as methanol, ethanol,
acetone, acetonitrile, dichloromethane, DMF and DMSO, but sensi-
tive only with water vapor, indicative of high selective recognition
of 1A and 2A to water molecules. The selective water accommoda-
tion with chromotropism in dehydrated 1A and 2A when
compared with many solvents could be attributed to the proper
size of water molecules and weak host-guest interactions.
Remarkably, the reversibility of water adsorption and the change
in the coordination environment can be visualized by the change
in color of the compounds. This behavior takes place in water
which could be a dissolution/recrystallization process rather than
a water-induced solid-state reaction as this involves structural
reorganization of the coordination and supramolecular frame-
works or rearrangements of the molecules interacting by inter-
molecular hydrogen bonds and non-covalent contacts [17].

4. Conclusions

Two novel 3D Co" coordination and supramolecular frame-
works containing carboxylate and N-donor ligands, [Coy(bpe)
(btec);(H20)s],, (1) and [Co,(btec) (bpe)s(H,0)5]-8H,0 (2) have
been successfully synthesized by hydrothermal and direct meth-
ods, respectively. We have demonstrated that the water molecules
in both compounds can be reversibly exchanged along with the
change in color of the samples. The dehydrated form 1A is found
to be very sensitive to water in the color change as compared to
that of 2A. The reversibility of the solid transformation has been
supported by spectroscopic techniques, elemental analysis, TGA
and XRPD and revealed that 1 and 2 exhibit water induced crys-
tal-to-amorphous transformation with high selectivity of water
adsorption and the change in the coordination environments can
be visualized by the change in color of the compounds. The
crystalline-to-amorphous transformations between original
crystalline phases (1, 2) — dehydration (amorphous powder (1A,
2A)) — rehydration (crystalline phases (1, 2)) involve dynamic
motions altering the coordination geometry of Co'. These are trig-
gered by the weak intermolecular interactions during the removal
and restoration of water molecules. This work may contribute to
potential application as sensing adsorbent material for moisture.
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Reactions of the new, closely related ligands 4,6-dichloro-
N,N-di(pyridine-2-yl)-1,3,5-triazine-amine (Cldpat) and 6-
chloro-N’-phenyl-N,N-di(pyridin-2-yl)-1,3,5-triazine-2,4-di-
amine (Cladpat) with iron(II) thiocyanate produced coordina-
tion compounds with drastically distinct magnetic properties.
The compound trans-[Fe(Cldpat),(NCS),](H,O) (1) is a high-
spin complex from room temperature down to 5 K whereas
the analogous compound trans-[Fe(Cladpat),(NCS),] (2) ex-
hibits spin-crossover (SCO) properties with Ty, = 178 K.
Compounds 1 and 2 (both in its low-spin and high-spin

states) have been structurally characterized by X-ray diffrac-
tion studies, which revealed identical metal coordination
spheres. The SCO properties of 2 have been thoroughly in-
vestigated by temperature-dependent magnetic suscep-
tibility measurements and differential scanning calorimetry
(DSC), and a LIESST process with rapid relaxation of the
trapped HS species has been observed. The equivalent coor-
dination compound with selenocyanate anions, namely
[Fe(Cladpat),(NCSe),] (3) also displays SCO properties, al-
though more gradual and with a lower Ty, value of 166 K.

Introduction

The phenomenon of spin crossover (SCO) is a particular
and very interesting illustration of the ligand-field
theory.!"?! For octahedral coordination complexes of transi-
tion-metal ions, the d orbitals split into two sets, i.e. the t,,
and e, sets, whose energy difference is given by the crystal-
field splitting parameter A,.*! The size of A, determines
the electronic structure of the d*~d’ metal ions. Thus, for
iron(IT) complexes, a small A, will favour the high-spin
state (HS, e, to,*, S = 2) while a large A, will produce a
low-spin (LS, t,,°, S = 0) compound. With an appropriate
ligand-field strength (namely for an intermediate A,
value), the transition-metal compound may exhibit LS <
HS bistability through the application of an external stimu-
lus, like temperature, pressure or light.* 7! Hence, such SCO
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materials may find potential applications in molecular
switches, data storage devices and optical displays, espe-
cially in the case of Fe!l ions, for which the LS state is dia-
magnetic.® "] Therefore, SCO species have received a great
deal of attention from the scientific community for the past
decadel'>131 A great number of SCO Fe!' complexes have
been synthesized that were principally obtained from li-
gands based on nitrogen-containing aromatic donor groups
(such as pyridine and azole rings).['41°]

For the past seven years, we have been involved in the
design and preparation of SCO iron(II) compounds with
polypyridine ligands.?*-2?! In particular, the use of a ligand
derived from the s-triazine ring and 2,2'-dipyridylamine
units, namely 2,4,6-tris(dipyridin-2-ylamino)-1,3,5-triazine
(dpyatriz),”3! has led to remarkable SCO systems.[>2:24.2]
Subsequently, Murray and coworkers have developed a
variety of dipyridylamino-substituted-triazine ligands,26—%
which were easily prepared from the highly versatile build-
ing block 2,4,6-trichloro-1,3,5-triazine.}' 33 The utilization
of these ligands has allowed the preparation of SCO coordi-
nation compounds, hence corroborating the great potential
of (2,2'dipyridylamine/triazine)-based ligands to generate
molecular switches.

In the present study, we have taken advantage of the
straightforward and highly selective substitution of the
chloride atoms of 2.,4,6-trichloro-1,3,5-triazine to synthesize
two related dipyridylamino-substituted-triazine ligands,
namely  4,6-dichloro-N,N-di(pyridine-2-yl)-1,3,5-triazine-
amine (Cldpat) and 6-chloro-N’-phenyl-N,N-di(pyridin-2-
yl)-1,3,5-triazine-2,4-diamine (Cladpat) (Scheme 1), whose
sole difference lies in the replacement of one of the two

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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chloride atoms of Cldpat by an aniline unit, producing
Cladpat. Actually, the use of these similar ligands to bind
iron(IT) ions leads to the formation of mononuclear coordi-
nation compounds with similar molecular structures, but
dissimilar magnetic behaviours, thus revealing the drastic
effect of tiny structural changes on the physical properties
of related molecules.

Cl HN :

NN NN
CIJI\N/ N"N ClJl\N/)\N SN
Z N Z\
Cldpat Cladpat

Scheme 1. Triazine-based ligands 4,6-dichloro-N,N-di(pyridine-2-
yl)-1,3,5-triazine-amine (Cldpat) and 6-chloro-N’-phenyl-N,N-di-
(pyridin-2-yl)-1,3,5-triazine-2,4-diamine (Cladpat).

Results and Discussion

Synthesis

As evidenced by earlier studies by Murray?*2°1 and
some of us,?>?423] s-triazine-based ligands containing at
least one 2,2'-dipyridylamine unit allow the preparation of
SCO iron(IT) compounds. Herein, it was decided to investi-
gate the potential ability of the simplest member of this
family of dipyridylamino-substituted-triazine ligands,
namely  4,6-dichloro-N,N-di(pyridine-2-yl)-1,3,5-triazine-
amine (Cldpat; Scheme 1), to generate SCO properties upon
coordination to an iron(Il) ion in the presence of thio-
cyanates or selenocyanates. Hence, Cldpat was prepared in
THF by the reaction of 2,2’-dipyridylamine with 1 equiv. of
2,4,6-trichloro-1,3,5-triazine, in the presence of N,N-diiso-
propylethylamine (DIPEA).

Next, one of the chloride atoms of Cldpat was replaced
by an aniline group with the aim of examining the influence
of this slight modification of the ligand on the magnetic
properties of the ensuing iron(Il) complex. Thus, the ligand
6-chloro-N'-phenyl-N, N-di(pyridin-2-yl)-1,3,5-triazine-
2,4-diamine (Cladpat; Scheme 1) was synthesized from
Cldpat through substitution of one of its chloride atoms by
aniline, using sodium carbonate as a base in acetone/water.
The molecular structure of Cladpat could be determined by
single-crystal X-ray diffraction (Figure S1). The solid-state
structure of Cladpat shows that the molecules are strongly
associated by strong hydrogen-bonding interactions
[NanilinefH'"Nlriazine = 2972(3) A; A NanilinefoNtriazine =
176(3)°; Figure S1], giving rise to a 1D supramolecular
chain along the crystallographic ¢ axis. Such anticipated H
bonds, for which the ligand Cladpat was actually designed,
may be crucial to favour the occurrence of cooperative
SCO, if maintained in complexes of Cladpat.

The coordination compounds 1-3 were synthesized by
the direct addition of a freshly prepared methanolic solu-
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tion of Fe(NCX), (X = S or Se) to a methanolic solution
containing 2 equiv. of the dipyridylamino-substituted-tri-
azine ligand (Cldpat or Cladpat). The solution of Fe-
(NCS), was obtained from iron(II) sulfate and potassium
thiocyanate while Fe(NCSe), was made from iron(II) per-
chlorate and potassium selenocyanate.

Description of the Crystal Structure of frans-[Fe(Cldpat),-
(NCS),I(H;0) (1)

Reaction of 1 equiv. of iron(I) thiocyanate with 2 equiv.
of Cldpat generates compound 1 with a yield of 73%. Struc-
tural information on 1 has been obtained from X-ray dif-
fraction studies at 100 K. The high R value found (see
Table S2) is most likely due to unresolved crystal twinning.
Nevertheless, the data collected are satisfactory for a rea-
sonably accurate determination of the molecular structure
of 1. Actually, the iron(I) centre in 1 exhibits the antici-
pated octahedral coordination environment [typically ob-
served for iron(II) thiocyanate complexes with this family
of ligands(®>-341], which is formed by two Cldpat ligands in
the equatorial plane and two trans thiocyanate anions (Fig-

Figure 1. Representation of the molecular structure of compound
1 with partial atom numbering scheme. The thermal ellipsoids are
drawn at the 50% probability level. The hydrogen atoms and the
lattice water molecule are not shown for clarity. Symmetry opera-
tion:a, 1 —x, 1 -y, -z

Table 1. Coordination bond lengths [A] and angles [°], and supra-
molecular interactions for compound 1.

Distances

Fel-N1 2.090(13) Fel-N3 2.264(15)
Fel-N2 2.214(13) Fel-Feljne 8.396(16)
Angles

N2-Fel-N3 81.7(5) N3a-Fel-N2MP! 98.3(5)
N2a-Fel-N3 98.3(5) N2a-Fel-N3a 81.7(5)
N1-Fel-Nlal’! 180

XFel°l 43 @eld] 74
Hydrogen bond

Cl13-+02So 2.739(5)

Lone pair-7 interactions

Cg10--S2stl 3.242(7) Cgl0---S2 3.337(8)

[a] Closest inter-monomer Fe--Fe distance. [b] Symmetry opera-
tionial —x, 1 —y —z [c] 2° = the sum of |90 — 0] for the 12 N—
Fe—N angles in the octahedron.['>3530] [d] @° = sum of |60 — 0| for
the 24 N-Fe-N angles describing the trigonal twist angle as de-
scribed by Marchivie and coworkers.['>37] [e] Symmetry operation:
o-x, 1-y1l-zs—x, 12+ y 12—z

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ure 1). Selected bond lengths and angles are listed in
Table 1. Surprisingly, The Fe-Np, bond lengths in the range
2.214(13)-2.264(15) A and the Fe-Nycs distances of
2.090(13) A characterize a high-spin iron(I) compound.
This fact is confirmed by temperature-dependent magnetic-
susceptibility measurements revealing that the FeNg species
in 1, rather unexpectedly, does not present a SCO process
(see below).

The solid-state structure of 1 shows the occurrence of
intramolecular lone pair-'mt interactions [Cgl0--S2 =
3.337(8) A; Table 1]. In addition, the molecules are associ-
ated by means of intermolecular lone pair--m interactions
[Cgl0-+S2s = 3.242(7) A; Table 1], which generate a supra-
molecular 1D chain. The chains interact with each other
through Sjonepair-+*triazine; contacts, producing a 2D layer
in the crystallographic bc plane (Figures 2 and S2). These
2D layers are further connected through hydrogen bonds
between lattice water molecules and the chloride atoms of
the triazine rings that give rise to a 3D network (Figure S3).

s2/7
N17
cg10
C
b sas”
A Y

Figure 2. View of the crystal packing of 1 showing the formation
of a supramolecular 2D network in the bc plane by means of lone
pair-7 interactions (black dotted lines) between the triazine rings
and neighbouring thiocyanate anions [Cgl0--S2 = 3.337(8) A and
Cgl0-+-S2s = 3.242(7) A]. Symmetry operation: s — x, 1/2 + y,
12 - z.

Description of the Crystal Structure of frans-[Fe(Cladpat),-
(NCS),] (2)

Reaction of 1 equiv. of iron(II) thiocyanate with 2 equiv.
of Cladpat produces compound 2 with a yield of 89%.
Compound 2, which shows SCO properties (see magnetic
studies), crystallizes in the monoclinic space group P2,/c,
both at 100 K and at 270 K (Table S2). The molecular
structure of low-spin 2 is depicted in Figure 3, and selected
bond lengths and angles are listed in Table 2. Compound 2
consists of an octahedral iron(II) ion coordinated by four
pyridine units from two Cladpat ligands and two trans N-
bonded thiocyanate anions.

Such a FeNg coordination environment is known to po-
tentially produce SCO iron(II) species.*> The Fe-Np, dis-
tances ranging from 1.965(3) to 2.000(4) A are typical of a
LS iron(II) entity, as is the case for the Fe-Nycg distances
of 1.945(4) and 1.948(4) A (Table 2). These bond lengths
increase by ca. 0.20 A for Fe-Np, and ca. 0.15 A for Fe—
Nnes when the temperature is raised to 270 K (Table 2),
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Figure 3. Representation of the molecular structure of compound
2 (LS state, determined at 100 K) with partial atom numbering
scheme. The thermal ellipsoids are drawn at the 50% probability
level, and only the hydrogen atoms involved in hydrogen-bonding
interactions are shown for clarity.

Table 2. Coordination bond lengths [A] and angles [°], and supra-
molecular interactions for compound 2 (low-spin and high-spin
states).

2 LSl HSP!
Distances
Fel-N1 1.948(4) 2.090(6)
Fel-N2 1.945(4) 2.087(6)
Fel-N3 1.984(3) 2.190(5)
Fel-N4 1.994(4) 2.201(6)
Fel-N10 1.965(3) 2.178(5)
Fel-N11 2.000(4) 2.214(6)
Fel-Fel ;e 8.424(4) 8.584(6)
Angles
N3-Fel-N4 86.27(15) 82.7(2)
N4-Fel-N10 93.68(15) 97.7(2)
N10-Fel-N11 86.86(15) 82.3(2)
N11-Fel-N3 93.19(15) 97.4(2)
N1-Fel-N2 176.6(2) 176.6(2)
SFeleldl 32 47
@olel 43 70
Hydrogen bonds][f]
N9-H9-+-N15a 3.010(5) 3.035(8)
£ N9-H9-N15a 177(6) 165(6)
N16-H16--N8b 2.995(5) 3.023(8)
£ N16-H16-N8b 157(5) 157(6)
Lone pair—n interactions
Cg5--S2 3.459(2) 3.589(4)
Cg8-S1 3.504(2) 3.564(3)
n—7 interactions
Cg9--Cgl0 3.976(3) 4.236(5)

[a] At 100 K. [b] At 270 K. [c] Closest inter-monomer Fe--Fe dis-
tance. [d] 2° = the sum of |90 — #] for the 12 N-Fe-N angles in the
octahedron.l'2:33:36] [e] @° = sum of |60 — 0| for the 24 N-Fe-N
angles describing the trigonal twist angle as described by Marchivie
and coworkers.['>37 [f] Symmetry operations: a 1 — x, —1/2 + y,
12-zb1+x, 12—y 12+ z

which is indicative of a full spin transition, as also observed
during magnetic studies on 2 (see below).
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The distortion parameters 2° and @° reflect the devia-
tion from an ideal octahedral geometry.’8 X° directly mea-
sures the distortion from a perfect octahedron while @° de-
fines the deformation of the octahedral coordination geom-
etry towards a trigonal-prismatic environment.['?l For a per-
fect octahedron, 2° = @° = 0. For LS 2, 2° =32 and @° =
43, whereas the respective values for HS 2 are 43 and 70
(Table 2). The lower 2° and @° values for the LS compound
are typical since LS complexes are less deformed than HS
ones.?>371 Hence, AX° (2°ys — 2°Lyg) and A®° (D°yg —
@° 5) quantify the magnitude of the structural changes oc-
curring during the SCO. For 2, AX° = 15 and A®° = 27; the
high A®° value observed for 2 is indicative of a significant
alteration of the octahedral geometry upon the LS — HS
transition. Such a large structural variation may be associ-
ated with cooperativity between the iron(II) centres, poss-
ibly through intermolecular interactions (actually, the mag-
netic measurements show a relatively cooperative SCO; see
below). In fact, the crystal packing reveals that the iron(II)
molecules are connected through double N,iine—
H-**Nijazine bonds (Table 2), which generate a 1D supra-
molecular chain (Figure 4). These hydrogen bonds are af-
fected by the spin transition (a variation of about 0.025 A
is observed); in particular, the N9-H9--N15a bond experi-
ences a bending of ca. 7%, the angle varying from 177(6)°
to 165(6)° during the LS — HS transition (Table 2). In ad-
dition, the molecules of 2 exhibit intramolecular lone
pair-m interactionsi*>#% (Cg5---S2 and Cg8-S1 contacts;
Figure 4), which are also altered by the SCO (Table 2). A
closer look at the solid-state structure of 2 reveals that the
1D supramolecular chains are linked into a 2D layer by
parallel-displaced n—m interactions,[*!*? involving neigh-
bouring aniline rings [centroid-to-centroid distance
Cg9--Cgl0 = 3.976(3) A in LS 2; Figure S4]. The shortest
arene—arene contact distances are C17-+C39i = 3.257(7) A
and C18--C40i = 3.335(7) A (Figure $4B), and rise to
3.283(12) A and 3.397(11) A, respectively, upon LS — HS
transition [corresponding to an increase of the centroid-to-
centroid distance of ca. 7%, from 3.976(3) to 4.236(5) A;
Table 2]. All these supramolecular bonding interactions

Figure 4. View of the crystal packing of LS 2 showing N ijine—
H-*Nyiwine bonds [N9-H9--N15a = 3.010(5)A and Nl6a—
H16a+-+N8 = 2.995(5) A; blue dotted lines] connecting the iron(II)
molecules to generate a 1D supramolecular chain. Intramolecular
lone pair-- interactions (black dotted lines) take place between
the thiocyanate sulfur atoms and the triazine rings [Cg5--S2 =
3.459(2) A and Cg8--S1 = 3.504(2) A]. Symmetry operations: a
1—x,-12+y, 112 -z
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may favour cooperativity between the transiting iron(II)
ions.

It has to be noted that the 2° and @° values for HS 2 are
comparable to those of 1 (see Table 1), therefore suggesting
analogous octahedral distortions for the two high-spin mo-
lecules, and corroborating the metal coordination environ-
ment in 1.

Reaction of the ligand Cladpat with iron(II) seleno-
cyanate [instead of iron(II) thiocyanate] yields the analo-
gous compound [Fe(Cladpat),(NCSe),] (3), as indicated by
elemental analyses, which also exhibits SCO properties (see
the section Magnetic Studies). Although the molecular
structure of 3 could not be determined by X-ray diffraction
studies, it is expected that the coordination environment of
the iron(IT) centres in 3 is equivalent to those of 1 and 2,
with two frans N-bonded selenocyanate ions. Actually, the
IR absorption band observed at 2061 cm™! for compound 3
is identical to that reported by Murray and coworkers for
an iron(Il) SCO complex from a dipyridylamino-substi-
tuted-triazine ligand with trans-coordinated NCSe ions.?%

Magnetic Studies

The effect of the substituent (ligands Cldpat and Clad-
pat) and the replacement of thiocyanate by selenocyanate
anions have been investigated by magnetic measurements.
Hence, the temperature dependence of the y7 product of
compounds 1-3, y being the molar paramagnetic suscep-
tibility, were derived from magnetization measurements on
bulk samples in an applied field of 0.5 T for 1 and 3, and
1 T for 2 (see Experimental Section), and in the temperature
range 2-300 K. The data for compounds 1 and 2, shown in
Figure 5, corroborate the structural observations, evidenc-
ing the occurrence of a complete thermal SCO for com-
pound 2, and the — surprising — absence of such a process
in the case of compound 1. Indeed, the y7T product of 1
remains practically constant at 3.11-3.09 cm*mol ' K from
300 K down to 50 K, the temperature below which a de-
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Figure 5. yT vs. T plot for 1 (squares) and 2, showing the process
of SCO (full circles), the partial LS to HS photo-induced trapping
at 10 K (LIESST effect) and the relaxation back to the LS ground
state and normal behaviour upon warming (empty circles).
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crease of yT is observed down to 2.18 cm®*mol!' K. The
magnetic properties of 1 are thus in agreement with an S =
2 HS ground state for the Fe!' ion, with g close to 2,
throughout the whole temperature range considered, the de-
crease at low temperatures being due to zero-field-splitting
effects of the S = 2 spins. Magnetization vs. field measure-
ments at 2 K indeed show saturation at ca. 4.05 Naup at
5T (see Figure S9), in agreement with an S = 2 spin ground
state and a g value slightly above 2. On the other hand, the
T product of 2 decreases upon cooling, from similar values
to those of 1, i.e. 3.13 cm®*mol ! K at 280 K, reaching a pla-
teau at 0.11 cm®mol ' K below 100K, and down to
0.08 cm*mol ! K at 5 K. Compound 2 thus undergoes a
complete SCO centred at ca. 178 K and with a limited co-
operative character, as indicated by a ATg, of 50 K (80% of
the transition occurs within about 50 K). In agreement with
the structural observations, the process of SCO is virtually
completed at 100 K. These observations are perfectly repro-
ducible upon warming, thus with no detectable hysteresis,
and over various cycles.

The possibility of trapping the HS metastable state at
low temperature through irradiation, the so-called LIESST
effect,[*’) was examined on a thin sample of 2. At 10K, a
fast increase of y 7 is indeed observed when irradiating with
green light, clearly demonstrating the efficiency of the
LIESST effect in this compound (Figures 5 and 6 top).
Nevertheless, the rate of increase rapidly drops and virtually
stable values are reached after ca. 1 h (Figure 6 top). After
turning the irradiation OFF and thermalization, the re-
sulting 7 value of 1.42 cm’*mol! K corresponds to ca.
50% of trapped HS centres, based on the 7 value of 1 at
the same temperature. An incomplete LIESST effect in thin
samples with an apparent steady state similar to that ob-
served herein may be due to an overlap of the *T,—°E (HS)

1"2‘ T T=10K J
1 - /
r light OFF
08 L
0.6[
04 light ON
—~ 19
Z 02
I'_o' 0 L L L L
z 0 1000 2000 3000 4000
g
&
=~
=
02r T=10K
0 L 1 L 1
0 1000 2000 3000 4000

t(s) ——>

Figure 6. Top: yT vs. time evolution for 2 at 10 K showing the
increase due to LIESST during irradiation with a green light. Bot-
tom: y7T vs. time evolution for 2 at 10 K in obscurity after the
irradiation with a green light, showing an exponential-like behav-
iour. The full red line is a fit to a stretched exponential with f =
0.67 and critical time of 765 s.
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and 'A;—3T, (LS) bands, resulting in competitive LIESST
and reverse-LIESST processes.[*Y1 Another cause of such an
incomplete light-induced trapping, even in thin samples, is
the competition of the light-induced LS—HS trapping with
the relaxation of the trapped HS species back to the LS
ground state, at the origin of light-induced bistability in co-
operative SCO systems.[*346] Measurements vs. time at 10 K
after 1 h of irradiation for 2 indeed show that y7 rapidly
drops in an exponential manner, already reaching values of
ca. 0.40 cm®mol 'K after only 1 h. It is therefore clear that
the HS—LS relaxation is fast, even at 10 K (Figure 6 bot-
tom). An estimation of the characteristic relaxation time at
10 K of 765 s is obtained by adjusting the experimental data
to a stretched exponential with f = 0.67 (red line in Figure 6
bottom). Confirmation of the relative instability of the
trapped HS state is obtained from the measurements upon
warming after irradiation (Figure 5). T rapidly decreases
to reach values similar to those of a normal LS state at
temperatures as low as 55 K, as could be expected from the
thermal activation of a relaxation process that is already
fast at 10 K.

Magnetic properties of compound 3 are shown in Fig-
ure 7 as a yT vs. T plot. Similar to 2, a decrease of T is
observed, from 3.43 cm*mol ! K at 280 K, down to a pla-
teau at ca. 0.15-0.11 cm?* mol! K below 90 K and down to
0.11 cm*mol 'K at 5 K, thus confirming a likely compar-
able molecular structure to that of 2. Compound 3 thus
also presents a complete SCO, although centred at a lower
temperature, e.g. 166 K, and more gradual than that of 2,
with a ATy of ca. 80 K. Such a low cooperativity in a sele-
nocyanate compound with respect to its thiocyanate ana-
logue is documented, and is possibly related to the partici-
pation of the more diffuse Se atom in intermolecular inter-
actions.*’#81 This is likely the case here since the S atoms
in the structure of 2 do participate in the network of inter-
molecular interactions (see above). The lower SCO tem-
perature in 3 with respect to 2 is more surprising since the
replacement of S by Se in NCX -based SCO compounds
usually results in an increase in the SCO temperature.[#7-311

xT (cm’mol'K) ——
= N 0
- [$)] N (6] w o

o
(&)
T

1 1 1 1
150 200 250 300

rK —

1
0 50 100

Figure 7. T vs. T plot for 3 (rhombus), showing a complete SCO
centred at around 166 K. The data of compound 2 is recalled as
light circles for comparison.
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Thermal Properties

The molar heat capacity at constant pressure, C,, of 2
was derived from differential scanning calorimetry (DSC)
measurements over the temperature range 110-290 K (see
DSC traces in Figure S6). A strong heat capacity anomaly
is detected between 135 and 245K, culminating at ca.
180 K, which can be associated with the SCO phenomenon
in 2. Indeed, both the temperature range and maxima are
in excellent agreement with the magnetic data. A lattice heat
capacity was estimated from data below 135 K and above
245 K (dashed line in Figure 8), allowing the determination
of the excess heat capacity associated with the SCO phe-
nomenon in 2 (inset in Figure §). The related excess en-
thalpy and entropy were derived by integration of the excess
heat capacity and amount to 8.08 kJmol™”' and 44.6
Jmol ! K'!, respectively (see Figures S7 and S8). Both fig-
ures are relatively large, which is usually taken as a conse-
quence of a cooperative character of the SCO. In particular,
the excess entropy is well above the purely electronic com-
ponent, RLn5, thus containing a significant content arising
from the coupling of the electronic transition with lattice
phonons. The so-called domain model (developed by Sorai
and widely used in SCO studies when calorimetric data are
availablel®?) allows such a cooperative character to be
quantified through the number n of like-spin SCO centres
within an interacting domain; the larger the domains are,
the more cooperative the transition is. Values of n close to
1 are typical of solution-like gradual SCO,[>3-351 while val-
ues of ca. 10 to 95M7-36:571 have been derived for cooperative
to very cooperative systems. Here, the excess heat capacity
of 2 is very nicely reproduced by this model with » = 3.33
(red line in the inset of Figure 8), indicative of a relatively
weakly cooperative SCO, and in agreement with the mag-
netic studies.

120 T80 200 240380

0 1
120 140 160 180 200 220 240 260 28
TEK) —>

Figure 8. Molar heat capacities of 2 showing a broad hump associ-
ated with the SCO. The dashed line is the estimated lattice compo-
nent. Inset: excess heat capacities associated with the SCO in 2.
The full line is a fit to the domain model of Sorai (see text and SI)
with n = 3.3.

Conclusions

The present study has shown that an apparent minor
modification of a ligand, namely the substitution of one of
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the chloride atoms of Cldpat by an aniline group (ligand
Cladpat) gives rise to a drastic change of the magnetic prop-
erties of the corresponding iron(I) complexes. Indeed, the
coordination compounds 1 and 2, which exhibit identical
coordination spheres for their metal centre, display distinct
magnetic behaviours; 1 is a high-spin species whereas 2 is a
SCO complex with a (weakly cooperative) transition. These
opposite comportments are obviously due to the different
ligands. Since the coordination bond lengths and angles are
comparable for 1 and HS 2, the distinct magnetic properties
observed are most likely caused by different ligand-field
strengths (i.e. Cldpat has a smaller A, value). Theoretical
studies and the preparation of dipyridylamino-substituted
triazine ligands bearing electron-withdrawing and/or elec-
tron-donating substituents may help to understand these
disparities. Therefore, these investigations will be carried
out and the results will be reported in a future paper.

Experimental Section

General: All reagents and solvents were used as received from com-
mercial sources. The reactions were typically carried out in air. IR
spectra (as KBr pellets) were recorded with a Nicolet 5700 FTIR
spectrometer. Elemental analyses were performed by the Servei de
Microanalisi, Consejo Superior de Investigaciones Cientificas
(CSIC) of Barcelona. MS spectra were recorded with a MALDI-
TOF Voyager DE-RP mass spectrometer equipped with a nitrogen
laser (337 nm, 3 ns pulse) and an accelerating voltage of 20-25 kV
or an LC/MSD-TOF ESI-mass spectrometer from Agilent Tech-
nologies, at the Serveis Cientificotécnics of the University of Barce-
lona. 'TH NMR spectra were recorded at room temperature with a
Varian Unity 300 MHz spectrometer; chemical shifts are reported
in ppm relative to the residual solvent signal of CDCl; (6 =
7.26 ppm). TLC was performed on Alugram® SIL G/UV/254 silica-
gel precoated sheets (Macherey—Nagel, Germany).

Single-Crystal X-ray Diffraction Studies: Data for Cladpat, 1 and
2 (LS and HS states) were collected using Mo-K,, radiation (4 =
0.7107 A) with a Bruker APEX II QUAZAR diffractometer
equipped with a microfocus multilayer monochromator at 7' =
100(2) K and at T = 270(2) K for HS 2. The structures were solved
by direct methods and refined on F? using the SHELX-TL suite.l%
In the case of 1, although the data collected appeared to be of good
quality and the processing took place normally, the refinement
could only converge to high final R values, and required displace-
ment parameter restraints for most of the organic ligands. This
situation is likely due to the presence of twinning; unfortunately,
we were not able to settle it. Therefore, even though the molecular
structure and the intermolecular interactions are likely accurate,
the X-ray structure described herein for 1 should be considered as
a preliminary report. Crystal data and refinement parameters are
given in Tables S1 (Cladpat) and S2 (1, LS 2 and HS 2). CCDC-
901348 (Cladpat), -901349 (1), -901350 (2, 100 K) and -901351 (2,
270 K) contain the supplementary crystallographic data for this pa-
per. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Magnetic Measurements: Variable-temperature magnetic-suscep-
tibility data for compound 1-3 were obtained on microcrystalline
samples with a Quantum Design MPMS-XL SQUID magnetome-
ter housed at the SAI Physical Measurements of the University of
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Zaragoza. Variable-temperature measurements were performed in
a 0.5 T applied field, still in the linear range of M vs. H. Pascal’s
constants were used to estimate diamagnetic corrections to the mo-
lar paramagnetic susceptibility, and a correction was applied for
the sample holder. Warming and cooling rates were of the order
of 0.3 Kmin~!. Irradiation experiments were performed using the
Quantum Design fibre optics setup (FOSH). Using this setup, mea-
surements at low fields were noisy, and the applied field was 1 T
throughout the whole study. This field was found to be the best
compromise to remain close to the linear range of M vs. H curves
and obtain good quality data. The light source was a Xenon arc
lamp equipped with sets of short-pass and long-pass filters (SPF
or LPF). Specifically for the present study, a SPF 650 nm and a
LPF at 500 nm were used. Data were corrected for the empty
FOSH signal, determined beforehand.

Differential Scanning Calorimetry Measurements: DSC experiments
were performed with a differential scanning calorimeter Q1000
with the LNCS accessory from TA Instruments. The temperature
and enthalpy scales were calibrated with a standard sample of in-
dium, using its melting transition (156.6 °C, 3296 Jmol'). Mea-
surements were carried out using aluminium pans with a mechani-
cal crimp, with an empty pan as reference. The zero-heat flow pro-
cedure described by TA Instruments was followed to derive heat
capacities, using synthetic sapphire as the reference compound. An
overall accuracy of ca. 0.2 K in temperature and up to 5 to 10%
in the heat capacity was estimated over the whole temperature
range, by comparison with the synthetic sapphire.

4,6-Dichloro- N, N-di(pyridine-2-yl)-1,3,5-triazin-2-amine ~ (Cldpat):
2,4,6-Trichloro-1,3,5-triazine (cyanuric chloride) (2.7 g, 14.6 mmol)
was dissolved in THE N,N-Diisopropylethylamine (DIPEA)
(2.55mL, 1.89 g; 14.6 mmol) was added whilst stirring. The re-
sulting yellow solution was cooled down to 0 °C using an ice bath.
Subsequently, a solution of 2,2'-dipyridylamine (5.10 g, 14.6 mmol)
in THF (50 mL) was added dropwise, and the reaction mixture was
stirred at this temperature for 1 h. The yellow precipitate obtained
(i.e. hydrochloride salt of DIPEA) was separated by filtration, and
the filtrate was concentrated under reduced pressure using a rotary
evaporator at 35 °C. The resulting crude product was purified by
column chromatography on silica gel with ethyl acetate as the elu-
ent (Ry = 0.54) to give pure Cldpat as a white powder (4.44 g,
13.9 mmol, 95%). C;3HgCLNg (319.15): caled. C 48.92, H 2.53, N
26.33; found C 48.90, H 2.48, N 26.21. '"H NMR (300 MHz,
CDCls, room temp.): 6 = 7.24-7.33 (m, 2 H), 7.54 (dt, J = 8.1, J
= 0.9 Hz, 2 H), 7.80-7.89 (m, 2 H), 8.50 (ddd, J =49,J=109,J
= 0.8 Hz, 2 H) ppm. MS (ESI*): m/z = 320.17 [M + H]*. IR (KBr):
v = 1585 (s), 1548 (br.), 1491 (s), 1461 (s), 1430 (s), 1324 (m), 1220
(s), 1182 (s), 842 (s), 796 (m), 778 (m), 746 (m), 667 (m) cm .
6-Chloro-N'-phenyl- N, N-di(pyridin-2-yl)-1,3,5-triazine-2,4-diamine
(Cladpat): Aniline (0.57 mL, (0.58 g, 6.27 mmol) was added to a
solution of Cldpat (2.00 g, 6.27 mmol) in acetone (35 mL). Sub-
sequently, a solution of Na,CO; (0.30 g, 3.14 mmol) in water
(10 mL) was added dropwise, giving rise to a white precipitate. Af-
ter a reaction time of 6 h, the content was poured into crushed ice
and the resulting mixture was stirred until all of the ice had melted.
The white precipitate of pure Cladpat was isolated by filtration,
washed with water and dried overnight under vacuum (2.33 g,
6.21 mmol, 99%). C;oH4CIN; (375.82): caled. C 60.72, H 3.75, N
26.09; found C 60.64, H 3.67, N 25.96. 'TH NMR (300 MHz,
CDCl;, room temp.): 0 = 6.97-7.33 (m, 8 H), 7.60 (t, J = 16.9, J =
1.8 Hz,2 H), 7.82 (td, J= 7.9, J = 1.8 Hz,2 H), 8.49 (d, J = 3.8 Hz,
2 H) ppm. MS (ESI"): m/z = 376 [M + H]*. IR (KBr): ¥ = 3239
(w), 3079 (w), 1608 (m), 1550 (s), 1464 (s), 1382 (s), 1226 (m), 988
(m), 804 (w), 767 (w), 662 (w) cm .
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trans-|Fe(Cldpat),(NCS),|(H,0) (1): A methanolic solution (5 mL)
of KNCS (0.019 g; 0.2 mmol) was added to an aqueous solution
(2 mL) of FeSO47H,0 (0.028 g; 0.1 mmol). After 15 min of stir-
ring, the precipitate of K,SO, was removed by filtration. Ascorbic
acid (in a small quantity) was added to the filtrate to prevent oxi-
dation to iron(IIl). Subsequently, this iron(II) solution was added
to a solution of Cldpat (0.064 g; 0.2 mmol) in dichloromethane
(15 mL). The resulting yellow reaction mixture was filtered and the
filtrate was left unperturbed for the slow evaporation of the solvent.
After two days, small yellow crystals of 1 were obtained (0.605 g,
0.730 mmol, 73%). CysH;cCl,FeN,S, (1-H,0): caled. C 41.50, H
1.99, N 24.20; found C 40.94, H 1.78, N 24.23. IR (KBr): v = 3239
(w), 3079 (w), 1608 (m), 1550 (s), 1464 (s), 1382 (s), 1226 (m), 988
(m), 804 (w), 767 (w), 662 (w) cm .

trans-|Fe(Cladpat),(NCS),] (2): A methanolic solution (5 mL) of
KNCS (0.019 g; 0.2 mmol) was added to an aqueous solution
(2mL) of FeSO47H,0 (0.028 g; 0.1 mmol). After 15 min of stir-
ring, the precipitate of K,SO, was removed by filtration. Ascorbic
acid (in a small quantity) was added to the filtrate to prevent oxi-
dation to iron(III). Next, a solution of Cldpat (0.075 g, 0.2 mmol)
in dichloromethane (5 mL) was added to the iron(II) solution. The
resulting yellow reaction mixture was filtered and the filtrate was
left unperturbed for the slow evaporation of the solvent. After 2 d,
small yellowish-green single crystals of 2, suitable for X-ray diffrac-
tion studies, were obtained (0.082 g; 0.089 mmol, 89%; based on
iron). CyoH3ClLFeN (S, (923.64): caled. C 52.01, H 3.06, N 24.26;
found C 52.11, H 3.02, N 24.34. IR (KBr): ¥ = 3433 (br.), 3244
(w), 2061 (s), 1603 (m), 1558 (s), 1462 (s), 1417 (s), 1383 (m), 1226
(m), 996 (w), 800 (w) cm!.

[Fe(Cladpat),(NCSe),] (3): A small quantity of ascorbic acid was
added to a methanolic solution (2 mL) of Fe(Cl04),"6H,0 (0.064 g,
0.25 mmol). A methanolic solution (10 mL) of Cldpat (0.188 g,
0.5 mmol) was subsequently added. Finally, a solution of KNCSe
(0.072 g, 0.5 mmol) in methanol (10 mL) was added and the re-
sulting reaction mixture was filtered. The filtrate was left unper-
turbed for the slow evaporation of the solvent. After 2 d, small
yellow single crystals of 3 were obtained (0.207 g, 0.203 mmol,
81%). CyoHagClFeN4Se, (1017.44): caled. C 47.22, H 2.77, N
22.03; found C 47.19, H 2.51, N 21.83. IR (KBr): ¥ = 3447 (br.),
3245 (w), 2061 (s), 1605 (s), 1560 (s), 1461 (m), 1416 (s), 1383 (m),
1225 (m), 996 (w), 799 (w) cm™.

Supporting Information (see footnote on the first page of this arti-
cle): Crystallographic data for the ligand Cladpat (Table S1), com-
pounds 1, LS 2 and HS 2 (Table S2); representation of the molecu-
lar structure of Cladpat (Figure S1); views of the crystal packing of
1 (Figures S2 and S3); view of the crystal packing of 2 (Figure S4);
representation of the magnetization vs. applied field at 2 K for com-
pound 1 (Figure S5); DSC traces of compound 2 for warming and
cooling modes (Figure S6); Excess enthalpy and entropy involved
in the SCO process in compound 2 (Figure S7); Details of modelli-
zation of AC,, data with the so-called domain model.
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elucidation

The solvothermal reaction of 2,5-dihydroxyterephthalic acid
(Hpdhtp) and magnesium(lI) nitrate in N,N-dimethylform-
amide (DMF) led to the simultaneous formation of two struc-
tural isomers, namely, the lvt network Mg(dhtp)(dmf), (1)
and the compound Mgs(dhtp)s(dmf)e0.75H,0O (2) with the
pcu a-Po primitive cubic topology. The same reaction condi-

tions with manganese(lI) nitrate and terephthalic acid (H,tp)
resulted in the concomitant generation of two drastically dif-
ferent metal-organic frameworks (MOFs), namely, Mn,(tp),-
(dmf), (3) and [Mn(HCOO);3][NC,Hg] (4), in which the for-
mato ligands and N,N-dimethylammonium cations arise from
DMF degradation.

Introduction

Crystal engineering may be regarded as the rational de-
sign and building of crystal structures from well-chosen
constituent molecules.[-?) Although great progress has been
achieved through several decades of intense investigation in
this area of chemistry, there is still no general approach to
predict precisely the arrangement of molecules in crystalline
lattices.[3-®) The obvious reason for this situation is the po-
tential involvement of numerous factors during the
crystallization process in addition to the specific nature of
the molecular building blocks (internal factors). Accord-
ingly, external factors such as solvent, temperature, pH,
pressure, supersaturation or the presence of impurities may
play a crucial role in crystallization.[>7-8!

The crystal engineering of metal-organic frameworks
(MOFs) has drawn great interest from the scientific com-

[a] Departament de Quimica Inorganica, Universitat de Barcelona,
Marti i Franques 1-11, 08028 Barcelona, Spain
E-mail: patrick.gamez@qi.ub.es
www.bio-inorganic-chemistry-icrea-ub.com

[b] Materials Chemistry Research Center, Department of
Chemistry and Center of Excellence for Innovation in
Chemistry, Faculty of Science, Khon Kaen University,
Khon Kaen 40002, Thailand
E-mail: sujittra@kku.ac.th

[c] Dipartimento di Chimica, Universita degli Studi di Parma,
Vialle delle Scienze 17/A, 43124 Parma, Italy

[d] Instituto de Ciencia de Materiales de Aragon (ICMA), CSIC
and Universidad de Zaragoza,
Plaza San Francisco s/n, 50009 Zaragoza, Spain

[e] Institucidé Catalana de Recerca i Estudis Avancats (ICREA),
Passeig Lluis Companys 23, 08010 Barcelona, Spain

Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201402475.

Eur. J. Inorg. Chem. 2014, 4385-4393 Wiley Online Library

4385

munity in the last 15 years.”~1! This enthusiasm for MOFs
is due to their high structural versatility, porosity and their
broad variety of properties, functions and potential applica-
tions,2151 such as gas adsorption and storage,'®! magnet-
ism,['”1 luminescence,l'® catalysis!'”! and ion exchange.*”!
The integration of a specific functionality or functionalities
can be achieved easily through rational variation of the
building blocks (ligands and metal ions)?!! or by postsyn-
thetic modification of MOFs that possess adequate reactive
sites.[1%

The great popularity of MOFs undoubtedly arises from
their typical porous nature provided by their 2D or 3D net-
work topology. In principle, the topology of the coordina-
tion polymer can be adjusted through the choice of the li-
gand, the metal ion (with its preferred coordination geome-
try), the counterion, the solvent (or solvent mixture), the
pH, the ligand-to-metal ratio and so on.[''>24 The influ-
ence of temperature on the ultimate topologies of MOFs
has been comparatively less investigated.*>27]

Different types of building blocks are involved in the
generation of MOFs, namely, the organic ligand, the metal
ion (and the counterion) and the solvent (or mixture of sol-
vents). Clearly, distinct combinations of these components
will lead to the formation of various MOF assemblies, and
temperature can play a crucial role during this process. For
instance, the severe reaction conditions commonly used in
MOF synthesis (and particularly the high temperatures
usually applied) may even result in ligand (or solvent) de-
gradation, which can yield new organic linkers. Hence, the
simultaneous generation of more than one extended coordi-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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nation structure in the same reaction batch may clearly be
envisaged.

In the present study, two pertinent illustrations of the
one-pot, concurrent formation of more than one MOF are
described, namely, Mg(dhtp)(dmf), (1, dmf = N, N-dimeth-
ylformamide, H,dhtp = 2,5-dihydroxyterephthalic acid)
together with Mgs(dhtp);(dmf)s0.75H,O (2) and Mn,-
(tp)-(dmf), (3, Hotp = terephthalic acid) together with
[Mn(HCOO);][NC,Hg] (4). The consequent implications re-
garding their potential applications is considered; for in-
stance, the consequences in relation to the previously re-
ported properties of 1 and 3 as a luminescent material and
cyanosilylation catalyst, respectively, are discussed.

Results and Discussion

Description of MOF Structures

Compounds 1-4 were obtained under solvothermal con-
ditions in DMF (in the temperature range 80-140 °C) from
the corresponding ligands and metal salts (see Exp. Sect.
for details). Compounds 1 and 2 as well as 3 and 4 were
generated simultaneously as two different products of the
respective reactions.

Crystal Structure of Mg(dhtp) (dmf), (1)

The reaction of 2,5-dihydroxyterephthalic acid (H,dhtp)
with magnesium(II) nitrate hexahydrate in DMF at 120 °C
(or above) produces light orange, needle-shaped crystals of
Mg(dhtp)(dmf), (1) in a yield of 68%. Compound 1 is air-
stable and insoluble in most organic solvents. Compound 1
crystallizes in the centred monoclinic space group C2/c
(Table S1), as reported earlier by George, Maji and co-
workers.?82%1 A representation of the molecular structure
of 1, which highlights the coordination environment around
the metal ion, with its atom-numbering scheme is shown in
Figure 1.

Figure 1. Representation of the molecular structure of 1 showing
the coordination environment around the magnesium(Il) atom.
The hydrogen atoms are omitted for clarity. Symmetry operations,
al-x,032-zb:1-x,1-»2-zd x,1 -y 1/2+z The
oxygen atoms of the phenolic hydroxy groups are disordered over
two positions with occupancy factors of 0.8 and 0.2; hence, the
dhtp ligands are shown with four OH groups.

The magnesium(II) centre in 1 is in an octahedral coordi-
nation environment. Selected bond lengths and angles are

Eur. J. Inorg. Chem. 2014, 4385-4393
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listed in Table S2. The equatorial plane of the octahedron
is formed by four oxygen atoms (O1, O2a, O1b and O2d;
Figure 1) belonging to four different dhtp ligands. The axial
positions are occupied by two DMF molecules (O4 and
04b; Figure 1). The Mgl-O bond lengths and O-Mgl-O
coordination angles can be considered as normal for this
type of MgOy environment.’) Mgl is bridged to two sym-
metry-related magnesium atoms through four p, ;-dhtp li-
gands to generate an infinite 1D chain of metal ions along
the crystallographic ¢ axis (Figure 2, A). This chain is con-
nected to four adjacent, parallel chains in the ab plane to
produce a 3D framework that exhibits channels occupied
by the coordinated DMF molecules (Figure 2, B).

Figure 2. (A) Formation of an infinite 1D magnesium chain along
the crystallographic ¢ axis in 1. (B) 3D framework generated
through the interlinking of the 1D chains by bis(p; 5-dhtp) ligands.
The oxygen atoms of the phenolic hydroxy groups are disordered
over two positions with occupancy factors of 0.8 and 0.2; hence,
the dhtp ligands are shown with four OH groups.

Crystal Structure of Mgs;(dhtp);(dmf)s0.75H,0 (2)

If the reaction is performed at a temperature between
90 and 120 °C, two types of single crystals are obtained
simultaneously (Figure 3), namely, needles (1) and blocks,
which have been identified as Mgs(dhtp);(dmf)s0.75H,0
(2) by X-ray diffraction. Compound 2, which is not air-
stable (in contrast to 1) and is insoluble in most organic
solvents, can only be obtained as a mixture with 1; there-
fore, its yield could not be determined. It has been observed
that the relative amount of block crystals of 2 increases
when the reaction temperature is decreased (that is, the 2/1
ratio appears to increase when the temperature of the reac-
tion decreases). The fact that 1 is always obtained suggests
that this coordination polymer is (thermodynamically) fa-
voured. Compound 2 crystallizes in a distinct crystallo-
graphic system, namely, the centrosymmetric triclinic space
group PI (Table S1).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Images of two different reaction samples (obtained at
temperatures below 120 °C) illustrating the presence of two types
of materials, namely, 1 (needles, yellow and red arrows) and 2
(blocks, blue arrows).

Whereas 1 is formed by infinite 1D chains of metal ions
(see above), 2 is built from trimagnesium(II) linear units. A
view of this trinuclear building block is shown in Figure 4
(A), and an illustration of the trimetallic core with the cor-
responding atom-numbering scheme is depicted in Figure 4
(B). The central magnesium(II) ion, Mg2, is in a distorted
octahedral environment formed by six carboxylato oxygen
atoms (02, O8, 019, 025, Ol4a’ and 033d’; Figure 4, B)
belonging to different dhtp ligands. The equatorial angles
vary from 82.54(9) to 99.32(10)° (Tables S2 and S3) and are
illustrative of the strong distortion of the octahedron, which
most likely results from steric hindrance induced by the co-
ordination of six dhtp ligands. The Mg2-O bond lengths
range from 2.036(3) to 2.053(2) A (Table S2) and can be
considered as normal for such a MgOg moiety.?!1 The six
dhtp ligands triply bridge Mg2 to two related magne-
sium(Il) atoms, namely, Mgl and Mg3 (Figure4). The
geometry about Mgl and Mg3 is octahedral with three oxy-
gen atoms from bridging p, 5-dhtp ligands (connecting Mgl
and Mg3 to Mg2) and three DMF oxygen atoms (Figure 4).
The coordinated DMF molecules in 2 act as capping li-
gands and impede the formation of a 1D metallic chain, as
observed for 1 (see parts A in Figures 2 and 4). The Mg
Ocoo and Mg-Opyr bond lengths in the range 2.017(2)-
2.110(3) A (Table S2) are regular for this type of coordina-
tion environment.3?!

Figure 4. (A) Representation of the molecular structure of 2 show-
ing the trinuclear building block. (B) The trimagnesium(II) core
illustrating the coordination environment around each magne-
sium(Il) atom. The hydrogen atoms are omitted for clarity. The
three types of dhtp ligands that connect the Mg; cluster to adjacent
trinuclear units are shown in pink, green and blue. Symmetry oper-
ations, a’: —x, 1 =y, 1 —z;d" 1 —-x, 1 -y, 1 -z
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The basal coordination angles vary from 85.92(10) to
97.29(10)° (Table S2) and reflect a strong distortion of the
octahedron (for both Mgl and Mg3), which is probably
caused by steric hindrance induced by the coordination of
three p, 5-bridging dhtp ligands [as evidenced by the angles
0O1-Mgl-O13a’" 97.29(10)° and 020-Mg3-026 95.29(10)°
for Mgl and Mg3, respectively]. It should be mentioned
here that the solid-state structure of 2 includes another tri-
magnesium(II) moiety (Mg4, Mg5 and Mg6) with slight
metric variations compared to those for Mgl, Mg2 and
Mg3 (see Table S3). The linear trimagnesium(II) clusters
are connected to six adjacent trinuclear units in a shifted
manner through three different types of dhtp ligands, which
are shown in distinct colours in parts A of Figures 4 and 5
(the three types of dhtp ligands are depicted in pink, green
and blue). Hence, the Mg; building blocks are connected in
three directions (Figure 5, A) to produce an intricate 3D
framework (Figure 5, B). Although 1 exhibits diamondoid
channels (containing the coordinated DMF molecules; Fig-
ure 2, B), 2 displays triangular channels that are occupied
by the coordinated DMF molecules (Figure 5, B). Remark-
ably, these drastically distinct frameworks are formally ob-
tained from the same proportion of constituent molecules,
that is, a combination of one magnesium ion, one dhtp li-
gand and two DMF molecules. Thus, 1 and 2 are not poly-
morphs, they are structural isomers. The different coordina-
tion arrangements observed are achieved by a slight varia-
tion of the reaction temperature; indeed, whereas needle
crystals of 1 are solely produced above 120 °C, block crys-
tals of 2 are obtained at 110 °C (together with needle crys-
tals of 1; Figure 3), which illustrates the great importance
of the temperature in the formation of MOFs. Finally, the
framework of 2 contains some water molecules (oxygen
atoms Olw and O2w), which are hydrogen bonded to dhtp
hydroxy acceptor groups [Olw-O11 2.817(5)A and
02w--036 2.826(5) Al].

A 1
blue .i..
‘i“
Q.QQ‘
mgs | 1 vg1
°M°|° 900'9
pink B®O@
000 QOQ

00

Figure 5. (A) The connectivity of the three different types of dhtp
ligands (pink, blue and green; see Figure4, A) in 2 and (B) the
resulting 3D framework built up from Mg; clusters in 2.

Crystal Structures of Mn,(tp),(dmf), (3) and
[Mn(HCOO);][NC;H;] (4)

The reaction of terephthalic acid (H,tp) with manga-
nese(Il) nitrate tetrahydrate in DMF at 120 °C yields two
different types of crystalline materials, namely, rhombic-
shaped crystals of 3 and hexagonal-shaped crystals of 4
(Figure 6). Compounds 3 and 4 have always been obtained
as a mixture; therefore, their respective yields could not be

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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determined. Compound 3 crystallizes in the monoclinic
space group P2,/c (Table S4), as reported previously.?3 The
solid-state structure of 3, which is a 3D MOF that exhibits
channels filled with the coordinated DMF molecules (see

Figures S1 and S2), has been fully described in previous
[33]

reports.

Figure 6. Image illustrating the presence of two types of materials,
namely, 3 (rhombic-shaped crystals; blue and black arrows) and 4
(hexagonal-shaped crystals; yellow and black arrows).

Compound 4 crystallizes in the trigonal space group R3¢
(Table S4). A representation of its molecular structure,
which highlights the coordination environment around the
Mn'! jon, with its atom-numbering scheme is shown in Fig-

ure 7 (A). The metal centre in 4 is in an almost perfect octa-
hedral environment [the O-Mn-O angles vary from
89.19(3) to 90.81(3)°; see Table S5] formed by six formato
ligands with Mn—O bond lengths of 2.188(1) A (Figure 7,
A). Each Mn" atom is linked to six neighbouring metal
ions through the bridging p-0,0’-formato ligands to pro-
duce an octahedral 3D framework (Figure 7, B). This an-
ionic network {formed by [Mn(HCOO);]  units} exhibits
channels along the crystallographic « axis that are filled

/ \\
MQ//"‘ / / S/

'_ m' N
’?«\‘ /// a‘\\\a\' \“v, *‘t‘{/-\Q/// %\\
Vool o) Yol

Figure 7. (A) Representation of the molecular structure of 4 show-
ing the coordination environment around the manganese(1l) ion.
The hydrogen atoms and the dimethylammonium cations are omit-
ted for clarity. (B) Illustration of the 3D framework built up from
[Mn(HCOO);]™ units in 4. Symmetry operations, a: y/3 — x + y,
—zl3+ y,—cl6 + z;b: y/3 - x+y, —zI3+y, 6+ z; ¢ p/3 - x+ ),
—zl3+ y, —cl6+z;d:y3—-x+y —zI3+y 6+ z e 3 - x+)Y,
—zI3 + y, —l6 + z.

Table 1. Results of the solvothermal reactions between manganese(Il) nitrate and terephthalic acid (H,tp) (with different metal/ligand
ratios) performed at various temperatures (from 80 to 140 °C) in distinct solvent/solvent mixtures for 24 h.[2-]

Temp. [°C] > 80 90 100 110 120 130 140
Solvent(s) 15 mL ¥
Mn:Hatp ratio ¥
= @] O [ ] ] O DMF
) - - O O ] m} [ DMF/CH;0OH 10/5
1 = - ° ° ° ° ° DMF/CH;CN 10/5
- - o o o o - DMF/H,O 10/5
5 O [ [ n [ O DMF
_ - - O O Ol m} O DMF/CH;0OH 10/5
1332 = - ° ° ° ° ° DMF/CH;CN 10/5
1 - o o o o - DMF/H,O 10/5
= [m] ] [] [] | | O DMF
) - - O O O O O DMF/CHsOH 10/5
115 - - ° ° ° ) () DMF/CHsCN 10/5
= - (o] o o o - DMF/H,O 10/5
z - ° ° o ° ® DMF
13 - - o o o o - DMF/CH;OH 10/5
. - ° ° o ° ® DMF/CH;CN 10/5
z - (o] o o o o DMF/H,O 10/5

[a] —: no solid material was obtained; B: mixture of good-quality single crystals of 3 and 4; [J: mixture of low-quality crystals of 3 and
4; @: mixture of tiny (unidentified) crystals with a white microcrystalline powder; O: mixture of low-quality crystals of various shapes
(more than two) with a white microcrystalline powder. [b] The same results were obtained with reaction times of 48 and 72 h.
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with dimethylammonium cations. Both the HCOO™ ligands
and the [(CH3),NH,]" cations result from the degradation
of DMF, which is most likely catalyzed by manganese. In-
deed, under the same reaction conditions (in DMF at
120 °C), the generation of formate and dimethylammonium
ions is not observed in the presence of magnesium (prepara-
tion of 1 and 2; see above and Exp. Sect.).

It can be mentioned here that the same anionic metal
formate framework has been previously reported by Gao
and co-workers;1** in one case a structure that is isomorph-
ous to 4 was obtained, but it was described as a different
underlying net (i.e., the binodal, 6,6-c nia, see below).[3#"]
However, in contrast to the present case, the 3D network
was purposely produced by the reaction of formic acid and
an amine (which acts as the reaction template) in meth-
anol.[33:3¢1 For instance, the use of N,N’-dimethylethylenedi-
amine generates the octahedral network with channels filled
with N,N’-dimethylethylenediammonium [dmenH,]** cat-
ions {instead of the [(CH3),NH,]" cations in 4}.[34

As already mentioned above, compound 4 was obtained
as a side product (arising from DMF degradation) of the
reaction to prepare 3. Hence, several reaction conditions
were subsequently applied to attempt to generate pure 3.
Thus, several Mn-to-ligand ratios were used, and reactions
were performed at different temperatures (from 80 to
140 °C), with various solvent mixtures and for distinct reac-
tion times (24, 48 and 72 h). All of the results are listed in
Table 1. None of the reaction parameter changes applied
allowed the exclusive formation of 3 (Table 1). Nice crystals
of 3 are always obtained together with 4 when the reaction
is performed in pure DMF at 110-130 °C (and even at
100 °C when the Mn/H,tp ratio is 1.33:2; see Table 1) with
metal-to-ligand ratios from 1:1 to 1:1.5. All other reaction
conditions (that yield solid materials) produce mixtures of
low-quality crystals or microcrystalline powders, and some-
times more than two compounds seem to have formed (see
Table 1).

Consequences Regarding Potential Applications

As mentioned above, although 1 and 2 are built from the
same components [i.e., magnesium(II) ions, dhtp ligands
and DMF molecules] with the same molar ratio, they exhi-
bit drastically distinct solid-state structures. The compara-
tive analysis of the network topologies of 1 and 2 by using
the TOPOS softwarel®”! reveals their structural disparities.
In 1, the underlying net!®® is obtained by considering both
the metal centres and the terephthalic ligands as four-con-
nected (4-c) nodes. After this standard simplification, the
3D framework can be considered as a four-connected Ivt
network (Figure 8) with point symbol (4%.8%) and vertex
symbol (4.4.8%.84.88.8%).37] An examination of the TTD/
TTO (TTD = TOPOS Topological Database, TTO = topo-
logical types observed) collection reveals that there are 57
structures with the same underlying net among valence-
bonded MOFs described with a standard representation,
seven of which contain the terephthalic acid moiety.[?8-3
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Six of them are isostructural compounds (CgHgMOg),, with
M = Mg, Co, Fe, Mn,%I whereas onel**®! is a manganese
MOF (C;,H3,Mn,NgOyg),, with methylpyrazole as an ancil-
lary ligand. In all of the reported cases, the terephthalic
acid is connected to four metal centres through all four oxy-
gen donor atoms of the carboxylic groups. The coordina-
tion around the metal is completed by monodentate ligands
(DMF, water or methylpyrazole), which are not involved in
the formation of the network. The topology of 2 can be
best described by using the cluster representation,*®! in
which the [Mg;(COQ)g] units are the cluster nodes, and the
phenyl rings of the terephthalic acid are the two-connected
linkers (see Figure 9, A; the terminal, one-connected OH
groups are not considered in the analysis and have been
previously removed). The first simplification leads to the
3D net shown in part B of Figure 9, in which the green
spheres are the nodes, and the blue bonds represent the 2-c
organic linkers. When the linker is further simplified into
an edge, the resulting 6-c net is of the pcu a-Po primitive
cubic topological type (Figure9, C) with point symbol
(4'2.6%) and vertex symbol (4.4.4.4.4.44.44.44.4%%%)
The standard simplification for this structure would give
a trinodal net named 3,4,6T2,5% in which the carboxylate
ligands act as four-connected nodes, and two types of
nonequivalent magnesium centres behave either as 3-c or
6-c nodes. There are 23 MOF structures (containing
terephthalic acid, naphthalene or biphenyl dicarboxylates)
with the same underlying net;* in the cluster representa-
tion, they are all represented as pcu. The majority of these
compounds possess two nonequivalent metal centres with
coordination spheres occupied by monodentate solvent
molecules and by the oxygen atoms of the carboxylic
groups. In all cases, the biscarboxylic benzene derivatives
act as py ligands; in particular, in 2, all of the terephthalic
acids of the structure display a bridging coordination mode
with the four oxygen atoms bonded to four distinct metal
ions. In the other MOFs of the series, however, two distinct
coordination modes are almost always present simulta-
neously (bridging, chelating or chelating and bridging with
one oxygen atom).

Figure 8. View along the ¢ axis of the Ivt network that describes
the topology of 1. The Mg atoms and the organic ligands that
act as 4-c nodes are represented as green spheres and blue rods,
respectively.

Clearly, such structural disparities will affect the func-
tional and physical properties of the corresponding MOFs,
for instance, their porosity.
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Figure 9. Simplification process used to describe the topology of 2.
(A) The cluster nodes Mg3(COO); (six-connected) and Cgy (two-
connected). Mg: green spheres; oxygen: red; carbon: grey. The in-
teractions between the nodes are shown as grey dashed lines. (B)
The underlying net derived from the cluster representation (6-c
nodes as green spheres, 2-c nodes as blue rods). (C) The pcu o-
Po primitive cubic net obtained by simplifying the 2-c nodes into
edges.

The apparent surface area of MOFs (S in m?>g!) can
be estimated from their crystal structures by using the free
volume (Ve in %) after removal of the lattice and coordi-
nated solvent molecules, and their density (dyior in gem3)
can be determined by single-crystal X-ray diffraction by ap-
plying the simple Equation (1).[4!]

Vfree
S =28 x 1)
dMOF

Accordingly, for 1, the apparent surface area is S1 =
28 % (52/1.452) = 1000 m?g !. For 2, S2 = 28 X (59/1.402) =
1200 m?g!. Thus, from 1 to 2, the surface area increases
by 20%.

As already mentioned above, compound 1 has been re-
ported previously and has been used as a porous lumines-
cent material (both in solution and in the solid state) with
tuneable emission properties triggered by guest solvent mol-
ecules.*8! Hence, 1 (which shows a bright green emission
centred at ca. 500 nm) has been dispersed in various sol-
vents, namely, ethanol, dimethyl sulfoxide, water and N,N-
dimethylformamide.?®! It has been observed that 1 is par-
tially soluble in polar solvents and that its fluorescence
properties vary depending on the solvent used.

The powder X-ray diffraction (PXRD) patterns of 1 re-
covered from the different (guest) solvents were recorded
(see Figures S9 and S13 in the Supporting Information of
ref.?8]), and the authors concluded that 1 does not disinte-
grate during the dispersion process.”!! However, a re-exami-
nation of these PXRD patterns indicates that the PXRD
data of as-synthesized 1 (see Figure 10, bottom of this pa-
per and Figures S9 and S13 of ref.?®)) and those of the
MOFs retrieved after dispersion in the four different sol-
vents are significantly different (see Figures S9 and S13 of
ref.?8]); almost all of the original peaks (of 1; see Figure 10,

Eur. J. Inorg. Chem. 2014, 4385-4393

4390

bottom) cannot be found in the PXRD patterns of the reco-
vered materials. Indeed, numerous new diffraction peaks
are observed, and the consequent new PXRD patterns actu-
ally resemble that of 2 (Figure 10, top), obtained in the
present study. The PXRD pattern of 1 treated with water
(Figure 10, middle)l?® exhibits a number of common peaks
with the simulated pattern of 2 (Figure 10, top). Thus, it
appears that 1 may be converted to 2 (at least in part)?!
during the solvent-immersion procedure (the solubility of 1
in polar solvents has been noted). Consequently, it is not
clear whether the fluorescence behaviour observed is due to
the host—guest properties of 1 or to those of 2 (or any other
MOF structure).

Intensity (arb.)

110 "

200 1

L

10 15 20 25 30 35 40
26()

Figure 10. Powder diffraction patterns of 1 (bottom) and 2 (top)
calculated from the single-crystal X-ray data and the experimental
pattern for 1 after contact with H,O as reported by Jayaramulu et
al.?8] (middle, data taken from ref.?®l). The main reflections of the
pattern of 1 are labelled to highlight the differences upon exposure
of 1 to H,O.

As stated above, the structure of 33 and the framework
of 4 with different cations (various ammonium ions) have
been described previously.?43¢1 Compounds 3 and 4 are
drastically distinct materials; therefore, their physical and
functional properties will clearly be different. From a topo-
logical point of view, the standard simplification of 3 results
in a 4,4,5,5T7 underlying net, in which the two metal
centres and the terephthalic ligands both behave as 4-c
and 5-c nodes (see Figure1l) with point symbol
{42.6%.82}{4°.6°.84} {44.6%} {4*.6°.8} (another MOF has
been reported with the same underlying net but with Mg
ions instead of Mn ions).[*Y] The structure of 4 can be de-
scribed by the pcu underlying net, as for 2. This description
is obtained by using a standard representation in which the
2-c formato ligands are simplified into edges and the metal
ions are six-connected nodes. An examination of the TTD/
TTO collection reveals that there are several structures with
the same underlying net among the valence-bonded MOFs
based on the same anionic metal-formate framework, 16 of
which are isomorphous to 4.34342

Compound 3 has been used by some of us as a Lewis
catalyst for the cyanosilylation of acetaldehyde, which yields
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Figure 11. View of the 4,4,5,5T7 network that describes the top-
ology of 3. The Mn atoms and the organic ligands are represented
as pink spheres and gray rods, respectively.

an O-silylated cyanohydrin.[33?] Several manganese-contain-
ing MOFs have been employed to mediate this reaction,
and 3 showed the best catalytic activity.?3 It can be men-
tioned here that the MOF 3 previously reported®3a was
prepared by following the same synthetic procedure as that
described herein (see Exp. Sect.). As we have not been able
to produce pure 3 in the present investigation (the presence
of 4 has always been detected under various reactions con-
ditions; see Table 1), it is assumed that 3 was also obtained
together with 4 in the previous study without realization of
this.

Compounds 3 and 4 are significantly different; first, the
organic linkers are considerably distinct, terephthalate for 3
and formate for 4. Whereas 3 is a neutral network, 4 is an
anionic framework in which the cavities are filled with cat-
ionic [(CH3),NH,]" guests. Finally, 3 contains coordinated
DMF molecules, whereas 4 does not (4 results from DMF
degradation). Consequently, 3 and 4 may act as radically
distinct catalysts for the cyanosilylation of acetaldehyde; 4
is not expected to catalyze this reaction. Indeed, the chan-
nels in the structure of 4 (along the crystallographic a axis;
see Figure 7, B) are filled with N,N-dimethylammonium
cations, which cannot be replaced or expelled by neutral
molecules (contrary to the coordinated DMF molecules in
3), such as trimethylsilyl cyanide and acetaldehyde (the re-
actants of the cyanosilylation reactionl*3). Moreover, the
cavities in 4 are too small to accommodate molecules such
as trimethylsilyl cyanide (the calculated apparent surface
area of 4 without [(CH3),NH,]" ions, S4, amounts to
28 X (6/1.709) = 100 m?>g ). In contrast, the channels in 3
(Figure S2), which are significantly wider than those of 4
[for instance, the apparent surface area of 3 after removal
of the coordinated DMF molecules is S3 = 28 X (18/1.615)
= 310 m?g '], can host trimethylsilyl cyanide and acetalde-
hyde and, therefore, the Mn sites in 3 can mediate the
cyanosilylation reaction. Consequently, in the previous
work,?3 the quantity of catalyst 3 used has been underesti-
mated owing to the probable presence of 4. This situation
thus indicates that 3 is an even better catalyst than initially
thought.
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Conclusions

As they are solid materials, MOFs may exist in more
than one crystal structure or polymorph. Polymorphic and
pseudo-polymorphic MOFs have been described in the
literature.?>43-431 Naturally, such polymorphs may have
different physical properties; ¥ for example, an interpen-
etrated form of MOF-5 [i.e., Zn,O(tp)s;] has been reported
that exhibits significantly lower surface area than the non-
interpenetrated one (ca. 700-1000 vs. 3500 m>g').[47]

Diverse types of isomeric MOFs may also be ob-
tained.[?7*3-31 For instance, the temperature-dependent for-
mation of MOF structural isomers was described in
2007.12°1 Furthermore, the solvent-induced formation of
structural isomers has been reported recently.?”! Com-
pounds 1 and 2 represent a rare casel®!>% of structural iso-
mers concomitantly obtained.

Although the simultaneous formation of distinct MOFs
from the same building blocks, namely, the metal ion and
organic linker (and sometimes also the solvent molecules)
but with different molar ratios has been repeatedly ob-
served,l?7-33-34] the one-pot generation of MOFs including at
least one different component, such as 3 and 4 with distinct
organic ligands (terephthalate for 3 and formate for 4), ap-
pears to be unique.

In summary, the two examples of multi-MOF formation
reported herein stress the absolute necessity to carefully in-
spect the solid material(s) (e.g., crystals) after reaction com-
pletion. Indeed, as observed in the present study, the pro-
duction of more than one compound can occur in the same
reaction vessel, and this feature does not seem to be uncom-
mon. As distinct MOFs will exhibit dissimilar physical
properties, the failure to observe such an occurrence will
cause misinterpretation of results regarding the functional
applications of the materials.

Experimental Section

Materials and Measurements: 2,5-Dihydroxyterephthalic acid
(H»dhtp), terephthalic acid (H,tp), manganese(Il) nitrate tetrahy-
drate and magnesium(II) nitrate hexahydrate were purchased from
Sigma—-Aldrich and used as received. DMF was obtained from
Acros Organics. Infrared spectra (samples as KBr pellets) were re-
corded with a Nicolet 5700 FTIR spectrometer. Elemental analyses
were performed by the Servei de Microanalisi, Consejo Superior de
Investigaciones Cientificas (CSIC) of Barcelona.

Mg(dhtp)(dmf), (1): A DMF solution (15 mL) of Mg(NO;),:6H,O
(46 mg, 0.18 mmol) and 2,5-dihydroxyterephthalic acid (H,dhtp;
53 mg, 0.27 mmol) corresponding to a metal-to-ligand ratio of
1:1.5 was sealed in a glass tube and heated at 120 °C for 1 d. Sub-
sequently, the reaction mixture was cooled at a rate of 5°Ch".
Needle-shaped, light orange crystals of 1, which were not air-sensi-
tive, were obtained in a yield of 68% (44 mg) based upon magne-
sium. Ci4HsMgN,0Og (366.61): caled. C 45.89, H 4.96, N 7.65;
found C 45.66, H 4.89, N 7.43). IR (KBr): ¥ = 3421 (m), 2932 (m),
1655 (ws), 1613 (s), 1487 (m), 1452 (s), 1414 (m), 1388 (m), 1368
(m), 1332 (m), 1238 (s), 1107 (m), 917 (w), 864 (w), 821 (m), 784
(m), 685 (m), 617 (w), 538 (w) cm .

Mg;(dhtp);(dmf)4:0.75H,0 (2): When the reaction was performed
in the temperature range 90 < 7T'<< 120 °C, block-shaped crystals
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were obtained in addition to the needle ones (corresponding
to 1). This new compound was identified as Mgs(dhtp)s-
(dmf)¢0.75H,0 (2) by single-crystal X-ray analysis. It should be
mentioned here that when the reaction was performed below 90 °C,
an unidentified brown powder was produced together with a crys-
talline material. The yield of 2 could not be determined as this
compound was always obtained as a mixture with 1 (see Figure 3).
It should also be noted that although 1 is air-stable, the crystallinity
of 2 is lost upon atmospheric exposure. CyHss sMg3NgOoy4 75
(1113.34): caled. C 45.31, H 5.02, N 7.55; found C 45.85, H 4.82,
N 7.69). IR (KBr) for 2: ¥ = 3445 (m), 1652 (ws), 1496 (m), 1455
(s), 1385 (m), 1336 (w), 1238 (s), 1110 (m), 911 (w), 867 (w), 817
(m), 785 (m), 670 (m), 611 (w), 546 (w) cm™.

Mn,(tp),(dmf), (3) and [Mn(HCOO);]INC,Hg| (4): A DMF solu-
tion (15mL) of Mn(NO3),*4H>O (334 mg, 1.33 mmol) and tere-
phthalic acid (H,tp; 332 mg, 2 mmol) corresponding to a metal-to-
ligand ratio of 1:1.5 was sealed in a glass tube and heated at 120 °C
for 1d. Subsequently, the reaction mixture was cooled at a rate
of 5°Ch!. Rhombic- and hexagonal-shaped single crystals were
obtained (as a mixture; Figure 6) and identified as Mn,(tp),(dmf),
(3) and [Mn(HCOO);][NC,Hg] (4), respectively, by X-ray diffrac-
tion studies. Pure 3 or 4 could not be obtained (see main text
for details); therefore, 3 and 4 were separated manually.
C5,H»Mn,N,O g (3, 584.30): caled. C 45.22, H 3.80, N 4.79; found
C 44.48, H 4.04, N 4.50. CsH;;MnNOg (4, 236.08): calcd. C 25.44,
H 4.96, N 7.65; found C 27.57, H 3.40, N 8.95, (the elemental
analyses suggest that some crystals of 3 were included). IR (KBr)
for 3: v = 3401 (m), 1670 (ws), 1659 (ws), 1626 (ws), 1585 (ws),
1500 (m), 1440 (m), 1388 (ws), 1311 (w), 1253 (w), 1105 (m), 1025
(W), 883 (w), 864 (w), 814 (m), 749 (m), 674 (w), 521 (w) cm™!; for
4: v = 3401 (m), 1670 (m), 1659 (m), 1626 (m), 1563 (s), 1503 (ws),
1385 (ws), 1311 (w), 1155 (w), 1102 (m), 1023 (w), 864 (w), 715
(m), 510 (w) em™!,

Crystal Structure and Refinement: The crystal structures of the re-
ported compounds were determined by X-ray diffraction methods.
The intensity data and cell parameters for 1 and 4 were recorded
at 190(2) and 293(2) K, respectively, with a Bruker APEX II dif-
fractometer equipped with a CCD area detector and a graphite
monochromator (Mo-K,, radiation, A = 0.71073 A). The X-ray data
for 2 and 3 were collected with Mo-K, radiation at 100 K with a
Bruker APEX II QUAZAR diffractometer equipped with a micro-
focus multilayer monochromator. In all cases, data reduction and
absorption corrections were performed with SAINTP and SAD-
ABS,P% respectively. The structures of 1 and 4 were solved by direct
method by using SIR9707) and refined on F,? by full-matrix least-
squares procedures by using the SHELXL-9758! program in the
WinGX suite.>! All non-hydrogen atoms were refined with aniso-
tropic atomic displacements, with the exception of the oxygen
atoms of the phenolic hydroxy groups in 1, which were disordered
over two positions with occupancy factors of 0.8 and 0.2. The
hydrogen atoms were included in the refinement at idealized geo-
metries and refined as “riding” on the corresponding parent atoms
with isotropic displacement parameters [Ujo(H) = 1.2UC(i),
Uso(H) = 1.2U,0(i) or Uiso(H) = 1.5U,C(i) for methyl groups].
Owing to the disorder in 1, the two aromatic hydrogen atoms could
not be calculated in their expected position and were omitted from
the structural model (but they were included in the compound for-
mula and molecular weight). The structure of 2 was solved and
refined on F,> by using the SHELXTL suite.’®! The hydrogen
atoms bound to the hydroxy oxygen atoms O(i) were found in the
difference Fourier map and refined freely with fixed isotropic dis-
placement parameters {Uo(H) = 1.2U.,4O(i)}. The remaining
hydrogen atoms were placed at calculated positions on their carrier
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atom C(i) and refined with a riding model with fixed isotropic dis-
placement parameters [Uo(H) = 1.2U,C(i) or U(H) =
1.5U,4C(i) for methyl groups]. The hydrogen atoms bound to the
lattice water oxygen atoms could not be found nor fixed and were
omitted in the structural model, although they were included in the
formula. The structure of 3 was solved and refined on F.?> with
SHELXDP®! through Olex2.I°! The hydrogen atoms were placed at
calculated positions on their carrier atom C(i) and refined with a
riding model with fixed isotropic displacement parameters [ U;so(H)
= 1.2U,C(i) or Uiso(H) = 1.5U,C(i) for methyl groups].

CCD(C-989982 (for 1), -989983 (for 2), -989984 (for 3) and -989985
(for 4) contain the supplementary crystallographic data for this pa-
per. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Solid-state structure of 3, bond lengths and angles.
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The complete molecule of the title compound, [Cu,(C,H305),-
(CF303S),(C,HgN»),], is completed by the application of a
twofold rotation and comprises two Cu" ions, each of which is
pentacoordinated by two N atoms from a bidentate 1,10-
phenanthroline (phen) ligand, two O atoms from acetate
ligands and an O atom from a trifluoromethanesulfonate
anion, forming a (4 + 1) distorted square-pyramidal coordina-
tion geometry. The Cu" ions are connected by two acetate
bridges in a syn-syn configuration. The F atoms of the
trifluoromethanesulfonate ligands are disordered, with site-
occupation factors of 70 and 30. The molecular structure is
stabilized by intramolecular face-to-face n—m interactions with
centroid—centroid distances in the range 3.5654 (12)-
3.8775(12) A. The crystal structure is stabilized by C—
H---O interactions, leading to a three-dimensional lattice
structure.

Related literature

For general background to this work, see: Moreira et al
(2007); Calvo et al. (2011); Reinoso et al. (2005, 2007); Ritchie
et al. (2006); Wang et al. (2006). For literature used in the
synthetic procedures, see: Youngme et al. (2008). For a related
crystal structure, see: Tokii et al. (1990). For potential appli-
cations, see: Hill & Brown (1986); Mansuy ef al. (1991); Hill &
Zhang (1995). For an explanation of the t parameter, see:
Addison et al. (1984). For spectroscopic properties, see: Castro
et al. (1992); Sletten & Julve (1999).

Experimental

Crystal data

[Cuy(C,H;0,),(C- B=95507 (1)°
F3038),(C,HgN,),] V =3447.0 (2) A®
M, = 903.72 Z=4

Monoclinic, C2/c Mo Ko radiation

a=131198 (5) A w=145mm™"'
b =16.1282 (6) A T =293 K

¢ =16.3659 (6) A 024 x 021 x 0.18 mm

Data collection

Bruker SMART APEX CCD
diffractometer

Absorption correction: multi-scan
(SADABS; Sheldrick, 2000)
Tmin = 0.872, Tiax = 1.000

23313 measured reflections
4178 independent reflections
3491 reflections with I > 20(1)
Ry = 0.022

Refinement

R[F? > 20(F?)] = 0.034
wR(F?) = 0.102

S =1.04

4178 reflections

272 parameters

H-atom parameters constrained
APpax = 037 e A3

APmin = =032 ¢ A™?

Table 1 .

Hydrogen-bond geometry (A, °).

D-H--A D—H H--A DA D-H--A
Cl—H1-- ~05?_ 0.93 243 3.229 (3) 144
C3—H3-- 404?_ 0.93 2.34 3213 (3) 157
C8—H8---03™ 0.93 2.56 3.421 (3) 154

Symmetry  codes: (i)
—x+3y—1 —z+3

—x+1,—-y+2,—z+1; () x—-Ly—-Lz (i)

Data collection: SMART (Bruker, 2000); cell refinement: SMART,
data reduction: SAINT (Bruker, 2000) and SHELXTL (Sheldrick,
2008); program(s) used to solve structure: SHELXTL; program(s)
used to refine structure: SHELXL97 (Sheldrick, 2008); molecular
graphics: ORTEP-3 for Windows (Farrugia, 2012) and Mercury
(Macrae et al., 2006); software used to prepare material for publica-
tion: PLATON (Spek, 2009) and pubCIF (Westrip, 2010).
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Di-u-acetato-x*O:0’-bis[(1,10-phenanthroline-x*N,N’) (trifluoromethane-
sulfonato-xO)copper(ll)]

Nanthawat Wannarit, Chaveng Pakawatchai and Sujittra Youngme

1. Comment

The synthesis and characterization of polycarboxylato-bridged dinuclear copper(Il) compounds namely dinuclear tetra-
carboxylato-bridged Cu® compounds (paddlewheel-like structure) (e.g. Moreira et al., 2007; Youngme et al., 2008) and
also dinuclear Cu" compounds containing dicarboxylato-bridges (Tokii et al., 1990; Reinoso et al., 2005; Ritchie et al.,
2006) have attacted much attention in several years. These compounds have been prepared with the aim of studying their
intramolecular magnetic properties which are determined predominantly by strong antiferromagnetic interactions. In
addition, the dicarboxylato-bridged dinuclear Cu" compounds have been frequently used as the models for the basic
understanding of their magneto-structural correlations in theoretical studies (Moreira et al., 2007; Calvo et al., 2011).
Copper(Il) compounds containing doubly acetato-bridged dinuclear units, [Cu(phen)(u-OOCCHj;),Cu(phen)]** (where
phen = 1,10-phenanthroline), have also been shown to exhibit antiferromagnetic behavior (Tokii ef al., 1990).
Furthermore, this type of dinuclear unit was used as the secondary building block in functionalized polyoxometalate
(POMs) materials (Wang et al., 2006; Reinoso et al., 2007; Calvo et al., 2011) to extend the dimensionality of structures
leading to new hybrid materials and more selective applications, for example catalytic properties in organic oxidations
(Hill & Brown, 1986; Mansuy et al., 1991; Hill, & Zhang, 1995).

A new doubly acetato-bridged dinuclear Cu" compound containing additional trifluoromethanesulfonate anions has
been synthesized and its structural features are reported here. Compound I, bis((u-acetato)(trifluoromethanesulfonato)
(1,10-phenanthroline))dicopper(Il) crystallized in the space group C2/c with an asymmetric unit containing one half of
the dinuclear unit (Fig.1). This dinuclear unit has C, symmetry around the b axis with Cu---Cu distance of 3.0309 (4) A.
Structurally, compound I consists of two [Cu(phen)(OSO,CF3)]* cations connected together by two bridging acetato
ligands in a syn-syn configuration. Both Cu" atoms exhibit five coordination of CuN,0,0’ chromophore, with the basal
plane consisting of two phen N atoms [Cu—N = 2.0153 (18) and 1.9980 (18) A] and two O atoms from acetate ligands
[Cu—0 =1.9387 (17) and 1.9377 (18)]. Due to symmetry both square planes are parallel to one another. The apical
position at Cu'! is occupied by an O atom from trifluoromethanesulfonate anion [Cu—O = 2.261 (2)], leading to the (4 +
1) square-pyramidal geometry. The square base of Cu" chromophore is not perfectly planar, with the tetrahedral twist of
16.52 (7)° and Cu" is situated above the basal plane by 0.14 (1) A pointing towards the O atom of the trifluoromethane-
sulfonate anion. The distortion of a square pyramid can be best described by the structural parameter 7 (z = 0 for a square
pyramid and z =1 for a trigonal bipyramid (Addison et al., 1984)), with 7 = 0.23 for the title compound. The molecular
structure of I reveals intramolecular face-to-face z-z interaction between aromatic rings of phen ligands (Fig. 1).
Phenanthroline molecules are parallel with an average contact and angle of phen planes of 3.63 (3) A and 5.96 (3)°,
respectively. In general, the ligands are featureless: neither of phen group departs significantly from planarity [maximum
deviations: 0.082 A for C11 and 0.099 A for C10 of Cg3 ring(N2, C6, C9, C10, C11, C12)] and the C—O bonds in the
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acetato bridging ligands display an almost perfect resonance [C13== O1 = 1.257 (3) A and C13::02 = 1.250 (3) A]. The
crystal structure of compound I is determined by intermolecular hydrogen bonding interactions between methyl groups
of acetato ligands (H14A) or phen ligands (H7 as hydrogen bond donor sites and H10) and oxygen/fluoride accepetors at
trifluoromethanesulfonate anions (O3, O5 and F3) (see Table 1), generating two-dimensional layers parallel to the ab
plane (Fig. 2). Moreover, these two-dimensional sheets are interconnected by hydrogen bond interactions between C—H
of phen ligands and oxygen atoms of trifluoromethanesulfonate anions [C1—H]1---05'; symetry code (i) = -x+1, -y+2, -
z+1] (see Table 2) in direction of crystallographic ¢ axis, leading to three-dimensional lattice structure (Fig. 3). Although
containing the same [(phen)Cu(u-OOCCH;),Cu(phen)]? unit, the structural topology of T is distinct from that of the
related compound [Cu(phen)(u-O,CCH3)(H,0)]»(NOs),.4H,O (Tokii et al., 1990) in which the apical position is occupied
by water molecule. The dinuclear unit of this related compound also crystallized in C2/c space group and has C,
symmetry around the b axis with Cu--Cu distance of 3.063 A, but its crystal lattice is mainly stabilized by intra- and
intermolecular z-7 interactions, generating a one-dimensional chain-like sructure. It is clear that the difference of the
structural topology between compound I and the related compound caused by the effect of coordinated trifluoromethane-
sulfonate anions whereas nitrate anions are not coordinated to Cu in the other structure.

The diffuse reflectance spectrum of I displays a broad band at 15400 cm™! and a lower energy shoulder at 14300 cm™.
This feature corresponds to a dominantly distorted square pyramidal geometry of Cu' ions and is consistent with the
observed structural parameters. The transitions may be assigned as dyy, dy,, dv,— dx.y» and d,,— dy.y2. The IR spectrum of
L, in addition to the phen vibrations shows the broad and intense bands of the stretching of the ionic CF;SO; at 1276
vas(S—0), 1158 v,(C—F) and 1031 vy(S—-0) cm! (Castro et al., 1992). The IR spectrum also shows two broad and intense
bands at 1567 and 1385 cm!, corresponding to the v,(COO") and vy(COQ") vibrations of acetate bridging ligands. The
latter spectral properties completely disappear for related mononuclear compounds as [Cu(phen);](CF3S0s),.H,O (Sletten
& Julve, 1999).

2. Experimental

A warm ethanolic solution (25 ml) of phen (0.198 g, 1.0 mmol) was added to a warm aqueous solution (15 ml) of
Cu(CF;S05), (0.370 g, 1.0 mmol). Then NaO,CCHj; solid (0.124 g, 1.0 mmol) was added to the mixture, yielding a clear
dark blue solution. After a week, the blue rectangle-shaped crystals of compound I were obtained. The crystals were
filtered off, washed with mother liquor and air-dried. Yield: ca 45%. Anal. Calc. for Cu,C30H24N4O00F6S:: C, 39.78; H,
2.67; N, 6.19%. Found: C, 39.12; H, 2.51; N, 6.36%.

3. Refinement

All H atoms were constrained to ideal positions, with C—H = 0.93 A and Ui(H) =1.2U,(C) for H atoms at phen and C
—H =0.96 A and Ui(H) =1.2U,(C) for H atoms of acetate groups. Fluorine atoms of the trifluoromethanesulfonato

ligands are disordered with site occupation factors of 70:30%.

Computing details

Data collection: SMART (Bruker, 2000); cell refinement: SMART (Bruker, 2000); data reduction: SAINT (Bruker, 2000)
and SHELXTL (Sheldrick, 2008); program(s) used to solve structure: SHELXTL (Sheldrick, 2008); program(s) used to
refine structure: SHELXL97 (Sheldrick, 2008); molecular graphics: ORTEP-3 for Windows (Farrugia, 2012) and Mercury
(Macrae et al., 2006); software used to prepare material for publication: PLATON (Spek, 2009) and pubCIF (Westrip,
2010).
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Figure 1

Molecular structure and atomic numbering scheme with thermal ellipsoids shown at 50% probability level.
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Figure 2
The crystal packing. View of two-dimensional layer constructed by intermolecular hydrogen bonding and view of the

intramolecular face-to-face z-x interactions between aromatic rings of phen ligands.

Figure 3
The crystal packing. View of three-dimensional framework (side view) constructued by intermolecular hydrogen bonding

interactions between two-dimensional layers (C1—H1---O5', symmetry code: (i) = -x+1, -y+2, -z+1).
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Di-p-acetato-«*0O:0'-bis[(1,10-phenanthroline-«*N,N’) (trifluoromethanesulfonato-xO) copper(i1)]

Crystal data

[Cuz(C,H30,)2(CF3055)2(C12HsNy),]
M, =903.72

Monoclinic, C2/c

Hall symbol: -C 2yc

a=13.1198 (5) A

b=16.1282 (6) A

c=16.3659 (6) A

£=95.507 (1)°

V'=3447.0 (2) A3

Z=4

Data collection

Bruker SMART APEX CCD
diffractometer

Radiation source: fine-focus sealed tube

Graphite monochromator

phi and w scans

Absorption correction: multi-scan
(SADABS; Sheldrick, 2000)

Tin = 0.872, Thnax = 1.000

Refinement

Refinement on F?

Least-squares matrix: full

R[F?>20(F*)] =0.034

wR(F?)=0.102

§=1.04

4178 reflections

272 parameters

0 restraints

Primary atom site location: structure-invariant
direct methods

Special details

F(000)=1816

D,=1.741 Mg m™?

Mo Ko radiation, 2 = 0.71073 A

Cell parameters from 8485 reflections
0=2.3-26.4°

u=145mm™!

T=293K

Block, blue

0.24 x 0.21 x 0.18 mm

23313 measured reflections
4178 independent reflections
3491 reflections with /> 20(J)
R, =0.022

Ormax = 28.1°, Bin = 2.0°
h=-17-17

k=-21-21

[=-21-21

Secondary atom site location: difference Fourier
map

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

w = 1/[6X(F,?) + (0.0624P)* + 1.5014P]
where P = (F,2 + 2F2)/3

(A/G)max = 0.001

Apmax =037 ¢ A7

Apmin=—0.32¢ A

Geometry. Bond distances, angles efc. have been calculated using the rounded fractional coordinates. All e.s.d.'s are
estimated from the variances of the (full) variance-covariance matrix. The cell e.s.d.'s are taken into account in the

estimation of distances, angles and torsion angles

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (4°)

X y z Uiso™/Ueq Occ. (<1)

Cul 0.59608 (2) 0.99743 (1) 0.70547 (2) 0.0458 (1)

S1 0.78035 (4) 1.01647 (3) 0.56674 (3) 0.0539 (2)

F1 0.8335 (6) 0.8733 (4) 0.6161 (4) 0.176 (4) 0.700

F2 0.9340 (5) 0.9174 (4) 0.5429 (4) 0.137 (2) 0.700

F3 0.9359 (6) 0.9687 (6) 0.6618 (6) 0.199 (4) 0.700

(0] 0.63242 (11) 1.07473 (9) 0.79413 (10) 0.0626 (5)

02 0.51246 (12) 1.08054 (9) 0.64547 (10) 0.0608 (5)

03 0.73435 (13) 1.03226 (11) 0.64052 (11) 0.0712 (6)

04 0.8331 (2) 1.08491 (14) 0.53822 (17) 0.1123 (10)

Acta Cryst. (2013). E69, m591-m592

sup-5



supplementary materials

05 0.7149 (2) 0.97542 (18) 0.50650 (17) 0.1224 (11)
N1 0.53445 (12) 0.90229 (9) 0.63975 (10) 0.0449 (5)
N2 0.68014 (12) 0.90588 (10) 0.76211 (9) 0.0472 (5)
Cl 0.46043 (16) 0.90316 (14) 0.57797 (12) 0.0556 (7)
C2 0.41990 (18) 0.83081 (17) 0.54255 (14) 0.0640 (8)
C3 0.45639 (18) 0.75590 (15) 0.56951 (15) 0.0633 (8)
C4 0.53672 (15) 0.75244 (12) 0.63350 (13) 0.0509 (6)
C5 0.57234 (13) 0.82808 (11) 0.66659 (11) 0.0423 (5)
C6 0.65295 (13) 0.82997 (11) 0.73215 (11) 0.0430 (5)
C7 0.58190 (18) 0.67773 (13) 0.66651 (17) 0.0649 (8)
C8 0.65946 (18) 0.67936 (13) 0.72685 (16) 0.0642 (8)
C9 0.69878 (15) 0.75606 (13) 0.76071 (13) 0.0526 (6)
C10 0.78116 (18) 0.76280 (16) 0.82166 (15) 0.0664 (8)
Cl11 0.81020 (18) 0.83952 (18) 0.85040 (15) 0.0701 (8)
Cl12 0.75733 (17) 0.91011 (15) 0.82085 (13) 0.0605 (7)
C13 0.57629 (16) 1.10508 (11) 0.84421 (13) 0.0514 (6)
Cl4 0.6188 (2) 1.17618 (14) 0.89565 (17) 0.0706 (8)
Cl15 0.8783 (3) 0.9414 (2) 0.5977 (2) 0.0953 (14)
F3A 0.9596 (9) 0.9817 (7) 0.6337 (13) 0.153 (7) 0.300
FI1A 0.8515 (8) 0.8809 (8) 0.6463 (7) 0.083 (3) 0.300
F2A 0.9048 (15) 0.9173 (13) 0.5189 (12) 0.193 (8) 0.300
H1 0.43520 0.95390 0.55800 0.0670*
H2 0.36750 0.83360 0.50010 0.0770*
H3 0.42880 0.70730 0.54610 0.0760*
H7 0.55740 0.62700 0.64600 0.0780*
H12 0.77660 0.96160 0.84290 0.0730*
HI14A 0.68970 1.18380 0.88760 0.1060*
H14B 0.61240 1.16460 0.95250 0.1060*
H14C 0.58140 1.22570 0.87990 0.1060*
H8 0.68800 0.62970 0.74680 0.0770*
H10 0.81550 0.71570 0.84220 0.0800*
H11 0.86560 0.84480 0.89000 0.0840*
Atomic displacement parameters (42)
Ul] []22 [j&} UI2 Ul3 (]23
Cul 0.0501 (2) 0.0364 (1) 0.0522 (2) 0.0032 (1) 0.0111 (1) —0.0044 (1)
S1 0.0583 (3) 0.0503 (3) 0.0537 (3) 0.0031 (2) 0.0083 (2) 0.0036 (2)
F1 0.280 (8) 0.069 (3) 0.194 (7) 0.081 (4) 0.099 (6) 0.051 (4)
F2 0.115 (3) 0.157 (5) 0.152 (4) 0.072 (3) 0.077 (4) 0.039 (4)
F3 0.128 (6) 0.280 (9) 0.172 (5) 0.051 (5) —0.073 (5) 0.031 (5)
Ol 0.0620 (9) 0.0553 (8) 0.0732 (10) —0.0075 (7) 0.0200 (7) —0.0240 (7)
02 0.0659 (9) 0.0482 (7) 0.0716 (9) 0.0163 (7) 0.0235 (7) 0.0118 (7)
03 0.0704 (10) 0.0658 (10) 0.0820 (11) 0.0007 (8) 0.0305 (9) —0.0070 (9)
04 0.135 (2) 0.0787 (14) 0.1311 (19) —0.0137 (13) 0.0530 (16) 0.0345 (13)
05 0.127 (2) 0.131 (2) 0.0992 (18) 0.0116 (17) —0.0404 (16) —0.0369 (16)
N1 0.0464 (8) 0.0425 (8) 0.0464 (8) 0.0047 (6) 0.0076 (6) —0.0021 (6)
N2 0.0475 (8) 0.0505 (9) 0.0444 (8) 0.0024 (7) 0.0084 (6) —0.0017 (6)
C1 0.0570 (11) 0.0594 (12) 0.0500 (11) 0.0093 (9) 0.0027 (9) —0.0019 (9)
C2 0.0589 (12) 0.0782 (16) 0.0539 (12) —0.0017 (10) —0.0005 (9) —0.0116 (10)
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C3 0.0647 (13) 0.0629 (13) 0.0634 (13) —0.0117 (10) 0.0125 (10) —0.0195 (10)
C4 0.0527 (10) 0.0442 (9) 0.0586 (11) —0.0023 (8) 0.0194 (9) —0.0061 (8)
C5 0.0433 (8) 0.0400 (8) 0.0458 (9) 0.0023 (7) 0.0154 (7) —0.0022 (7)
C6 0.0423 (8) 0.0433 (9) 0.0456 (9) 0.0042 (7) 0.0154 (7) 0.0017 (7)
Cc7 0.0725 (14) 0.0384 (10) 0.0869 (16) —0.0017 (9) 0.0240 (13) —0.0038 (10)
C8 0.0719 (14) 0.0399 (10) 0.0845 (16) 0.0131 (9) 0.0271 (12) 0.0100 (10)
C9 0.0505 (10) 0.0547 (11) 0.0554 (11) 0.0112 (8) 0.0189 (9) 0.0101 (9)
C10 0.0628 (13) 0.0766 (15) 0.0608 (13) 0.0211 (11) 0.0104 (10) 0.0149 (11)
Cll1 0.0553 (12) 0.1009 (19) 0.0528 (12) 0.0110 (12) —0.0016 (10) 0.0062 (12)
Ci2 0.0567 (11) 0.0728 (14) 0.0515 (11) —0.0018 (10) 0.0028 (9) —0.0072 (10)
C13 0.0623 (11) 0.0364 (8) 0.0575 (11) —0.0067 (8) 0.0154 (9) —0.0053 (8)
Cl4 0.0791 (15) 0.0531 (12) 0.0838 (16) —0.0205 (11) 0.0291 (13) —0.0256 (11)
Cl15 0.083 (2) 0.098 (2) 0.109 (3) 0.0357 (18) 0.0305 (19) 0.0181 (19)
F3A 0.046 (3) 0.082 (5) 0.32(2) 0.000 (3) —-0.039 (7) 0.004 (8)
F1A 0.093 (4) 0.075 (5) 0.087 (5) 0.038 (3) 0.042 (3) 0.038 (4)
F2A 0.165 (14) 0.234 (16) 0.185 (14) 0.086 (10) 0.037 (10) —0.120 (12)
Geometric parameters (A, ©)

Cul—O1 1.9376 (16) C3—C4 1.414 (3)
Cul—O02 1.9385 (16) C4—C5 1.397 (3)
Cul—O03 2.2597 (18) c4—C7 1.426 (3)
Cul—NI1 1.9995 (15) C5—C6 1.433 (2)
Cul—N2 2.0148 (16) C6—C9 1.395 (3)
S1—03 1.4237 (18) C7—C8 1.349 (4)
S1—04 1.406 (2) Cc8—C9 1.431 (3)
S1—05 1.409 (3) C9—C10 1.403 (3)
S1—C15 1.803 (4) C10—Cl11 1.365 (4)
F1—CI5 1.295 (8) Cl11—C12 1.395 (4)
F1A—C15 1.327 (13) C13—Cl14 1.498 (3)
F2—C15 1.270 (7) Cl—HI1 0.9302
F2A—CI15 1.42 (2) C2—H2 0.9304

F3—C15 1.309 (10) C3—H3 0.9304
F3A—CI5 1.337 (15) C7—H7 0.9299
01—CI13 1.253 (3) C8—HS8 0.9300
02—Cl13! 1.256 (3) C10—H10 0.9295

N1—Cl1 1.333 (3) Cl1—H11 0.9301

N1—C5 1.353 (2) CI12—H12 0.9307
N2—C12 1.329 (3) Cl4—HI14A 0.9598

N2—C6 1.354 (2) C14—H14B 0.9605

Cl—C2 1.386 (3) Cl14—H14C 0.9596

C2—C3 1.358 (4)

Cul--05 3.760 (3) O4---H3V 2.3363
Cul--Ol! 3.2474 (15) O4--HI11Y 2.7477
Cul--02 3.2315(16) O5---H14B¥ 2.7315
Cul-NI 3.5407 (16) O5-+H1" 2.4275
Cul--N2! 3.9955 (16) N1--Culi 3.5407 (16)
Cul--Cli 3.991 (2) N2:---F1A 3.103 (11)
Cul-C5 4.1970 (18) N2:-Cul! 3.9955 (16)
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Cul---HS8i
F1--03
F1--05
F1--Cé6
F1--C14ii
F1A---N2
F1A--C6
F1A--Cl12
F1A--O5
F1A--0O3
F2--05
F2--04
F2A--04
F2A--05
F3--04
F3--03
F3A--04
F3A--03
F1H14C111
F1A--H14Cii
F3AH71V
O1---C8ii
O1---Culi
02--Cul’
03-F3
03--F1
03-F3A
03--F1A
04--F3
O4C31v
04--F2
04--C11Y
04--F2A
04--F3A
05--Cul
05--F2A
05--C13v
05--Cl14¥
05--F2
05-F1A
05--F1
OSCIVI
O1--HI12
O1---HSi
02--H1
03---HYi

01—Cul—02
01—Cul—03

3.5723
2.920 (7)
2.796 (7)
3.251 (8)
3.249 (7)
3.103 (11)
3.184 (11)
3.254 (11)
3.160 (12)
2.881 (12)
3.027 (7)
3.006 (7)
2.89 (2)
2.65(2)
2.983 (10)
2.826 (8)
2.733 (16)
3.078 (12)
2.6275
2.7013
2.6700
3.256 (3)
3.2474 (15)
3.2315 (16)
2.826 (8)
2.920 (7)
3.078 (12)
2.881(12)
2.983 (10)
3.213 (3)
3.006 (7)
3.293 (4)
2.89 (2)
2.733 (16)
3.760 (3)
2.65(2)
3.335(3)
3.228 (4)
3.027 (7)
3.160 (12)
2.796 (7)
3.229 (3)
2.6934
2.6624
2.6401
2.5589

91.21 (6)
92.37 (6)

.OSVi
Cll-
C12-
C12--
C13--
Cl13--
C13--
Cl4--
Cl14--
C13:
.F3Avii

Cl-

Cli
C12i

N2!
C13!
Cul!
04vii
C9
Ccé'
Cul!
C5t
Csi
F1A
F1
O1ii
C3i
O4viii
.Cli
F1A
C13i
Cli
Q5 viii
O5vii
Fli
H14BY
H14Ali
~HI
C13i
Osvi
02
H7
O4vi

H3
H10
Culi
Oliii
O3iii

H10---H8

HI11-

..O4Viii

H12+01
HI14A-C8i
H14B...C2viii
H14B--05"i
H14C-F1i
HI14CF1A#

C8—C9—C10
C9—C10—C11

3.344 (3)
3.439 (3)
3.229 (3)
3.344 (3)
3.546 (3)
3.991 (2)
3213 (3)
3.599 (3)
3.525(2)
4.1970 (18)
3.472(2)
3.525(2)
3.184 (11)
3.251 (8)
3.256 (3)
3.599 (3)
3.293 (4)
3.439 (3)
3.254 (11)
3.512(3)
3.546 (3)
3.335(3)
3.228 (4)
3.249 (7)
3.0447
2.8533
2.9284
2.9284
2.4275
2.6401
2.5822
2.3363
2.6700
2.5822
2.5804
3.5723
2.6624
2.5589
2.5804
2.7477
2.6934
2.8533
3.0447
27315
2.6275
2.7013

124.5 (2)
119.1 (2)
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01—Cul—N1
0O1—Cul—N2
02—Cul—03
02—Cul—NI1
02—Cul—N2
03—Cul—NI1
03—Cul—N2
NI—Cul—N2
03—S1—04
03—S1—05
03—S1—C15
04—S1—05
04—S1—C15
05—S1—C15
Cul—0O1—C13
Cul—02—C13i
Cul—03—SI1
Cul—N1—C1
Cul—N1—C5
ClI—N1—C5
Cul—N2—C6
Cul—N2—C12
C6—N2—C12
NI—Cl1—C2
Cl—C2—C3
C2—C3—C4
C3—C4—C5
C3—C4—C7
C5—C4—C7
N1—C5—C4
NI—C5—C6
C4—C5—C6
N2—C6—C5
N2—C6—C9
C5—C6—C9
C4—C7—C8
C7—C8—C9
C6—C9—C8
C6—C9—C10

02—Cul—01—CI13
03—Cul—01—CI13
N2—Cul—O1—CI13
O01—Cul—02—C13!
03—Cul—02—C13!
N1—Cul—02—C13!
01—Cul—03—S1
02—Cul—03—S1
NI—Cul—03—S1

162.62 (7)
92.44 (6)
91.76 (7)
94.48 (6)
176.35 (6)
103.84 (7)
88.28 (6)
81.97 (6)
113.79 (13)
113.45 (13)
103.33 (13)
115.02 (16)
105.09 (16)
104.55 (16)
128.57 (14)
129.53 (14)
141.19 (11)
128.86 (14)
112.78 (12)
118.28 (16)
112.49 (12)
129.82 (15)
117.66 (17)
122.0 (2)
120.3 (2)
119.4 (2)
116.78 (18)
124.6 (2)
118.66 (19)
123.22 (17)
116.49 (16)
120.29 (17)
116.13 (16)
124.13 (17)
119.74 (17)
121.2 (2)
121.3 (2)
118.75 (19)
116.73 (19)

68.10 (18)
159.91 (17)
~111.71 (17)
~78.62 (18)
~171.03 (18)
84.94 (18)
~175.37 (18)
~84.09 (18)
10.96 (19)

C10—C11—C12
N2—C12—Cl11
01—C13—C14
01—C13—02!
02—C13—Cl14
S1—C15—F1
S1—C15—F2
S1—C15—F3
S1—C15—FI1A
S1—C15—F2A
S1—C15—F3A
F1—C15—F2
F1—C15—F3
F2—CI15—F3
FIA—CI15—F2A
F1IA—C15—F3A
F2A—C15—F3A
N1—C1—HI
C2—Cl1—HI1
C1—C2—H2
C3—C2—H2
C2—C3—H3
C4—C3—H3
C4—C7—H7
C8—C7—H7
C7—C8—HS8
C9—C8—HS8
C9—C10—H10
C11—C10—HI10
C10—Cl11—HI11
Cl12—Cl11—H11
N2—C12—H12
C11—CI12—H12
C13—C14—HI14A
C13—C14—H14B
C13—C14—H14C
H14A—C14—H14B
HI14A—C14—H14C
H14B—C14—H14C

Cul—N1—C1—C2
C5—N1—Cl1—C2
Cul—N1—C5—C4
Cul—N1—C5—C6
CI—N1—C5—C4
Cl—N1—C5—Ce6
Cul—N2—C6—C5
Cul—N2—C6—C9
Cl12—N2—C6—C5

120.5 (2)
121.8 (2)
117.14 (19)
125.13 (18)
117.73 (19)
107.9 (4)
116.7 (4)
109.9 (5)
116.1 (5)
99.1 (8)
108.3 (5)
102.1 (5)
109.8 (6)
110.0 (6)
116.4 (10)
109.8 (9)
106.2 (12)
118.98
118.97
119.86
119.87
120.32
120.31
119.34
119.47
119.37
119.37
120.49
120.44
119.78
119.74
119.07
119.09
109.53
109.45
109.45
109.50
109.50
109.39

~174.67 (16)
1.8 (3)
176.12 (15)
~4.0 (2)
~0.9 (3)
178.99 (17)
0.7 (2)
~179.80 (15)
~177.49 (17)
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N2—Cul—03—S1 92.26 (18) C12—N2—C6—C9 2.0 (3)
02—Cul—N1—C1 ~0.85 (18) Cul—N2—Cl12—Cl1 ~176.94 (16)
02—Cul—NI1—C5 ~177.49 (13) C6—N2—C12—Cl1 0.9 (3)
03—Cul—N1—Cl1 ~93.78 (17) N1—C1—C2—C3 ~1.1(3)
03—Cul—N1—C5 89.58 (13) Cl—C2—C3—C4 0.6 (3)
N2—Cul—N1—Cl ~180.00 (18) C2—C3—C4—C5 1.4 (3)
N2—Cul—N1—C5 3.37 (13) C2—C3—C4—C7 ~179.5 (2)
01—Cul—N2—C6 161.25 (13) C3—C4—C7—C8 179.0 (2)
01—Cul—N2—C12 ~20.80 (18) C5—C4—C7—C8 -1.9(3)
03—Cul—N2—C6 ~106.45 (13) C7—C4—C5—C6 0.2 (3)
03—Cul—N2—C12 71.50 (18) C3—C4—C5—NI —0.7(3)
N1—Cul—N2—C6 —2.21(12) C3—C4—C5—C6 179.43 (18)
N1—Cul—N2—C12 175.74 (18) C7—C4—C5—NI1 ~179.86 (19)
04—S1—03—Cul 146.81 (18) C4—C5—C6—C9 2.6 (3)
05—S1—03—Cul 12.8 (2) N1—C5—C6—N2 22(2)
C15—S1—03—Cul ~99.8 (2) N1—C5—C6—C9 ~177.30 (17)
03—S1—C15—F1 67.4 (4) C4—C5—C6—N2 ~177.90 (17)
03—S1—CI5—F2 ~178.4 (4) N2—C6—C9—C10 -3.1(3)
03—S1—C15—F3 -52.3(5) C5—C6—C9—C8 -3.8(3)
04—S1—C15—F1 ~173.0 (4) C5—C6—C9—C10 176.37 (18)
04—S1—Cl15—F2 ~58.8 (4) N2—C6—C9—C8 176.76 (19)
04—S1—CI5—F3 67.2 (5) C4—C7—C8—C9 0.6 (4)
05—S1—CI15—F1 ~51.5 (4) C7—C8—C9—C6 22(3)
05—S1—C15—F2 62.7 (4) C7—C8—C9—C10 ~178.0 (2)
05—S1—C15—F3 ~171.3 (5) C8—C9—C10—Cl11 ~178.5 (2)
Cul—01—C13—Cl4 ~167.96 (15) C6—C9—C10—Cl11 1303)
Cul—O01—C13—02 12.1 3) C9—C10—C11—C12 1.4 (4)
Cul—02—C13—01’ -5.3(3) C10—C11—C12—N2 2.6 (4)
Cul—02—C13—C14 174.68 (15)

Symmetry codes: (i) —x+1, y, —z+3/2; (ii) —x+3/2, y+1/2, —z+3/2; (iii) —x+3/2, y—1/2, —z+3/2; (iv) x+1/2, y+1/2, z; (v) x, =y+2, z—1/2; (vi) —x+1, —p+2,
—z+1; (vil) x—1/2, y—1/2, z; (viii) x, —y+2, z+1/2.

Hydrogen-bond geometry (4, °)

D—H-A D—H H- A DA D—H-4
Cl—H1-05" 0.93 2.43 3.229 (3) 144
C3—H3--04i 0.93 2.34 3213 (3) 157
C8—H8-O3ii 0.93 2.56 3.421 (3) 154

Symmetry codes: (iii) —x+3/2, y—1/2, —z+3/2; (vi) —x+1, =42, —z+1; (vii) x-1/2, y-1/2, z.

Acta Cryst. (2013). E69, m591-m592 sup-10
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In the title complex, [Ag,Cd(CN)4(C,H2N,),]-H,O or cis-
[Cd{Ag(CN),},(5,5-dmbpy),]-H,O, where 5,5-dmbpy is 5,5'-
dimethyl-2,2’-bipyridyl, the asymmetric unit consists of a
discrete neutral [Cd{Ag(CN),}»(5,5'-dmbpy),] unit and a
solvent water molecule. The Cd" cation is coordinated by
two bidentate chelate 5,5'-dmbpy ligands and two mono-
dentate [Ag'(CN),]™ anions, which are in a cis arrangement
around the Cd" cation, leading to an octahedral CdNg
geometry. The overall structure is stabilized by a combination
of intermolecular hydrogen bonding, and Ag"- - -Ag" and -7
interactions, forming a three-dimensional supramolecular
network.

Keywords: crystal structure; supramolecular architectures;
dicyanidoargentate ligands; cadmium—silver compounds.

1. Introduction

The design and synthesis of supramolecular architectures
currently attract a great deal of attention, due to the various
network topologies and the potential uses of these materials in
microelectronics, nonlinear optics, porous materials and other
applications (Dong et al, 2003). Various intermolecular
interactions such as hydrogen bonding, 7—7 stacking and van
der Waals interactions can greatly influence the resulting
crystal structure and its dimensionality (Blake ez al., 1999).
The bridging dicyanidoargentate(I) ligand, [Ag'(CN),]™, has
frequently been employed to construct multidimensional
(one-, two- and three-dimensional) coordinated and non-
coordinated supramolecular network architectures and can
further stabilize the coordination framework via silver—silver
attractions (argentophilic interactions; Jansen, 1987; Pyykko,
1997). In the present work, a new three-dimensional supra-

molecular framework of the title heterometallic Cd"-Ag'
coordination compound, cis-[Cd"{Ag'(CN),},(5,5-dmbpy),] -
H,O, (I) (5,5-dmbpy is 5,5-dimethyl-2,2"-bipyridyl), was
successfully synthesized and structurally characterized.

-H,0

2. Experimental
2.1. Synthesis and crystallization

Compound (I) was synthesized by the reaction of two
aqueous solutions at room temperature, one containing a
mixture of Cd(NO;),-4H,O (0.25 mmol, 77 mg) and 5,5-
dmbpy (0.5 mmol, 92 mg) in water (10 ml), and the other
containing K[Ag'(CN),] (0.5 mmol, 10.6 mg) in water (5 ml).
After 4 d, colourless crystals were obtained; the yield based on
Cd was about 76%.

2.2. Refinement

Crystal data, data collection and structure refinement
details are summarized in Table 1. C-bound H atoms were
positioned geometrically, with C—H = 0.93 (aromatic) or
0.96 A (methyl), and included as riding atoms, with U;,(H) =
1.5U4(C) for methyl groups and 1.2U.4(C) otherwise. Water
H atoms were located in difference Fourier maps and refined
isotropically.

3. Results and discussion

Compound (I) crystallizes in the triclinic space group P1. The
asymmetric unit consists of a discrete neutral cis-[Cd"{Ag'-
(CN),}»(5,5'-dmbpy),] unit and a solvent water molecule, as
shown in Fig. 1. The Cd" cation adopts an octahedral CdNg
geometry, surrounded by four N atoms from two bidentate
chelate 5,5-dmbpy ligands and two N atoms from two
monodentate [Ag'(CN),]~ anions, which are in a cis
arrangement around the Cd" cation; selected bond distances
and angles are given in Table 2.

The molecular structure of (I) is self-assembled to form a
centrosymmetric dimeric unit (Fig. 2) via hydrogen-bonding
interactions between the solvent water molecule and the
terminal cyanide group of one of the dicyanidoargentate
ligands in each of two adjacent complex molecules, as shown
in Table 3. These dimeric units are connected via Ag'- - -Ag'
interactions across another centre of inversion, with an
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Table 1
Experimental details.

Crystal data
Chemical formula
M,

Crystal system, space group
Temperature (K)
a, b, c(A)

a, B,y (%)

V(AY)

zZ

Radiation type

p (mm~")

Crystal size (mm)

Data collection
Diffractometer

Absorption correction

Tmins Tmax

No. of measured, independent and
observed [ > 20(I)] reflections

Rint

(sin 0/A)max (A7)

Refinement

R[F? > 20(F?)], wR(F?), S
No. of reflections

No. of parameters

H-atom treatment

Ainass Apumin (€ A7)

[Ag,Cd(CN)4(CoH oN,),]- H,O
818.72

Triclinic, P1

293

9.6964 (4), 11.2487 (5), 15.7456 (7)
109.525 (1), 100.572 (1), 98.324 (1)
1551.30 (12)

2

Mo Ka
1.96
0.39 x 0.16 x 0.09

Bruker SMART CCD area-detector
diffractometer

Multi-scan (SADABS; Sheldrick,
2000)

0.799, 1.000

21735, 7667, 6749

0.017
0.667

0.026, 0.065, 1.03

7667

373

H atoms treated by a mixture of
independent and constrained
refinement

0.60, —0.31

Computer programs: SMART (Bruker, 2000), SAINT (Bruker, 2000), SHELXTL
(Sheldrick, 2008), SHELXL97 (Sheldrick, 2008), ORTEPIII for Windows (Farrugia,
2012), Mercury (Macrae et al., 2008), PLATON (Spek, 2009) and publCIF (Westrip,
2010).

Agl---Ag2" distance of 3.2575 (3) A (symmetry code as in
Table 2), and by face-to-face m—m interactions between the
aromatic rings of 5,5-dmbpy ligands from adjacent dimeric

Figure 1

A view of the asymmetric unit and the local coordination of the Cd"
cation in (I), showing the atom-numbering scheme. Displacement
ellipsoids are drawn at the 50% probability level.

Table 2 .

Selected geometric parameters (A, °).

Cd1—N1 23654 (19) Cd1—N4 23924 (19)
Cd1—N2 2375 (2) Cd1—N5 2291 (2)
Cd1—N3 23609 (18) Cd1—N6 2299 (2)
Agl---Agl’ 3.7997 (4) Agl---Ag2t 3.2575 (3)
N1—Cdl—N2 7048 (7) N2—Cd1—N6 97.23 (7)
N1—Cd1—N3 87.77 (6) N3—Cd1—N4 69.78 (7)
N1—Cdl—N4 100.04 (7) N3—Cd1—N5 92.99 (7)
N1—Cdl1—N5 161.90 (7) N3—Cd1—N6 159.69 (8)
N1—Cd1—Né6 92.37 (7) N4—Cd1—N5 97.18 (7)
N2—Cd1—N3 101.93 (7) N4—Cd1—N6 90.24 (7)
N2—Cdl—N4 168.07 (7) N5—Cd1—N6 93.10 (8)
N2—Cd1—N5 91.71 (7)

Symmetry codes: (i) —x+1, —y+2, —z+1; (ii)) —x+1,—y+1, —z+ 1.

v

Figure 2

A partial packing diagram for (I), showing intermolecular hydrogen-
bonding interactions between two molecules via O—H- - - N interactions
(dashed lines), generating the dimeric unit. [Symmetry codes: (i) —x + 1,
—y+2,—z+ 1L ({)x—1,y+1,z]

units (Cg4- - -Cg3"; Table 4), giving a one-dimensional chain-

like structure running parallel to the [110] direction, as
represented in Fig. 3. The Ag'- - -Ag' distances are significantly

Figure 3

A partial packing diagram for (I), showing the one-dimensional chain-
like structure via m—m interactions and Ag'--- Ag' interactions (dashed
lines). [Symmetry codes: (ii) —x+ 1, =y + 1, —z + 1; (v) —x, 1 — y,1 — z.]

Acta Cryst. (2013). C69, 1136—-1139
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Table 3 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A D---A D—H---A
O1—HIW---N§' 0.73 (5) 226 (5) 2.975 (5) 166 (6)
Ol1—H2W-- N7i 0.72 (5) 223 (4) 2.920 (5) 162 (5)
Cl6—H16. - ~Olfv 0.93 2.53 3.453 (4) 174
C20—H20- --O1™ 0.93 2.57 3.502 (4) 178
C24—H24B---N§' 0.96 2.51 3431 (4) 161

Symmetry codes: (i) —x 4+ 1, =y +2, —z+ 1; (i) x = 1,y + 1, z; (iv) —x, =y + 1, —z.

shorter than the sum of the van der Waals radii for two Ag'
cations (3.44 A; Bondi, 1964).

The one-dimensional chains are linked together via weak
nonclassical intermolecular hydrogen-bonding interactions
between a methyl group (C24—H24B) of the 5,5-dmbpy
ligand and an NC group (N8) of the dicyanidoargentate
ligand, and by weaker Ag'--Ag' interactions with an
Agl---Agl' distance of 3.7997 (4) A (see Tables 2 and 3),
generating a two-dimensional network, as shown in Fig. 4.
These two-dimensional layers are assembled along the a axis
via additional 77— interactions (Cg5- - -Cg5"; Table 4), and by
hydrogen-bonding interactions via the solvent water molecule,
the C—H groups of the 5,5'-dmbpy ligand and the NC groups
of the dicyanidoargentate ligands (Table 3), leading to a three-
dimensional supramolecular framework, as shown in Fig. 5.

Among the successful synthetic strategies for the formation
of Ag' coordination polymers, the [Ag'(CN),]” anion is
particularly effective because it can form additional coordi-
nate bonds through the N atoms of the cyanide groups, leading
it to play a variety of roles in the stabilization of crystal
structures (Cerndk er al, 1998). The [Ag(CN),]~ anion
behaves: (i) as a discrete anion simply playing the role of
counter-ion and space filler (Range et al., 1989; Omary et al.,
1998); (ii) as a rod ligand building up multidimensional
structures by bridging between two coordination centres
(Dasna et al., 2001; Soma & Iwamoto, 1994); (iii) as a mono-

Figure 4
A partial packing diagram for (I), stabilized via hydrogen bonding and
Ag' .- Ag' interactions (dashed lines) in the ab plane, giving a two-
dimensional layer-like structure. [Symmetry code: (i) —x + 1, —y + 2,
—z+ 1]

Table 4
-7 contacts for (I).

CCD is the centre-to-centre distance (distance between ring centroids), IPD is
the interplanar distance (perpendicular distance from one plane to the
neighbouring ring centroid) and SA is the slippage angle (angle subtended by
the intercentroid vector to the plane normal); for details, see Janiak (2000).
Cg3 is the centroid of the N1/C1-CS ring, Cg4 is the centroid of the N2/C7-
C11 ring and Cg5 is the centroid of the N3/C13-C17 ring.

Groupl/group2 ccD (A) SA (°) IPD (A)
Cgd---Cg3" 37582 (14) 16.529.5 3.2708 (11)/3.5978 (10)
Cg5---Cg5" 3.8263 (16) 21.5 3.5590 (11)

Symmetry codes: (v) —x, —y + 1, —z + 1; (vi) —x, —y, —z.

dentate ligand blocking some coordination sites of the central
atom (Soma & Iwamoto, 1996). Examples of these different
roles of the dicyanidoargentate anion have been demonstrated
in the following structures. In [Ni(bpy)s;,[Ag'(CN),];C1-9H,O
(bpy is 2,2"-bipyridine; Cernak et al., 1994) and {[SnMe;(b-
pe)][Ag'(CN),]-2H,0} [bpe is 12-bis(pyridin-4-yl)ethane;
Etaiw et al., 2011], it acts as an isolated counterion in structures
with ionic character. In [N(PPh;),][CIPh;Sn(1.-NC)Ag'(CN)]
(Ph is phenyl), it acts as a ligand when bonded via one bridging
cyanide group (Carcelli et al., 1992). In {Mn"(ampyz)(H,O)-
[Ag',(CN)3][Ag'(CN),]-ampyz}, and {[Mn"/(benzim),{Ag-
(CN),),][(benzim)Ag'(CN)]-H,0},, (ampyz is 2-amino-
pyrazine and benzim is benzimidazole), it acts as a bridging
spacer between two central atoms, giving rise to polymeric
two-dimensional structures (Wannarit et al., 2012), while in
[KMn{Ag'(CN),}3(H,0)], and [Mn{Ag'(CN),}x(bpy)al., the
three-dimensional networks are constructed entirely by
coordinative linkages with all the cyanide groups of
[Ag'(CN),]~ (Dong et al., 2003). In the case of the complex
[Mn'"(salen) Ag'(CN),] [Hosalen is N,N'-bis(salicylidene)-1,2-
diaminoethane], a one-dimensional network is constructed in
which the [Ag'(CN),]™ anion acts as an NC-Ag'-CN bridging
ligand (Panja et al., 2002). Finally, in [Cu(pn),{Ag'(CN),},] (pn
is 1,2-diaminopropane; Tris¢ikova et al.,, 2004) and [Cu(imi-
dazole),{Ag'(CN),},] (Ahmad er al., 2012), it acts as a mono-
dentate dicyanidoargentate ligand, with a similar coordination
mode to that found in (I) but being coordinated in the axial
positions of an elongated octahedron.

\ \ 1) §
\“1“ (KM W) Mk [ /
VR T L
Figure 5
A view of (I), showing the intermolecular hydrogen bonding and w-m

interactions (dashed lines) between layers, generating a three-dimen-
sional supramolecular framework. [Symmetry code: (iv) —x, —y + 1, —z.]
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In summary, the monodentate dicyanidoargentate(I) ligand
in the structure of the title compound has been demonstrated,
with an extended three-dimensional supramolecular structure
built up via hydrogen bonds and silver-silver and m—r inter-
actions, thus stabilizing the overall crystal structure.
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The heterometallic cadmium-silver complex cis-bis[dicyanidoargentato(l)-
lcN]bis(5,5'-dimethyl-2,2'-bipyridyl-sz,N')cadmium(II) monohydrate
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Computing details

Data collection: SMART (Bruker, 2000); cell refinement: SMART (Bruker, 2000); data reduction: SA/NT (Bruker, 2000);
program(s) used to solve structure: SHELXTL (Sheldrick, 2008); program(s) used to refine structure: SHELXL97
(Sheldrick, 2008); molecular graphics: ORTEPIII for Windows (Farrugia, 2012) and Mercury (Macrae et al., 2008);
software used to prepare material for publication: PLATON (Spek, 2009) and pubICIF (Westrip, 2010).

Di-p-cyanido-1:3x*C:N;2:3x*C:N-\ dicyanido-1xC,2xC-bis(5,5'-dimethyl-2,2'-bipyridyl-\

3x*N,N")cadmium(Il)disilver(I) monohydrate

Crystal data

[Ag2Cd(CN)y(C12H12N2)]- H,O
M,=818.72
Triclinic, P1

Hall symbol: -P 1
a=9.6964 (4) A
b=11.2487 (5) A
c=15.7456 (7) A
a=109.525 (1)°

£ =100.572 (1)°
y=98.324 (1)°
V=1551.30 (12) A?

Data collection

Bruker SMART CCD area-detector
diffractometer

Radiation source: sealed tube

Graphite monochromator

¢ and w scans

Absorption correction: multi-scan
(SADABS; Sheldrick, 2000)

Tin = 0.799, Tinax = 1.000

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20(F?)] = 0.026
wR(F?) = 0.065

§=1.03

7667 reflections

373 parameters

Z=2

F(000) =800

D,=1.753 Mgm™

Mo Ko radiation, A = 0.71073 A

Cell parameters from 9313 reflections
0=22-28.2°

4=196 mm™

=293 K

Block, colourless

0.39 x 0.16 x 0.09 mm

21735 measured reflections
7667 independent reflections
6749 reflections with /> 20(/)
R =10.017

Omax = 28.3°, Opin = 2.0°
h=-12—12

k=-14—14

[=-20—20

0 restraints

Primary atom site location: structure-invariant
direct methods

Secondary atom site location: difference Fourier
map

Hydrogen site location: inferred from
neighbouring sites
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(A6 )max = 0.001
Apuax = 0.60 ¢ A3
Apuin=—0.31 ¢ A7

H atoms treated by a mixture of independent
and constrained refinement

w = 1/[c*(F,?) + (0.0329P)* + 0.3861P]
where P = (F 2+ 2F2)/3

Special details

Geometry. Bond distances, angles efc. have been calculated using the rounded fractional coordinates. All e.s.d.'s are
estimated from the variances of the (full) variance-covariance matrix. The cell e.s.d.'s are taken into account in the

estimation of distances, angles and torsion angles

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (4?)

X y z Uiso™/Ueq
Cdl 0.15538 (2) 0.37614 (1) 0.26425 (1) 0.0382 (1)
Agl 0.45743 (2) 0.84462 (2) 0.52250 (1) 0.0632 (1)
Ag2 0.58525 (2) 0.11057 (2) 0.26944 (1) 0.0597 (1)
N1 —0.04988 (19) 0.45002 (17) 0.30232 (12) 0.0429 (5)
N2 0.0790 (2) 0.28808 (18) 0.36992 (13) 0.0437 (6)
N3 0.0035 (2) 0.23139 (18) 0.12025 (12) 0.0453 (6)
N4 0.1799 (2) 0.45737 (17) 0.14417 (12) 0.0427 (5)
N5 0.3336 (2) 0.2628 (2) 0.25121 (15) 0.0557 (7)
N6 0.3095 (2) 0.5613 (2) 0.37332 (15) 0.0570 (7)
N7 0.8463 (3) —-0.0316 (3) 0.2747 (2) 0.0726 (10)
N8 0.6444 (3) 1.1098 (3) 0.6773 (2) 0.0906 (10)
C1 -0.1172 (3) 0.5219 (2) 0.26298 (16) 0.0495 (7)
Cc2 —0.2455 (3) 0.5529 (3) 0.27778 (19) 0.0570 (8)
C3 —-0.3055 (3) 0.5064 (3) 0.3363 (2) 0.0653 (10)
Cc4 —-0.2369 (3) 0.4349 (3) 0.3788 (2) 0.0589 (9)
C5 -0.1076 (2) 0.4079 (2) 0.36096 (15) 0.0437 (6)
C6 -0.3162 (4) 0.6334 (3) 0.2315 (3) 0.0783 (11)
Cc7 —-0.0290 (2) 0.3310 (2) 0.40449 (15) 0.0431 (6)
C8 —-0.0638 (3) 0.3044 (2) 0.47878 (17) 0.0529 (8)
C9 0.0090 (3) 0.2305 (2) 0.51591 (17) 0.0552 (8)
C10 0.1166 (3) 0.1825 (2) 0.47934 (17) 0.0535 (8)
Cl1 0.1478 (3) 0.2151 (2) 0.40653 (17) 0.0510 (8)
C12 0.1971 (4) 0.0985 (3) 0.5169 (2) 0.0754 (11)
C13 —0.0901 (3) 0.1260 (2) 0.11166 (17) 0.0544 (8)
Cl4 —0.1800 (3) 0.0397 (2) 0.02833 (19) 0.0562 (8)
Cl15 —0.1664 (3) 0.0652 (3) —0.04963 (19) 0.0630 (8)
Cl16 —-0.0705 (3) 0.1732 (3) —0.04249 (17) 0.0607 (9)
C17 0.0125 (2) 0.2565 (2) 0.04402 (15) 0.0437 (7)
C18 —0.2863 (4) —0.0753 (3) 0.0243 (2) 0.0811 (11)
C19 0.1134 (3) 0.3778 (2) 0.05683 (15) 0.0445 (7)
C20 0.1370 (3) 0.4096 (3) —-0.01767 (17) 0.0641 (9)
C21 0.2304 (3) 0.5235 (3) —-0.00145 (19) 0.0662 (10)
C22 0.3007 (3) 0.6058 (2) 0.08750 (17) 0.0512 (8)
C23 0.2694 (3) 0.5686 (2) 0.15831 (16) 0.0472 (7)
C24 0.4050 (3) 0.7307 (3) 0.1068 (2) 0.0681 (10)
C25 0.4237 (3) 0.2099 (3) 0.25489 (18) 0.0538 (8)
C26 0.3655 (3) 0.6603 (3) 0.42730 (18) 0.0548 (8)
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C27 0.7536 (3) 0.0190 (3) 0.2737 (2) 0.0578 (9)
C28 0.5693 (3) 1.0190 (3) 0.6243 (2) 0.0626 (9)
ol 0.0393 (4) 0.7899 (3) 0.2477 (2) 0.0808 (10)
H1 ~0.07490 0.55250 0.22360 0.0590*
H3 ~0.39300 0.52350 0.34720 0.0780*
H4 ~0.27690 0.40490 0.41930 0.0710%
H6A ~0.40290 0.58070 0.18610 0.1180*
H6B ~0.25180 0.66760 0.20150 0.1180*
H6C ~0.33910 0.70350 0.27740 0.1180*

HS ~0.13670 0.33680 0.50340 0.0640*
HY ~0.01440 0.21280 0.56580 0.0660*
HIl 0.22130 0.18430 0.38160 0.0610*
HI2A 0.29590 0.14310 0.54480 0.1130*
HI2B 0.19200 0.01910 0.46710 0.1130*
HI12C 0.15460 0.07990 0.56290 0.1130%
HI3 ~0.09500 0.10960 0.16530 0.0650*
H15 ~0.22260 0.00900 ~0.10780 0.0760*
H16 ~0.06170 0.18980 ~0.09550 0.0730*
HISA ~0.37440 ~0.05040 0.03410 0.1210%
HI8B ~0.24710 ~0.10540 0.07180 0.1210%
H18C ~0.30500 ~0.14320 ~0.03560 0.1210%
H20 0.09000 0.35440 ~0.07820 0.0770*
H21 0.24620 0.54520 ~0.05150 0.0790*
H23 0.31310 0.62400 0.21940 0.0570*
H24A 0.49940 0.71460 0.10580 0.1020*
H24B 0.40750 0.79200 0.16690 0.1020*
H24C 0.37460 0.76510 0.06010 0.1020*
HIW 0.114 (5) 0.826 (5) 0.270 (3) 0.114 (19)*
H2W 0.007 (4) 0.844 (4) 0.263 (3) 0.081 (14)*

Atomic displacement parameters (4?)

Ul] U22 U‘}u} UIZ U13 IJQS
cdl 0.0405 (1) 0.0403 (1) 0.0319 (1) 0.0044 (1) 0.0107 (1) 0.0121 (1)
Agl 0.0617 (1) 0.0520 (1) 0.0560 (1) ~0.0052 (1) 0.0135 (1) 0.0029 (1)
Ag2 0.0566 (1) 0.0598 (1) 0.0620 (1) 0.0197 (1) 0.0125 (1) 0.0200 (1)
N1 0.0425 (10) 0.0429 (9) 0.0398 (9) 0.0068 (8) 0.0114 (8) 0.0116 (8)
N2 0.0466 (10) 0.0461 (10) 0.0421 (10) 0.0080 (8) 0.0171 (8) 0.0187 (8)
N3 0.0483 (10) 0.0421 (10) 0.0380 (9) 0.0001 (8) 0.0095 (8) 0.0103 (8)
N4 0.0474 (10) 0.0416 (9) 0.0359 (9) 0.0055 (8) 0.0078 (8) 0.0137 (7)
N5 0.0536 (12) 0.0586 (12) 0.0559 (12) 0.0179 (10) 0.0163 (10) 0.0189 (10)
N6 0.0559 (12) 0.0567 (12) 0.0464 (11) ~0.0035 (10) 0.0146 (9) 0.0097 (10)
N7 0.0700 (16) 0.0769 (16) 0.0861 (18) 0.0267 (14) 0.0258 (14) 0.0416 (15)
N8 0.100 (2) 0.0572 (15) 0.0827 (19) ~0.0109 (15) 0.0157 (16) 0.0014 (14)
Cl 0.0470 (12) 0.0545 (13) 0.0453 (12) 0.0115 (10) 0.0097 (10) 0.0174 (11)
2 0.0486 (13) 0.0540 (14) 0.0632 (16) 0.0137 (11) 0.0099 (12) 0.0162 (12)
c3 0.0459 (14) 0.0631 (16) 0.090 (2) 0.0161 (12) 0.0260 (14) 0.0257 (15)
C4 0.0518 (14) 0.0571 (15) 0.0726 (17) 0.0093 (12) 0.0290 (13) 0.0243 (13)
Cs 0.0429 (11) 0.0391 (11) 0.0419 (11) 0.0005 (9) 0.0136 (9) 0.0079 (9)
Cé6 0.0664 (19) 0.086 (2) 0.094 (2) 0.0363 (17) 0.0206 (17) 0.0396 (19)

Acta Cryst. (2013). C69, 1136-1139 Sup-3



supplementary materials

C7 0.0437 (11) 0.0391 (11) 0.0422 (11) —0.0003 (9) 0.0156 (9) 0.0110 (9)
C8 0.0567 (14) 0.0544 (13) 0.0469 (13) 0.0040 (11) 0.0252 (11) 0.0147 (11)
Cc9 0.0672 (16) 0.0546 (14) 0.0434 (12) —0.0001 (12) 0.0218 (11) 0.0189 (11)
C10 0.0625 (15) 0.0545 (14) 0.0473 (13) 0.0050 (11) 0.0171 (11) 0.0251 (11)
Cl1 0.0541 (13) 0.0571 (14) 0.0509 (13) 0.0125 (11) 0.0214 (11) 0.0271 (11)
C12 0.088 (2) 0.092 (2) 0.0743 (19) 0.0295 (18) 0.0332 (17) 0.0555 (18)
C13 0.0598 (15) 0.0508 (13) 0.0455 (13) —0.0013 (11) 0.0155 (11) 0.0134 (11)
Cl4 0.0539 (14) 0.0432 (12) 0.0565 (14) —0.0016 (10) 0.0110 (11) 0.0064 (11)
C15 0.0649 (16) 0.0536 (14) 0.0471 (14) —0.0036 (12) —0.0040 (12) 0.0057 (11)
Cl6 0.0751 (18) 0.0551 (14) 0.0399 (12) —0.0002 (13) 0.0030 (12) 0.0147 (11)
C17 0.0494 (12) 0.0401 (11) 0.0372 (11) 0.0071 (9) 0.0076 (9) 0.0115 (9)
C18 0.076 (2) 0.0612 (18) 0.079 (2) —0.0203 (15) 0.0156 (16) 0.0086 (15)
C19 0.0516 (13) 0.0433 (11) 0.0368 (11) 0.0079 (10) 0.0084 (9) 0.0152 (9)
C20 0.085 (2) 0.0606 (15) 0.0377 (12) —0.0013 (14) 0.0049 (12) 0.0196 (11)
C21 0.086 (2) 0.0667 (17) 0.0494 (14) 0.0029 (15) 0.0166 (13) 0.0319 (13)
C22 0.0547 (14) 0.0504 (13) 0.0533 (13) 0.0072 (11) 0.0109 (11) 0.0283 (11)
C23 0.0521 (13) 0.0440 (12) 0.0419 (12) 0.0034 (10) 0.0067 (10) 0.0169 (10)
C24 0.0747 (18) 0.0619 (16) 0.0696 (18) —0.0022 (14) 0.0112 (14) 0.0376 (14)
C25 0.0552 (14) 0.0526 (14) 0.0496 (13) 0.0095 (12) 0.0131 (11) 0.0151 (11)
C26 0.0505 (13) 0.0563 (14) 0.0466 (13) —0.0048 (11) 0.0147 (11) 0.0108 (11)
Cc27 0.0599 (16) 0.0593 (15) 0.0626 (16) 0.0138 (13) 0.0188 (12) 0.0310 (13)
C28 0.0722 (18) 0.0495 (14) 0.0569 (15) 0.0020 (13) 0.0160 (13) 0.0130 (12)
0Ol 0.0730 (17) 0.0722 (16) 0.0863 (17) 0.0184 (14) 0.0120 (14) 0.0190 (13)
Geometric parameters (A, ©)

Cd1—N1 2.3654 (19) C13—Cl14 1.381 (4)
Cd1—N2 2.375(2) Cl14—C15 1.375 (4)
Cd1—N3 2.3609 (18) C14—C18 1.508 (5)
Cd1—N4 2.3924 (19) C15—Cl16 1.377 (5)
Cd1—N5 2.291 (2) Cl6—C17 1.381 (3)
Cd1—N6 2.299 (2) C17—C19 1.489 (3)
Agl—C26 2.059 (3) C19—C20 1.383 (4)
Agl—C28 2.059 (3) C20—C21 1.374 (5)
Ag2—C25 2.074 (3) C21—C22 1.372 (4)
Ag2—C27 2.055 (3) C22—C23 1.382 (3)
O1—H2W 0.72 (5) C22—C24 1.510 (4)
Ol—HIW 0.73 (5) Cl1—HI1 0.9308

N1—C5 1.340 (3) C3—H3 0.9300

N1—C1 1.343 (3) C4—H4 0.9315

N2—C7 1.344 (3) C6—HoB 0.9598

N2—Cl11 1.336 (3) C6—HoC 0.9602

N3—Cl13 1.336 (3) C6—H6A 0.9597

N3—C17 1.336 (3) C8—H8 0.9292

N4—C23 1.340 (3) C9—H9 0.9301

N4—C19 1.339 (3) Cl1—H11 0.9302

N5—C25 1.129 (4) Cl12—H12C 0.9613

N6—C26 1.131 (4) C12—HI12B 0.9591

N7—C27 1.132 (4) CI12—HI12A 0.9600

N8—C28 1.123 (4) C13—H13 0.9306
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Cl—C2
C2—C3
C2—Co
C3—C4
C4—C5
C5—C7
C7—C8
C8—C9
C9—C10
C10—C12
C10—Cl11

Agl-C12i
Agl--C12i
Agl-Aglii
Agl--Ag2f
Agl--N8ii
Agl--C8"
Agl-+C10i
Agl-C11i
Agl--C28
Agl--C25F
Agl-C27i
Ag2-C28F
Ag2-C5Y
Ag2-Agli
Ag2--Ngi
Ag2-C18"
Ag2-C24v
Ag2--C3Y
Ag2-+C4Y
Ag2-+C7
Ag2-C8Y
Agl-H4"
Agl-HI2B
Agl--HI2Bi
Agl-HI2A#
Agl--H8"
Agl--HI11i
Ag2--H4"
Ag2-HI13Y
Ag2--HI8AY
Ag2--H24B
Ag2-H15
O1--Cl
O1---N7vii
Ol...NSiii

Ol Hl61x
Ol H201X

1.379 (4)
1.375 (4)
1.503 (5)
1.374 (5)
1.388 (4)
1.481 (3)
1.386 (3)
1.369 (4)
1.374 (4)
1.507 (4)
1.384 (4)

4.088 (4)
3.525 (4)
3.7997 (4)
3.2575(3)
3.350 (3)
3.934 (3)
4.190 (3)
4.004 (3)
3.167 (3)
3.762 (3)
4.107 3)
3.014 (3)
3.802 (2)
3.2576 (3)
3.505 (3)
4.236 (3)
4.093 (3)
4.141 (4)
3.484 (3)
3.941 (2)
4.016 (3)
3.5591
3.6084
3.4715
2.7920
3.3382
3.3145
3.2643
3.7636
3.6627
3.4267
3.7027
3.278 (4)
2.920 (5)
2.975 (5)
2.5268
2.5723

CI5—HI5
Cl6—HI16
C18—HI18B
CI8—HIBA
CI8—HI18C
C20—H20
C21—H21
C23—H23
C24—H24C
C24—H24A
C24—H24B

C24--C6Y
C24--Ag2i
C24N81u
C25--Agli
C26C8w
C27-CT*
C27--Agli
C28-Agli
C28-Ag2i
C28-C12i
C4--H8
C6--H24A™
C8--H4
C15-H24CH
C16-H20
C20--H16
C24--H6A
C25--Hl11
C25H15vu
C26--H23
C26H81v
C26H41v
C27-H18B"
C27-H13Y
C28--HI2B#
H1--01
H1--H6B
HIW--Ngi
H2W...N7Viii
H4--H8
H4Agllv
H4C261v
H4--C8
H4Ag2xll
H6AC24X11
H6A-H24A™
H6B--01

0.9304
0.9298
0.9595
0.9596
0.9599
0.9299
0.9307
0.9308
0.9597
0.9604
0.9603

3.565 (5)
4.093 (3)
3.431 (4)
3.762 (3)
3.526 (4)
3.526 (4)
4.107 3)
3.167 (3)
3.014 (3)
3.546 (5)
2.6587
2.8864
2.6643
2.9918
2.6573
2.6563
3.0562
3.0939
2.8931
3.0947
2.6456
2.9788
3.0133
2.7850
2.9511
2.6103
2.3377
2.26 (5)
2.23 (4)
2.1231
3.5591
2.9788
2.6643
3.2643
3.0562
2.4518
2.8004
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H6B
H1
orx
Aglii
Ag2i
C24iii
Oliii
H11
Hgiv
H23
H12CH
HI18BY
HI13Y
H2W*

N8H1Wm
N8-+H23ii
N8-+H24Bii
C1-01

Cl ...C9iv
C2C9|v
C3Ag2xu
C3C91v
C4C81v
C4-Ag2
CSAng"
C5C81v
C6C24x11
C7-C27%
C7Ag2xu
C8Ag11v
C8Ag2xu
C8-C26"
C8C4lv
C8C51v
C9C1lv
C9C3|v
C9C21V
C10-Agli
Cll-Agli

Agli
Aglv
C24i
Cl5vi
C13vi
Ag2¥
C20

NI1—Cd1—N2
N1—Cd1—N3

2.8004
2.6103
2.920 (5)
3.350 (3)
3.505 (3)
3.431 (4)
2.975 (5)
2.8168
2.8551
2.7457
2.7874
2.9434
2.7822
2.23 (4)
2.26 (5)
2.8148
2.5088
3.278 (4)
3.509 (3)
3.479 (4)
4.141 (4)
3.594 (4)
3.586 (4)
3.484 (3)
3.802 (2)
3.324 (3)
3.565 (5)
3.526 (4)
3.941 (2)
3.934 (3)
4.016 (3)
3.526 (4)
3.586 (4)
3.324 (3)
3.509 (3)
3.594 (4)
3.479 (4)
4.190 (3)
4.004 (3)
3.525 (4)
4.088 (4)
3.546 (5)
3.578 (4)
3.578 (4)
4.236 (3)
3.585 (4)

70.48 (7)
87.77 (6)

H6B-H1
HS--H4
HSAgllv
HS--C4
H8C261V
H8N61v
H9--H12C
H1l-Agli
H11--C25
H11--N5

HI2A--
HI12B--
HI2B--
HI2B--

Agli
Aglvi
Agli
C28i

H12C---H9
H12C-N74
H13Ag2¥i
H13---N7x
H13---C27x
H13--H18B
H15---H18C
H15-Ag2vi
H15---C25vi
H16--01
H16--C20
H16--H20
HI8A-Ag2¥i
H18B--N7xi
H18B--C27xi
HI18B--H13
HI18C---H15
H20---H16
H20--01k
H20--C16
H21---H24C
H23---C26
H23---H24B
H23---N6
H23---Ngiil

H24A--
H24A--
H24B--
H24B-
H24B--
H24C--
H24C--

(01
H6AY
H23
Ag2t
N8iii
Cl5®
H21

C17—C19—C20
N4—C19—C17

2.3377
2.1231
3.3382
2.6587
2.6456
2.8551
2.3693
3.3145
3.0939
2.8168
2.7919
3.6083
3.4715
2.9511
2.3693
2.7874
3.7636
2.7822
2.7850
2.4458
2.4698
3.7027
2.8931
2.5268
2.6563
2.0960
3.6627
2.9434
3.0133
2.4458
2.4698
2.0960
2.5723
2.6573
2.4812
3.0947
24318
2.7457
2.8148
2.8864
24518
24318
3.4267
2.5088
2.9918
24812

122.1 (2)
117.4 (2)
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N1—Cd1—N4
N1—Cd1—Ns5
N1—Cd1—N6
N2—Cd1—N3
N2—Cd1—N4
N2—Cd1—N5
N2—Cd1—N6
N3—Cd1—N4
N3—Cd1—N5
N3—Cd1—N6
N4—Cd1—N5
N4—Cd1—N6
N5—Cd1—N6
C26—Agl—C28
C25—Ag2—C27
HIW—O1—H2W
Cd1—NI—Cl
Cl—NI1—C5
Cd1—N1—C5
Cd1—N2—C7
Cdl—N2—Cl1
C7—N2—Cl1
Cd1—N3—C13
Cd1—N3—C17
C13—N3—C17
Cd1—N4—C23
C19—N4—C23
Cd1—N4—C19
Cd1—N5—C25
Cd1—N6—C26
N1—C1—C2
C1—C2—C3
C1—C2—C6
C3—C2—C6
C2—C3—C4
C3—C4—C5
N1—C5—C4
C4—C5—C7
N1—C5—C7
N2—C7—C5
C5—C7—C8
N2—C7—C8
C7—C8—C9
C8—C9—C10
C9—C10—C11
C11—C10—C12
C9—C10—C12
N2—C11—C10
N3—C13—Cl4

100.04 (7)
161.90 (7)
92.37 (7)
101.93 (7)
168.07 (7)
91.71 (7)
97.23 (7)
69.78 (7)
92.99 (7)
159.69 (8)
97.18 (7)
90.24 (7)
93.10 (8)
172.77 (12)
173.82 (12)
96 (5)
123.81 (16)
118.9 (2)
117.05 (15)
116.22 (16)
124.74 (17)
118.3 (2)
123.07 (15)
118.12 (15)
118.81 (19)
123.82 (14)
119.0 (2)
116.63 (16)
172.5 (2)
168.7 (2)
123.6 (2)
117.0 (3)
121.2 (3)
121.8 3)
120.4 (3)
119.5 (3)
120.6 (2)
121.9 (2)
117.45 (18)
117.68 (19)
121.7 (2)
120.6 (2)
120.1 (3)
119.9 (2)
116.9 (2)
121.6 (3)
121.5 (2)
124.1 (3)
124.3 (2)

C19—C20—C21
C20—C21—C22
C21—C22—C24
C23—C22—C24
C21—C22—C23
N4—(C23—C22
Ag2—C25—N5
Agl—C26—N6
Ag2—C27—N7
Agl—C28—N8
N1—Cl—H1
C2—Cl1—HI
C4—C3—H3
C2—C3—H3
C5—C4—H4
C3—C4—H4
C2—C6—H6A
C2—C6—H6C
H6A—C6—H6B
C2—C6—H6B
H6B—C6—H6C
H6A—C6—H6C
C7—C8—H8
C9—C8—HS
C10—C9—H9
C8—C9—H9
N2—Cl1—Hl11
C10—C11—H11
Cl10—Cl12—HI2B
C10—CI12—HI2C
HI2A—CI12—HI12B
HI2A—CI12—HI12C
HI12B—C12—HI2C
C10—CI2—HI2A
N3—CI13—H13
Cl4—C13—HI3
Cl16—C15—HIS5
Cl4—C15—HI5
C15—C16—HI16
C17—C16—HI16
Cl14—C18—HISB
Cl14—C18—HI8C
Cl4—CI18—HISA
HI8A—C18—H18C
H18B—C18—HISC
HI18A—C18—H18B
C19—C20—H20
C21—C20—H20
C22—C21—H21

119.4 (2)
121.0 (3)
121.8 (2)
121.9 (2)
116.2 (3)
123.8 (2)
176.0 (3)
176.6 (3)
179.0 (3)
171.9 3)
118.19
118.23
119.80
119.79
120.31
120.21
109.50
109.49
109.51
109.50
109.40
109.43
119.90
119.97
120.06
120.04
118.00
117.92
109.50
109.47
109.55
109.46
109.44
109.41
117.87
117.87
119.64
119.70
120.23
120.32
109.43
109.46
109.46
109.45
109.52
109.51
120.28
120.32
119.51
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C13—Cl14—C18 121.3 (2) C20—C21—H21 119.53
C15—Cl4—C18 122.6 (3) N4—C23—H23 118.09
C13—C14—C15 116.1 (3) C22—C23—H23 118.07
Cl14—C15—Cl6 120.7 (3) (22— C24—H24B 109.49
C15—C16—Cl17 119.4 (2) 22— C24—H24C 109.52
N3—C17—C16 120.7 (2) C22—C24—H24A 109.52
C16—C17—C19 122.0 (2) H24A—C24—H24C 109.47
N3—C17—C19 117.28 (19) H24B—C24—H24C 109.43
N4—C19—C20 120.5 (2) H24A—C24—H24B 109.40
N2—Cdl—N1—Cl ~175.0 2) C17—N3—Cl13—Cl4 -0.1(4)
N2—Cdl—N1—C5 ~0.62 (15) Cd1—N3—C17—C16 178.02 (19)
N3—Cdl—N1—Cl1 ~71.48 (18) Cd1—N3—C17—C19 -2.8(3)
N3—Cdl—N1—C5 102.86 (16) C13—N3—C17—C16 ~1.8(4)
N4—Cdl—N1—Cl ~2.46 (19) C13—N3—C17—C19 177.4 (2)
N4—Cdl1—N1—C5 171.88 (15) Cd1—N4—C19—C17 9.6 (3)
N6—Cd1—N1—Cl1 88.20 (19) Cd1—N4—C19—C20 ~171.4 ()
N6—Cdl—N1—C5 ~97.46 (16) C23—N4—C19—C17 ~178.8 (2)
N1—Cdl1—N2—C7 ~5.87 (15) C23—N4—C19—C20 0.2 (4)
N1—Cdl—N2—Cl1 ~175.9 (2) Cd1—N4—C23—C22 169.4 (2)
N3—Cdl—N2—C7 ~89.15 (16) C19—N4—C23—C22 ~1.6 (4)
N3—Cdl—N2—C11 100.78 (19) N1—C1—C2—C3 0.0 (4)
N5—Cdl—N2—C7 177.42 (16) N1—Cl1—C2—C6 ~179.8 (3)
N5—Cdl—N2—Cl1 74(2) C6—C2—C3—C4 ~178.9 (3)
N6—Cdl—N2—C7 84.09 (17) Cl—C2—C3—C4 1.4 (4)
N6—Cdl—N2—Cl1 -86.0 (2) C2—C3—C4—C5 ~1.1(5)
N1—Cdl—N3—C13 ~732(2) C3—C4—C5—NI —0.5 (4)
N1—Cdl—N3—C17 107.04 (17) C3—C4—C5—C7 ~179.8 (3)
N2—Cd1—N3—C13 -3.7(2) N1—C5—C7—N2 ~12.2 (3)
N2—Cdl—N3—C17 176.55 (16) C4—C5—C7—C8 ~13.3 (4)
N4—Cdl1—N3—C13 ~174.7 2) N1—C5—C7—C8 167.4 (2)
N4—Cd1—N3—C17 5.49 (16) C4—C5—C7—N2 167.2 (2)
N5—Cd1—N3—C13 88.7(2) C5—C7—C8—C9 178.5 (2)
N5—Cdl—N3—C17 —91.07 (17) N2—C7—C8—C9 2.0 (4)
N6—Cdl1—N3—C13 ~164.0 (2) C7—C8—C9—C10 —0.1(4)
N6—Cd1—N3—C17 16.2 (3) C8—C9—C10—C12 ~178.7 (3)
N1—Cdl—N4—C19 ~91.80 (19) C8—C9—C10—Cl1 1.4 (4)
N1—Cdl—N4—C23 97.0 (2) C9—C10—C11—N2 ~0.8 (4)
N3—Cdl—N4—C19 ~7.96 (18) C12—C10—C11—N2 179.3 3)
N3—Cdl—N4—C23 ~179.1 (2) N3—C13—Cl14—CI8 ~178.1 (3)
N5—Cdl—N4—C19 82.60 (19) N3—C13—C14—CI5 1.8 (4)
N5—Cdl—N4—C23 ~88.6 (2) C13—Cl4—C15—C16 ~1.7 (4)
N6—Cdl1—N4—C19 175.75 (19) C18—C14—C15—Cl6 178.3 (3)
N6—Cdl—N4—C23 4.6 (2) Cl14—C15—C16—C17 0.1 (5)
Cdl—N1—C1—C2 172.7 (2) C15—C16—C17—N3 1.9 (4)
C5—NI—Cl1—C2 ~1.6 (4) C15—C16—C17—C19 ~177.3 (3)
Cdl—N1—C5—C4 ~172.8 (2) N3—C17—C19—N4 ~4.7 (3)
Cd1—N1—C5—C7 6.5(3) N3—C17—C19—C20 176.4 (3)
Cl—NI1—C5—C4 1.8 (3) C16—C17—C19—N4 174.5 (2)
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C1—N1—C5—C7 ~178.8 (2) C16—C17—C19—C20 ~4.5 (4)
Cd1—N2—C7—C5 11.4 (3) C17—C19—C20—C21 179.4 (3)
Cdl—N2—C7—C8 ~168.13 (18) N4—C19—C20—C21 0.5 (4)
C11—N2—C7—C5 ~177.9 (2) C19—C20—C21—C22 0.2 (5)
Cl11—N2—C7—C8 2.6 (3) C20—C21—C22—C23 ~1.4 (4
Cd1—N2—C11—C10 168.66 (19) C20—C21—C22—C24 179.3 (3)
C7—N2—C11—C10 ~1.2(4) C21—C22—C23—N4 2.2 (4)
Cd1—N3—C13—C14 ~179.9 (2) C24—C22—C23—N4 ~178.5 (3)

Symmetry codes: (i) x, y+1, z; (ii) —x+1, —y+1, —z+1; (iii) —x+1, —p+2, —z+1; (iv) —x, —p+1, —z+1; (v) x+1, y, z; (Vi) x, y—1, z; (vii) —x, =y, —z; (viii) x—1,
Y1, z; (ix) —x, =y, =z (x) x+1, y=1, 23 (xi) ~x+L, —p, =2+ (xii) x— 1, p, 2.

Hydrogen-bond geometry (4, )

D—H-4 D—H H-A DA D—H-4
O1—H1W--Ngi 0.73 (5) 2.26 (5) 2.975 (5) 166 (6)
O1—H2 N7V 0.72 (5) 2.23 (4) 2.920 (5) 162 (5)
C16—H16-01% 0.93 2.53 3.453 (4) 174
C20—H20--01* 0.93 2.57 3.502 (4) 178
C24—H24B--N§i 0.96 2.51 3.431 (4) 161

Symmetry codes: (iii) —x+1, —y+2, —z+1; (viii) x—1, y+1, z; (ix) —x, —y+1, —z.

n—n contacts (4, °) for (I)
CCD is the centre-to-centre distance (distance between ring centroids), IPD is the mean interplanar distance (perpendicular distance from one plane to the
neighbouring ring centroid) and SA is the mean slippage angle (angle subtended by the intercentroid vector to the plane normal); for details, see Janiak

(2000). Cg3 is the centroid of the N1/C1-CS5 ring, Cg4 is the centroid of the N2/C7—C11 ring and Cg5 is the centroid of the N3/C13—C17 ring.

Groupl/group2 CCD (A) SA (°) IPD (A)
Cg4—Cg3V 3.7582 (14) 4.674 3.271
Co5-Cg5" 3.8263 (16) 1.405 3.559

Symmetry codes: (iv) X, -y + 1, -z + 1; (V) X, -y, -z.
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The asymmetric unit of the title compound, [Co,(NCS),-
(C10HgN,)3(C,HgOS),],,, consists of one Co' atom, two
thiocyanate anions, one dimethyl sulfoxide molecule and
one and a half 4,4’-bipyridine molecules. The half-molecule is
completed by inversion symmetry. The Co" atom is coordin-
ated in a distorted octahedral geometry by two N atoms from
two thiocyanate anions, one O atom from dimethyl sulfoxide
as a terminal ligand and three N atoms from three 4,4'-
bipyridine molecules as bridging ligands linking the cations,
with a Co- - -Co separation of 11.5964 (5) A. This generates a
two-dimensional structure parallel to (103). A C—H---S
hydrogen bond links the layers into a three-dimensional
supramolecular framework. The layers are stacked in an ABC
fashion preventing the occurrence of interlayer void space and
hence leading to the absence of lattice solvent and/or organic
guest molecules in the structure.

Related literature
For related coordination polymers with ligands such as pyra-

zine, pyrimidine, 4,4-bipyridine and SCN~, see: Wriedt &
Nither (2009, 2010); Wriedt et al. (2009); Yao & Wang (2009).
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Experimental
Crystal data
[Co(NCS)4(C1oHgN,)3(CH0S),] V =213834 (8) A3
M, =974.98 Z=2
Monoclinic, P2, /n Mo Ko radiation
a=11.0772 3) A w=112mm™"
b =16.9999 (2) A T=273K
¢ =11.6843 (3) A 0.40 x 0.16 x 0.10 mm
B =103.628 (1)°
Data collection
Bruker SMART APEX CCD 14262 measured reflections

diffractometer 5584 independent reflections
Absorption correction: multi-scan 3936 reflections with I > 20(I)

(SADABS; Bruker, 2000) Rin = 0.032

Tmin = 0.591, Tpax = 0.894
Refinement
R[F? > 20(F%)] = 0.043 264 parameters
wR(F?) = 0.109 H-atom parameters constrained
S =1.01 Apmax =1.02e A7?
5584 reflections APmin = —0.58 ¢ A7
Table 1 .
Selected bond lengths (A).
Col—N7 2.080 (2) Col—N3 22187 (19)
Col—N6 2.102 (2) Col—N2 2244 (2)
Col—-01 2.1234 (19) Col—NI1 2.2551 (19)
Table 2 .
Hydrogen-bond geometry (A, °).
D—H---A D—H H---A DA D—H---A
Cl—H1.--s1 0.93 2.82 3.596 (3) 141

Symmetry code: (i) —x +3,y —3, —z+1

Data collection: SMART (Bruker, 2000); cell refinement: SAINT
(Bruker, 2000); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008); molecular graphics:
Mercury (Macrae et al., 2008); software used to prepare material for
publication: pubICIF (Westrip, 2010).
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Poly[tris(u-4,4'-bipyridine-x*N:N')bis(dimethyl sulfoxide-xO)tetrakis(thio-
cyanato-xN)dicobalt(ll)]

Surasak Kaenket, Pongthipun Phuengphai, Chaveng Pakawatchai and Sujittra Youngme

1. Comment

Metal organic frameworks can be prepared in variety methods and there are many effects influencing their structures. The
solvent used in preparing is one of the most important effects on the structures. The influence of the solvent on the
structure has been widely studied, for example in the study of iron(II) thiocyanato coordination polymers based on 4,4'-
bipyridine using methanol as a solvent (Wriedt & Néther, 2010). This finding suggested that if more solvent and higher
concentration of N-donor ligand were applied the structure is likely to involve with solvent coordination and the different
metal to organic ligand ratio. The solvent has the influence on both metal to organic ligand ratio and the arrangement of
the organic linker leading to the variation of the dimension and topology of the network (Yao & Wang, 2009). In addition,
the type of N-donor organic linkers also affect the structure (Wriedt & Nather, 2009; Wriedt et al., 2009).

Of interest to us was this effect. A new structure with the different metal to N-donor organic ligand ratio might also be
possible by alteration of the solvent, type of N-donor organic ligand, and the metal to N-donor ligand ratio in the
preparation. In this contribution, we present synthesis and structural characterization of a two-dimensional framework of
poly[u-tris(4,4"-bipyridine)di(dimethyl sulfoxide)tetrathiocyanato-/N-dicobalt(II)] (I)

The asymmetric unit of the title compound consists of one Co™ centre, two SCN™ anions, one and a half 4,4'-bpy
molecules and one DMSO molecule (Fig. 1). The Co" is surrounded by two N atoms from terminal SCN- groups, one O
atom from DMSO and three N atoms from three 4,4'-bpy (Table 1). The 4,4’-bpy acts as a bridge linking metal centres
and generates a two-dimensional structure with rectangular spaces (11.60 x 23.25 A) within layer (Fig. 2). Due to the
arrangement of the linker and metal to N-donor organic ligand ratio of 1:1.5, the space within the layer is twice as
compared to the related two-dimensional compound {[Fe(4,4"-bpy)(SCN),](MeOH),}, (Wriedt & Nither, 2010). The
layers are stacked in an ABC fashion (Fig. 3). The plane parallel to the layer is (103). The metal atoms in one layer sit
above or below the rectangular spaces. As a result, the terminal SCN- and DMSO ligands arrange approximately
perpendicular to the layer plane and fill up the spaces between adjacent layers. This arrangement of the layers is in the
ABC fashion preventing the occurrence of the interlayer spaces along the crystallographic ¢ axis and hence leading to the
absence of lattice solvent and/or organic guest molecules in the interlayer spaces (Fig. 3). In addition, the extended
structure of I has been illustrated (Fig. 4). The hydrogen bonds between H1 and S1 link the layers with the distance of

2.82 A (Table 2). As a result, these layers are assembled into a three-dimensional supramolecular framework.

2. Experimental

Compound I was synthesized by direct method in a molar ratio of 1:3:1 of Co(NOs),-6H,0, 4,4'-bpy and KSCN,
respectively. To prepare the reaction mixture, Co(NO;),:6H,O (0.5 mmol, 0.15 g) and KSCN (0.5 mmol, 0.05 g) were
dissolved in water (10 mL). Then 10 ml of ethanoic solution of 4,4’-bpy (1.5 mmol, 0.23 g) was added. The mixture was
stirred, then 10 mL of DMSO and 0.5 mL of 6 M HNO; was slowly added to assist dissolution.The mixture was then
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heated at 60 °C for 15 mins. It was set at room temperature for a slow evaporation. After 15 days, pink crystals were

obtained.

3. Refinement
C-bound H atoms were positioned geometrically, with C—H = 0.93 (aromatic) or 0.96 A (methyl), and included as riding
atoms, with Uio(H) = 1.5U (C) for methyl groups and 1.2U.(C) otherwise.
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Figure 1
A view of the local coordination of the Co™ in the title compound, showing the atom-numbering scheme. Displacement

ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.

Figure 2
A partial packing diagram of the title compound, showing the two-dimensional structure via 4,4’-bpy bridges generating

rectangular spaces.
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Figure 3
A partial packing diagram of the title compound, showing that terminal ligands, DMSO and SCN- fill up the rectangular

space of adjacent layer () and ABC arrangement structure layers prevent the occurrence of the channel along C axis (b).

1%
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$<
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Figure 4
The extended structure of the title compound illustrates the hydrogen bonds (dotted lines) between H1 and S1 (-x +3/2, y
- 1/2, -z + 1/2) linking two-dimensional layers leading to a three-dimensional supramolecular framework. The adjacent

layers are shown in different colours.
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Poly[tris(u-4,4'-bipyridine-x*N:N")bis(dimethyl sulfoxide-xO)tetrakis(thiocyanato-«xN)dicobalt(ll)]

Crystal data

[COQ(NCS)4(C]0H3N2)3(C2H6OS)2]
M,=974.98

Monoclinic, P2/n

Hall symbol: -P 2yn

a=11.0772 3) A

b=16.9999 (2) A

c=11.6843 (3) A

£ =103.628 (1)°

V'=2138.34 (8) A3

Data collection

Bruker SMART APEX CCD
diffractometer

Radiation source: fine-focus sealed tube

Graphite monochromator

phi and w scans

Absorption correction: multi-scan
(SADABS; Bruker, 2000)

Toin = 0.591, T1ax = 0.894

Refinement

Refinement on F?

Least-squares matrix: full

R[F? > 20(F%)] = 0.043

wR(F?)=0.109

§=1.01

5584 reflections

264 parameters

0 restraints

Primary atom site location: structure-invariant
direct methods

Special details

zZ=2

F(000) = 1000
D,=1514Mgm™

Mo Ko radiation, 2 = 0.71073 A
u=112mm™"

T=273K

Block, pink

0.40 x 0.16 x 0.10 mm

14262 measured reflections
5584 independent reflections
3936 reflections with 7> 2a(/)

R =0.032

Omax = 29.8°, Omin = 2.2°
h=-14—14
k=-16—22
[=-12—15

Secondary atom site location: difference Fourier
map

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

w = 1/[6*(F,?) + (0.0522P)* + 1.1491P]
where P = (F,> +2F2)/3

(A/0)max < 0.001

Apmax=1.02 e A7

Appmin=—0.58 ¢ A

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two L.s. planes) are estimated using the full
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry.
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.

Refinement. Refinement of F? against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F?,
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F? > o(F?) is used
only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F?
are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (4)

x ¥ z Uiso™ Ueq
Col 0.61610 (3) 0.238576 (18) 0.34507 (3) 0.02619 (10)
s3 0.74846 (7) 0.21001 (5) 0.14197 (7) 0.04276 (18)
$2 0.57089 (8) 0.31500 (5) 0.72918 (8) 0.0535 (2)
s1 0.93773 (9) 0.42788 (7) 0.32672 (16) 0.1102 (6)
N3 0.47394 (17) 0.14430 (11) 0.30393 (18) 0.0268 (4)
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N2 0.47009 (19) 0.33263 (12) 0.30583 (19) 0.0309 (5)
N1 0.76429 (18) 0.14581 (12) 0.39797 (18) 0.0303 (4)
01 0.62030 (17) 0.22923 (12) 0.16482 (17) 0.0396 (4)
N7 0.6038 (2) 0.25004 (14) 0.5192 (2) 0.0394 (5)
C15 0.4133 (2) 0.12562 (14) 0.1932 (2) 0.0297 (5)
H15 0.4315 0.1541 0.1314 0.036%*
N6 0.7569 (2) 0.32360 (14) 0.3613 (2) 0.0435 (6)
C8 0.2944 (2) 0.45622 (14) 0.2665 (2) 0.0299 (5)
C3 0.9512 (2) 0.03082 (14) 0.4782 (2) 0.0279 (5)
Cl16 0.5904 (2) 0.27781 (15) 0.6063 (2) 0.0324 (6)
C5 0.8725 (2) 0.16319 (15) 0.4734 (2) 0.0366 (6)
H5 0.8856 0.2149 0.4992 0.044%*
C9 0.2624 (2) 0.38055 (16) 0.2287 (3) 0.0404 (7)
H9 0.1813 0.3692 0.1888 0.048*
C2 0.8399 (2) 0.01292 (15) 0.3977 (3) 0.0398 (7)
H2 0.8257 —0.0379 0.3681 0.048*
C11 0.4472 (2) 0.10091 (15) 0.3912 (2) 0.0321 (5)
H11 0.4874 0.1128 0.4685 0.039%*
C10 0.3514 (2) 0.32131 (15) 0.2502 (3) 0.0395 (6)
H10 0.3268 0.2708 0.2242 0.047%*
C4 0.9657 (2) 0.10903 (15) 0.5153 (2) 0.0376 (6)
H4 1.0382 0.1248 0.5682 0.045%*
Cl 0.7503 (2) 0.07089 (15) 0.3616 (3) 0.0373 (6)
H1 0.6765 0.0568 0.3092 0.045%*
C6 0.5003 (3) 0.40610 (16) 0.3448 (3) 0.0447 (7)
H6 0.5817 0.4157 0.3855 0.054*
C17 0.8323 (3) 0.36663 (17) 0.3468 (3) 0.0437 (7)
Cl4 0.3251 (2) 0.06625 (15) 0.1664 (2) 0.0319 (5)
H14 0.2842 0.0567 0.0886 0.038*
C7 0.4169 (3) 0.46839 (16) 0.3280 (3) 0.0469 (8)
H7 0.4427 0.5180 0.3576 0.056*
C19 0.7763 (4) 0.2828 (3) 0.0436 (4) 0.0746 (12)
HI9A 0.7051 0.2873 —0.0214 0.112%*
H19B 0.8476 0.2684 0.0148 0.112%*
H19C 0.7914 0.3324 0.0838 0.112%*
C18 0.7228 (5) 0.1284 (3) 0.0458 (5) 0.0992 (17)
HI8A 0.6943 0.0846 0.0842 0.149*
H18B 0.7989 0.1146 0.0250 0.149%*
H18C 0.6611 0.1416 —0.0241 0.149%*
C12 0.3626 (2) 0.03931 (15) 0.3716 (2) 0.0344 (6)
H12 0.3487 0.0102 0.4347 0.041*
C13 0.2983 (2) 0.02117 (14) 0.2567 (2) 0.0298 (5)
Atomic displacement parameters (42)

Ull l]22 []33 U12 (]23
Col 0.02248 (16) 0.02112 (16) 0.03429 (18) 0.00099 (12) 0.00529 (12) 0.00138 (13)
S3 0.0366 (4) 0.0522 (4) 0.0425 (4) 0.0033 (3) 0.0155 (3) 0.0038 (3)

Acta Cryst. (2014). E70, m265-m266

sup-5



supporting information

S2 0.0528 (5) 0.0601 (5) 0.0505 (5) —0.0048 (4) 0.0179 (4) —0.0164 (4)
S1 0.0445 (5) 0.0713 (7) 0.1993 (16) —0.0200 (5) —0.0023 (7) 0.0688 (9)
N3 0.0229 (9) 0.0205 (10) 0.0362 (11) 0.0000 (7) 0.0053 (8) 0.0014 (8)
N2 0.0276 (10) 0.0266 (11) 0.0374 (12) 0.0033 (8) 0.0055 (9) —0.0002 (9)
N1 0.0289 (10) 0.0263 (10) 0.0344 (11) 0.0059 (8) 0.0049 (8) 0.0017 (9)
Ol 0.0297 (9) 0.0504 (12) 0.0399 (10) —0.0013 (8) 0.0105 (8) 0.0048 (9)
N7 0.0391 (12) 0.0393 (13) 0.0380 (12) 0.0040 (10) 0.0054 (10) 0.0015 (10)
C15 0.0293 (12) 0.0246 (12) 0.0353 (13) —0.0024 (9) 0.0075 (10) 0.0040 (10)
N6 0.0340 (12) 0.0319 (12) 0.0631 (16) —0.0024 (10) 0.0083 (11) —0.0004 (11)
C8 0.0277 (12) 0.0257 (12) 0.0364 (13) 0.0050 (9) 0.0079 (10) 0.0004 (10)
C3 0.0249 (11) 0.0260 (12) 0.0325 (12) 0.0051 (9) 0.0061 (9) 0.0009 (10)
Cl6 0.0292 (12) 0.0264 (13) 0.0394 (14) —0.0001 (9) 0.0035 (10) 0.0015 (10)
C5 0.0342 (13) 0.0252 (12) 0.0450 (15) 0.0050 (10) —0.0017 (11) —0.0053 (11)
C9 0.0274 (13) 0.0291 (13) 0.0589 (18) 0.0036 (10) —0.0012 (12) —0.0063 (12)
C2 0.0325 (13) 0.0233 (12) 0.0560 (17) 0.0040 (10) —0.0048 (12) —0.0074 (12)
C11 0.0326 (13) 0.0286 (13) 0.0339 (13) —0.0028 (10) 0.0053 (10) 0.0004 (10)
C10 0.0334 (13) 0.0227 (12) 0.0579 (18) 0.0029 (10) 0.0018 (12) —0.0071 (12)
C4 0.0316 (13) 0.0296 (14) 0.0452 (15) 0.0038 (10) —0.0037 (11) —0.0054 (11)
Cl 0.0263 (12) 0.0303 (13) 0.0491 (16) 0.0044 (10) —0.0032 (11) —0.0042 (12)
Cé6 0.0273 (13) 0.0306 (14) 0.069 (2) 0.0041 (10) —0.0027 (13) —0.0075 (13)
C17 0.0301 (13) 0.0312 (14) 0.0650 (19) 0.0001 (11) 0.0015 (13) 0.0108 (13)
Cl4 0.0309 (12) 0.0299 (13) 0.0326 (13) —0.0054 (10) 0.0029 (10) 0.0001 (10)
C7 0.0348 (14) 0.0253 (13) 0.073 (2) 0.0028 (11) —0.0029 (14) —0.0119 (13)
C19 0.063 (2) 0.088 (3) 0.086 (3) 0.014 (2) 0.044 (2) 0.039 (2)
C18 0.111 (4) 0.095 (4) 0.109 (4) —-0.019 (3) 0.059 (3) —0.054 (3)
C12 0.0374 (14) 0.0312 (13) 0.0352 (14) —0.0073 (11) 0.0097 (11) 0.0056 (11)
C13 0.0259 (12) 0.0223 (12) 0.0411 (14) —0.0025 (9) 0.0076 (10) 0.0002 (10)
Geometric parameters (A, ©)

Col—N7 2.080 (2) C3—C3i 1.506 (4)
Col—N6 2.102 (2) C5—C4 1.384 (3)
Col—O1 2.1234 (19) C5—HS5 0.9300

Col—N3 2.2187 (19) C9—C10 1.390 (4)
Col—N2 2.244 (2) C9—H9 0.9300

Col—NI1 2.2551 (19) C2—Cl1 1.392 (3)

S3—O01 1.5401 (19) C2—H2 0.9300

S3—C19 1.765 (4) Cl11—CI12 1.388 (3)
S3—C18 1.766 (4) Cl1—HI11 0.9300

S2—C16 1.629 (3) C10—H10 0.9300

S1—C17 1.623 (3) C4—H4 0.9300

N3—Cl11 1.347 (3) Cl1—H1 0.9300

N3—Cl15 1.348 (3) C6—C7 1.388 (4)
N2—C10 1.336 (3) C6—H6 0.9300

N2—C6 1.344 (3) Cl14—C13 1.391 (4)

N1—Cl1 1.340 (3) Cl4—H14 0.9300

N1—C5 1.343 (3) C7—H7 0.9300

N7—C16 1.163 (4) C19—HI19A 0.9600
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C15—Cl14
C15—HI15
N6—C17
C8—C9
C8—C7
C8—C13i
C3—C4
C3—C2

N7—Col—N6
N7—Col1—O1
N6—Col—O1
N7—Co1—N3
N6—Col—N3
01—Col1—N3
N7—Col—N2
N6—Col—N2
01—Col—N2
N3—Col—N2
N7—Col—N1
N6—Col—N1
01—Col—N1
N3—Col—N1
N2—Col—N1
01—S3—C19
01—S3—C18
C19—S3—C18
C11—N3—C15
C11—N3—=Col
C15—N3—Col
C10—N2—C6
C10—N2—Col
C6—N2—Col
C1—NI—C5
C1—NI1—Col
C5—N1—Col
S3—01—Col
C16—N7—Col
N3—C15—C14
N3—CI15—HI5
C14—C15—HI15
C17—N6—Col
C9—C8—C7
C9—C8—Cl13!
C7—C8—Cl13!
C4—C3—C2
C4—C3—C3t
C2—C3—C3t

1.388 (3)
0.9300

1.152 (4)
1.379 (4)
1.393 (4)
1.489 (3)
1.396 (3)
1.396 (3)

93.76 (10)
177.34 (8)
87.22 (9)
94.19 (9)
171.85 (9)
84.91 (7)
85.58 (8)
90.69 (8)
91.94 (8)
91.71 (7)
90.49 (8)
88.83 (8)
92.00 (8)
89.30 (7)
176.00 (8)
105.89 (15)
105.07 (18)
99.4 (3)
116.7 (2)
120.20 (16)
123.09 (16)
115.9 (2)
125.18 (17)
118.89 (17)
115.8 (2)
123.75 (16)
120.37 (16)
115.11 (11)
161.0 (2)
123.6 (2)
118.2

118.2

166.3 (3)
116.7 (2)
121.3 (2)
122.0 (2)
115.8 (2)
122.5 (3)
121.7 (3)

C19—HI19B
C19—HI19C
CI8—HIBA
C18—HI18B
C18—HI18C
Cl12—C13
Cl12—HI2
C13—C8ii

C10—C9—H9
Cl—C2—C3
C1—C2—H2
C3—C2—H2
N3—CI11—C12
N3—CI11—H11
Cl12—Cl11—HI1
N2—C10—C9
N2—C10—H10
C9—C10—H10
C5—C4—C3
C5—C4—H4
C3—C4—H4
NI—C1—C2
N1—C1—HI1
C2—Cl1—H1
N2—C6—C7
N2—C6—H6
C7—C6—H6
N6—C17—S1
C15—C14—C13
C15—C14—H14
C13—C14—H14
C6—C7—C8
C6—C7—H7
C8—C7—H7
S3—C19—HI9A
S3—C19—HI19B
H19A—C19—HI19B
S3—C19—HI19C
H19A—C19—HI19C
H19B—C19—HI19C
S3—C18—HI8A
S3—C18—HI18B
H18A—C18—HI18B
S3—C18—H18C
H18A—C18—HI18C
H18B—C18—HI8C
Cl11—C12—C13

0.9600
0.9600
0.9600
0.9600
0.9600
1.398 (4)
0.9300
1.489 (3)

120.0
120.2 (2)
119.9
119.9
1233 (2)
118.4
118.4
123.9 (2)
118.0
118.0
120.1 (2)
119.9
119.9
123.8(2)
118.1
118.1
123.8(2)
118.1
118.1
179.5 (3)
119.6 (2)
120.2
120.2
119.6 (2)
120.2
120.2
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
119.8 (2)
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N7—C16—S2
NI—C5—C4
NI—C5—H5
C4—C5—HS
C8—C9—C10
C8—C9—H9

N7—Col—N3—C11
N6—Col—N3—Cl11
01—Col—N3—Cl11
N2—Col—N3—C11
NI—Col—N3—Cl11
N7—Col—N3—CI15
N6—Col—N3—CI15
01—Col—N3—Cl15
N2—Col—N3—C15
N1—Col—N3—CI15
N7—Col—N2—C10
N6—Col—N2—C10
01—Col—N2—CI10
N3—Col1—N2—C10
NI—Col—N2—C10
N7—Col—N2—C6
N6—Col—N2—C6
O1—Col—N2—C6
N3—Col—N2—C6
NI—Col—N2—C6
N7—Col—N1—C1
N6—Col—N1—C1
01—Col—N1—Cl1
N3—Col—N1—C1
N2—Col—N1—C1
N7—Col—N1—C5
N6—Col—NI1—C5
01—Col—NI1—C5
N3—Col—N1—C5
N2—Col—N1—C5
C19—S3—01—Col
C18—S3—01—Col
N7—Col—0O1—S3
N6—Col—O1—S3
N3—Col—0O1—S3
N2—Col—O1—S3
NI—Col—O1—S3
N6—Col—N7—C16
01—Col—N7—CI16

178.9 (3)
124.2 (2)
117.9
117.9
120.0 (2)
120.0

~21.36 (19)
145.8 (5)
161.15 (19)
~107.05 (18)
69.08 (18)
160.68 (19)
~32.1(7)
~16.81 (19)
74.99 (19)
~108.88 (19)
~107.9 (2)
158.4 (2)
71.1 (2)
~13.8(2)
~118.5 (11)
69.0 (2)
—24.8 (2)
~112.0 (2)
163.0 (2)
58.4 (12)
116.1 (2)
~150.2 (2)
~63.0 (2)
21.9 (2)
126.6 (11)
—61.4 (2)
32.4 (2)
119.5 (2)
~155.6 (2)
-50.8 (12)
~127.1 (2)
128.3 (2)
167.2 (18)
55.48 (13)
~122.38 (13)
146.08 (13)
~33.25 (13)
57.4(7)
~54.(2)

Cl11—CI12—H12
C13—C12—HI12
C14—C13—C12
C14—C13—Cg8
C12—C13—CS8it

N3—Col—N7—C16
N2—Col—N7—C16
NI—Col—N7—C16
CI1—N3—C15—C14
Col—N3—C15—C14
N7—Col—N6—C17
01—Col—N6—C17
N3—Col—N6—C17
N2—Col—N6—C17
N1—Col—N6—C17
CI—N1—-C5—C4
Col—N1—C5—C4
C7—C8—C9—C10
C13—C8—C9—C10
C4—C3—C2—C1
C3i-C3—C2—Cl1
CI5—N3—C11—CI12
Col—N3—C11—C12
C6—N2—C10—C9
Col—N2—C10—C9
C8—C9—C10—N2
NI—C5—C4—C3
C2—C3—C4—C5
C3i-C3—C4—C5
C5—N1—C1—C2
Col—N1—C1—C2
C3—C2—C1—NI1
C10—N2—C6—C7
Col—N2—C6—C7
N3—C15—C14—C13
N2—C6—C7—C8
C9—C8—CT7—C6
C13i—C8—C7—C6
N3—C11—C12—C13
C15—C14—C13—C12
C15—C14—C13—C3ii
Cl1—CI12—C13—C14
C11—CI12—C13—C8iti

120.1
120.1

117.1 (2)
122.2 (2)
120.8 (2)

~124.4 (7)
-33.0 (7)
146.2 (7)
1.3 (4)
179.32 (19)
180.0 (10)
~2.5(10)
12.8 (14)
~94.4 (10)
89.5 (10)
~1.1 (4)
176.5 (2)
~1.5 (4)
179.1 3)
~1.7 (4)
178.4 (3)
0.4 (4)
~177.7 )
2.0 (4)
178.9 (2)
—0.6 (5)
0.7 (5)
0.7 (4)
~179.4 (3)
0.1(4)
~177.5 ()
1.4 (5)
~1.4(5)
~178.5 (3)
~1.8 (4)
~0.6 (5)
2.0 (5)
~178.6 (3)
~1.6 (4)
0.5 (4)
~179.4 (2)
1.1 (4)
~179.0 (2)

Symmetry codes: (i) —x+1/2, y+1/2, —z+1/2; (ii) —x+2, —y, —z+1; (iil) —x+1/2, y—1/2, —z+1/2.
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Hydrogen-bond geometry (4, °)

D—H-4 D—H H-A DA D—H-4
Cl—HI-S1v 0.93 2.82 3.596 (3) 141

Symmetry code: (iv) —x+3/2, y—1/2, —z+1/2.
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In the title compound, {[Ag,Fe(CN),(H,0),]-2C;,H (N,},,, the asymmetric unit
contains one Fe'' cation, two water molecules, two dicyanidoargentate(I) anions
and two uncoordinating 1,2-bis(pyridin-2-yl)ethylene (2,2’-bpe) molecules. Each
Fe'' atom is six-coordinated in a nearly regular octahedral geometry by four N
atoms from dicyanidoargentate(I) bridges and two coordinating water mol-
ecules. The Fe'' atoms are bridged by dicyanidoargentate(I) units to give a two-
dimensional layer with square-grid spaces. The intergrid spaces with interlayer
distance of 6.550 (2) A are occupied by 2,2-bpe guest molecules which form O —
H---N hydrogen bonds to the host layers. This leads to an extended three-
dimensional supramolecular architecture. The structure of the title compound is
compared with some related compounds containing dicyanidoargentate(I)
ligands and N-donor organic co-ligands.

1. Chemical context

Metal-organic frameworks (MOFs) have attracted much
attention because of their versatile topologies and dimensions.
These structural properties lead to potential interesting
applications in the filed of magnetism, sensing, porous
materials and catalysis (Biswas et al., 2014; Horike et al., 2008;
Sanda et al., 2013). Structural diversity in MOFs can occur as a
result of various preparation methods. However, supra-
molecular chemistry and topologies of MOFs are rather
controlled by the nature of the metal ions and the structure of
the organic ligands (Yang et al., 2008).

One-, two- and three-dimensional frameworks containing
dicyanidoargentate(I) and N-donor linkers such as pyrazine,
4 4'-bpy and 4,4'-bpe [bpy is bipyridineand bpe is 1,2-bis(4-
pyridyl)ethylene] ligands have been studied (Soma &
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Figure 1

A view of the asymmetric unit in (I), showing displacement ellipsoids at
the 50% probability level and the atom-numbering scheme. H atoms have
been omitted for clarity.

Iwamoto, 1996; Munoz et al., 2007; Dong et al., 2003). Whereas
4,4'-bpe appears to be somewhat ubiquitous in cyanido
compounds, its cousin 2,2'-bpe is not very often used, which
led us to prepare a dicyanidoargentate(I) compound with a
2,2'-bpe ligand. In this communication, we report the synthesis
and crystal structure of a three-dimensional supramolecular
framework of {[Ag,Fe(CN),(H,0),]-2C,H;oN,},,, (I).

2. Structural commentary

The asymmetric unit consists of one Fe'' atom, two dicyan-
idoargentate(I) ligands, two water molecules and two
uncoordinating 2,2’-bpe molecules (Fig. 1). Agl and Ag2 are
situated on inversion centres. The dicyanidoargentate(I)
ligands link Fe" atoms into an infinite two-dimensional layer

Figure 2

A view of the square grid of (I) in the ac plane; the 2,2’-bpe molecules
have been omitted. [Symmetry codes: (iii) —x + 1, —y + 2, z; (iv) —x,
—y+1, —z+1;(v) —x+1, -y, —z+1]

Table 1 .

Selected bond lengths (A).

Fe—01 2.1365 (15) Fe—N4 2.1489 (16)
Fe—02 2.1392 (16) Fe—N2 2.1522 (16)
Fe—N1 2.1440 (17) Fe—N3 2.1539 (17)
Table 2 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A D---A D—H---A
O1—H2W- - N5 0.76 (3) 2.07 (3) 2.829 (2) 174 (2)
02—H4W- - N6 0.73 (3) 2.09 (3) 2.823 (3) 174 (3)
Ol—HIW...N7' 0.75 (3) 2.14 (3) 2.870 (3) 164
O2—H3W- - -Ng! 0.74 (3) 215 (3) 2.868 (3) 162

Symmetry codes: (i) x — 1, y, z; (i) x,y + 1, z.

network with a nearly square-grid geometry of 10.66 x
10.64 A2 (Fig. 2). The Fe' ion is six-cooordinated (Table 1) in a
nearly regular octahedral geometry by four N atoms from four
dicyanidoargentate(I) ligands and two water molecules.

3. Supramolecular features

Four independent 2,2’-bpe molecules are located between
adjacent grid layers of which two are parallel (blue) to the grid
layers and two non-parallel (red) (Fig. 3). The interlayer
distance is 6.550 (2) A. The two parallel 2,2'-bpe ligands form
hydrogen bonds (Table 2) to the host layer (O1—H2W- - -N5 =
2.07 A and O2-H4W- - -N6 = 2.09 A) (Fig. 4a), while the other
two arrange themselves across the host layer to form also
hydrogen bonds (O1—HIW---N7 = 214 A and O2—
H3W---N8 = 2.15 A) (Fig. 4b) to the host layers. These
hydrogen bonds generate an extended three-dimensional
supramolecular framework.

4. Database survey

The two-dimensional structure of (I) was found to be different
from other closely related compounds. In the structure of
[Cd(imH)4Ag(CN),],], (imH = imidazole), a one-dimen-

Figure 3
2,2'-Bpe in parallel (blue) and non-parallel (red) fashion between
adjacent layers.

108

Othong et al. « [Ag,Fe(CN)4(H,0),]1-2C;,H,0N,

Acta Cryst. (2014). E70, 107-110



research communications

Table 3
Experimental details.

Crystal data
Chemical formula
M,

Crystal system, space group
Temperature (K)
a, b, c (A)

a By ()

V(AY)

Z

Radiation type

p (mm™")

Crystal size (mm)

Data collection
Diffractometer

Absorption correction

Tmim Trnax

No. of measured, independent and
observed [ > 20(I)] reflections

Rint

(sin O/A)max (A1)

Refinement

R[F? > 20(F?)], wR(F?), S
No. of reflections

No. of parameters

H-atom treatment

Apmam Apmin (C A73)

[AgyFe(CN)4(H,0),]-2C1,H 0N,
776.14

Triclinic, P1

293

9.2078 (4), 9.8558 (5), 18.9029 (9)
77.667 (1), 77.507 (1), 67.900 (1)
1535.11 (13)

2

Mo Ka

1.77

0.43 x 0.11 x 0.09

Bruker SMART CCD area
detector

Multi-scan (SADABS; Bruker,
2007)

0.684, 1.000

21143, 7389, 5865

0.024
0.661

0.029, 0.073, 1.03

7389

389

H atoms treated by a mixture of
independent and constrained
refinement

0.32, —0.37

Computer programs: SMART and SAINT (Bruker, 2007), SHELXS97 and SHELXL97

(Sheldrick, 2008), Mercury (Macrae et al., 2008) and pubICIF (Westrip, 2010).

sional chain via bridging dicyanidoargentate(I) is found, while
all imidazole molecules act as a terminal ligand (Takayoshi &
Toschitake, 1996). In addition, the two-dimensional frame-
work of [Fe(3-Fpy),[Ag(CN),],]. (3-Fpy = 3-fluoropyridine)
consists of four cyanide moieties occupying the equatorial
positions generating a square grid-type structure similar to
that of the title compound, while the axial positions are
occupied by two terminal 3-Fpy ligands instead of two water

molecules in (I) (Munoz et al., 2007). When the terminal
ligands such as imH and 3-Fpy are replaced by N-donor
linkers such as pyrazine, 4,4"-bpy and 4,4'-bpe, three-dimen-
sional interpenetrating frameworks are obtained, as in
{[Fe(pz)[Ag(CN)alol.pz}, (pz = pyrazine), [Mn(4,4'-bpy),-
[Ag(CN)zL],,  [Fe(4,4-bpy)o[Ag(CN),L], and  [Fe(bpe),-
[Ag(CN)],], (Niel et al., 2002; Dong et al., 2003). The last
compound contains bpe bridges, while in the title compound
2,2'-bpe behaves as the organic guest molecules in the lattice.
This could be the result of the difference in the N-donor
position.

5. Synthesis and crystallization

An aqueous solution (5ml) of K[Ag(CN),] (0.0995 g,
0.5 mmol) was added dropwise to an MeOH-H,O mixed
solution (1:1 v/v, 10 ml) of (NH,),[Fe(SO,),]-6H,O (0.0980 g,
0.25 mmol) and 2,2-bpe (0.0911g, 0.5 mmol) at room
temperature. After filtration and slow evaporation for 1d,
yellow crystals were obtained.

6. Refinement details

Crystal data, data collection and structure refinement details
are summarized in Table 3. C-bound H atoms were positioned
geometrically and included as riding atoms, with aromatic C—
H = 093 A and U,,(H) = 1.2U,,(C). Water H atoms were
located in difference Fourier maps and refined isotropically.
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Figure 4

A fragment of the three-dimensional supramolecular framework via N---H—O hydrogen-bonding interactions between (a) parallel 2,2’-bpe and
coordinating water molecules (dashed lines), and (b) non-parallel 2,2"-bpe and coordinating water molecules (dashed lines). [Symmetry codes: (i) x — 1,

v,z (i) x,y+1,2.]
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Crystal structure of a two-dimensional grid-type iron(ll) coordination polymer:

poly[[diaquatetra-u-cyanido-diargentate(l)iron(ll)] trans-1,2-bis(pyridin-2-

ylethylene disolvate]

Jintana Othong, Nanthawat Wannarit, Chaveng Pakawatchai and Sujittra Youngme

Computing details

Data collection: SMART (Bruker, 2007); cell refinement: SMART (Bruker, 2007); data reduction: SAINT (Bruker, 2007);
program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure: SHELXL97
(Sheldrick, 2008); molecular graphics: Mercury (Macrae et al., 2008); software used to prepare material for publication:

publCIF (Westrip, 2010).

Poly[[diaquatetra-p-cyanido-diargentate(l)iron(Il)] bis[trans-1,2-bis(pyridin-2-yl)ethylene]]

Crystal data

[Ag:Fe(CN)4(H,0),]-2CH N,
M,.=776.14

Triclinic, P1

Hall symbol: -P 1

a=92078 (4) A

b=9.8558 (5) A

c=18.9029 (9) A

a=77.667 (1)°

p="177.507 (1)°

y=67.900 (1)°

Data collection

Bruker SMART CCD area-detector
diffractometer

Radiation source: fine-focus sealed tube

Graphite monochromator

phi and w scans

Absorption correction: multi-scan
(SADABS; Bruker, 2007)

Tnin = 0.684, Thax = 1.000

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20(F?)] = 0.029
wR(F?)=0.073

§=1.03

7389 reflections

389 parameters

V=1535.11 (13) A3

zZ=2

F(000) =768

776.14

Dy=1.679 Mg m™

Mo Ka radiation, A = 0.71073 A
u =177 mm™!

T=293 K

Block, yellow

0.43 x 0.11 x 0.09 mm

21143 measured reflections
7389 independent reflections
5865 reflections with 7> 2a(/)
Ri = 0.024

Ormax = 28.0°, Oin = 1.1°
h=-12—12

k=-13—13

[=-24—-24

0 restraints

Primary atom site location: structure-invariant
direct methods

Secondary atom site location: difference Fourier
map

Hydrogen site location: inferred from
neighbouring sites
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H atoms treated by a mixture of independent
and constrained refinement

w = 1/[c*(F.,2) + (0.0324P)* + 0.1941P)]
where P = (F 2 +2F2)/3

(A/G)max = 0.001
Apmx =032 A3
Appin=—0.37 e A7

Special details

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two L.s. planes) are estimated using the full
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry.
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.

Refinement. Refinement of F? against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F?,
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F? > ¢(F?) is used
only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F?
are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (42)

X y z Usiso™ Ueq

Ag3 —0.235709 (19) 1.239825 (17) 0.249406 (10) 0.06308 (7)
Ag2 0.0000 0.5000 0.5000 0.05956 (8)
Agl 0.5000 1.0000 0.0000 0.06538 (9)
Fe 0.26653 (3) 0.74083 (2) 0.251508 (12) 0.02989 (7)
o1 0.15978 (19) 0.64325 (19) 0.19630 (8) 0.0437 (3)
02 0.3821 (2) 0.83190 (18) 0.30581 (9) 0.0440 (3)
N3 0.0604 (2) 0.9394 (2) 0.25270 (11) 0.0562 (5)
N2 0.1689 (2) 0.64872 (19) 0.35630 (9) 0.0476 (4)
N1 0.3633 (2) 0.83204 (19) 0.14683 (9) 0.0497 (4)
N4 04711 (2) 0.54179 (18) 0.24955 (10) 0.0453 (4)
N5 0.3585(2) 0.37522 (19) 0.14391 (9) 0.0472 (4)
N6 0.6565 (2) 0.62355 (18) 0.36001 (9) 0.0446 (4)
N7 0.9350 (3) 0.7412 (3) 0.09581 (12) 0.0717 (6)
C26 0.2054 (3) 0.1175 (3) 0.52221 (14) 0.0675 (7)
H26 0.1402 0.1178 0.5673 0.081%*

C3 —0.0459 (3) 1.0458 (3) 0.25155 (14) 0.0618 (6)
C2 0.1135 (3) 0.5943 (2) 0.40815 (11) 0.0508 (5)
Cl 0.4140 (3) 0.8860 (3) 0.09364 (11) 0.0541 (5)
Cc4 0.5760 (2) 0.4344 (2) 0.24875 (12) 0.0494 (5)
C5 0.3629 (3) 0.2536 (3) 0.19190 (12) 0.0577 (6)
H5 0.2794 0.2601 0.2304 0.069*

C6 0.4827 (3) 0.1197 (3) 0.18812 (13) 0.0653 (7)
H6 0.4789 0.0369 0.2220 0.078*

C7 0.6076 (3) 0.1114 (3) 0.13335 (13) 0.0676 (7)
H7 0.6930 0.0232 0.1303 0.081*

C8 0.6063 (3) 0.2340 (2) 0.08276 (12) 0.0569 (6)
HS8 0.6908 0.2295 0.0450 0.068*

c9 0.4787 (2) 0.3644 (2) 0.08807 (10) 0.0422 (4)
C10 0.4628 (2) 0.4983 (2) 0.03421 (11) 0.0458 (5)
HI10 0.3953 0.5880 0.0492 0.055%*

Cl11 0.7884 (3) 0.6068 (2) 0.31163 (11) 0.0534 (5)
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H11 0.7929 0.6865 0.2756 0.064*
Cl12 0.9174 (3) 0.4796 (3) 0.31178 (13) 0.0596 (6)
HI12 1.0074 0.4736 0.2771 0.072*
C13 09117 (3) 0.3612 (3) 0.36401 (13) 0.0610 (6)
H13 0.9963 0.2719 0.3646 0.073*
Cl4 0.7776 (3) 0.3769 (2) 0.41567 (12) 0.0516 (5)
H14 0.7718 0.2984 0.4521 0.062*
C15 0.6523 (2) 0.5092 (2) 0.41323 (10) 0.0405 (4)
Cl16 0.5075 (2) 0.5375 (2) 0.46672 (11) 0.0442 (5)
H16 0.4180 0.6149 0.4528 0.053*
C17 0.8716 (4) 0.6370 (3) 0.10434 (16) 0.0836 (8)
H17 0.8639 0.5809 0.1504 0.100*
C18 0.8173 (4) 0.6069 (4) 0.05021 (19) 0.0864 (9)
H18 0.7721 0.5338 0.0590 0.104*
C19 0.8315 (4) 0.6881 (4) —0.01761 (19) 0.0913 (10)
H19 0.7987 0.6689 —0.0564 0.110%
C20 0.8947 (3) 0.7982 (3) —0.02814 (15) 0.0754 (7)
H20 0.9050 0.8541 —0.0741 0.091*
C21 0.9428 (3) 0.8251 (3) 0.03048 (14) 0.0603 (6)
C22 1.0045 (3) 0.9443 (3) 0.02706 (13) 0.0649 (7)
H22 1.0535 0.9411 0.0658 0.078%*
C23 0.3203 (4) 0.1815 (3) 0.50884 (18) 0.0817 (9)
H23 0.3330 0.2257 0.5448 0.098*
C24 0.4143 (4) 0.1796 (3) 0.44306 (17) 0.0782 (8)
H24 0.4900 0.2252 0.4321 0.094*
C25 0.3943 (3) 0.1080 (3) 0.39311 (15) 0.0762 (7)
H25 0.4617 0.1032 0.3486 0.091*
N8 0.2859 (2) 0.0455 (2) 0.40410 (11) 0.0627 (5)
C27 0.1880 (3) 0.0527 (2) 0.46773 (12) 0.0534 (5)
C28 0.0623 (3) —0.0088 (2) 0.47413 (12) 0.0574 (6)
H28 0.0714 —0.0651 0.4386 0.069*
H1W 0.096 (3) 0.684 (2) 0.1727 (12) 0.044 (7)*
H2W 0.211 (3) 0.574 (3) 0.1795 (13) 0.062 (8)*
H3W 0.339 (3) 0.887 (3) 0.3313 (13) 0.053 (8)*
H4W 0.450 (3) 0.779 (3) 0.3230 (14) 0.062 (9)*
Atomic displacement parameters (42)
Ul] U22 lj33 UI2 U13 U23
Ag3 0.04673 (11) 0.03995 (10) 0.08458 (15) 0.01369 (7) —0.01787 (10) —0.01697 (9)
Ag2 0.06824 (17) 0.07681 (18) 0.03192 (12) —0.03820 (14) 0.00292 (11) 0.00933 (11)
Agl 0.08051 (19) 0.07607 (18) 0.03474 (13) —0.03990 (15) 0.00655 (12) 0.01030 (12)
Fe 0.02927 (13) 0.02553 (12) 0.02578 (13) —0.00351 (10) 0.00002 (10) —0.00020 (9)
0Ol 0.0401 (8) 0.0444 (8) 0.0442 (8) —0.0085 (7) —0.0104 (7) —0.0089 (7)
02 0.0484 (9) 0.0357 (8) 0.0442 (9) —0.0082 (7) —0.0085 (7) —0.0083 (7)
N3 0.0452 (10) 0.0412 (10) 0.0621 (12) 0.0063 (8) —0.0073 (9) —0.0065 (9)
N2 0.0514 (10) 0.0524 (10) 0.0336 (9) —0.0206 (8) 0.0007 (8) 0.0023 (7)
N1 0.0570 (11) 0.0512 (10) 0.0345 (9) —0.0208 (8) 0.0017 (8) 0.0025 (8)
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N4 0.0391 (9) 0.0361 (8) 0.0541 (10) 0.0004 (7) —0.0125 (8) —0.0127 (7)
N5 0.0513 (10) 0.0511 (10) 0.0395 (9) —0.0182 (8) —0.0043 (8) —0.0090 (8)
N6 0.0517 (10) 0.0450 (9) 0.0375 (9) —0.0177 (8) —0.0080 (8) —0.0038 (7)
N7 0.0780 (15) 0.0757 (15) 0.0653 (14) —0.0183 (12) —-0.0273 (12) —0.0168 (12)
C26 0.0747 (17) 0.0638 (15) 0.0627 (16) —0.0141 (13) —0.0104 (13) —0.0247 (12)
C3 0.0515 (13) 0.0444 (12) 0.0731 (16) 0.0079 (10) —0.0148 (12) —0.0148 (11)
C2 0.0566 (13) 0.0598 (13) 0.0332 (11) —0.0254 (11) 0.0003 (9) 0.0016 (9)
C1 0.0663 (14) 0.0579 (13) 0.0349 (11) —0.0274 (11) 0.0017 (10) 0.0015 (10)
C4 0.0424 (11) 0.0383 (10) 0.0636 (14) 0.0011 (9) —0.0189 (10) —0.0162 (10)
CS 0.0677 (15) 0.0672 (15) 0.0414 (12) —0.0327 (13) 0.0031 (11) —0.0089 (11)
C6 0.103 (2) 0.0478 (13) 0.0464 (13) —0.0329 (14) —0.0056 (13) —0.0022 (10)
C7 0.090 (2) 0.0433 (13) 0.0573 (15) —0.0114 (13) —0.0043 (14) —0.0107 (11)
C8 0.0627 (14) 0.0482 (12) 0.0491 (13) —0.0138 (11) 0.0050 (11) —0.0087 (10)
C9 0.0516 (12) 0.0421 (10) 0.0383 (11) —0.0199 (9) —0.0060 (9) —0.0105 (8)
C10 0.0500 (12) 0.0423 (11) 0.0462 (11) —0.0165 (9) —0.0036 (9) —0.0108 (9)
Cl11 0.0642 (14) 0.0580 (13) 0.0425 (12) —0.0310 (12) —0.0055 (10) —0.0008 (10)
C12 0.0448 (12) 0.0818 (17) 0.0503 (13) —0.0248 (12) —0.0002 (10) —0.0073 (12)
C13 0.0452 (12) 0.0687 (16) 0.0562 (14) —0.0060 (11) —0.0112 (11) —0.0042 (12)
Cl4 0.0489 (12) 0.0544 (12) 0.0428 (12) —-0.0122 (10) —0.0103 (10) 0.0036 (10)
C15 0.0431 (10) 0.0472 (11) 0.0352 (10) —0.0190 (9) —0.0102 (8) —0.0040 (8)
Cl6 0.0423 (11) 0.0463 (11) 0.0430 (11) -0.0141 (9) —0.0099 (9) —0.0034 (9)
C17 0.095 (2) 0.084 (2) 0.0752 (19) —0.0251 (17) —0.0280 (17) —0.0129 (16)
C18 0.084 (2) 0.092 (2) 0.096 (2) —0.0307 (17) —0.0325 (18) —0.0203 (19)
C19 0.086 (2) 0.109 (3) 0.092 (2) —0.0224 (19) —0.0425 (19) —0.034 (2)
C20 0.0716 (17) 0.089 (2) 0.0643 (17) —0.0151 (15) —0.0242 (14) —0.0176 (15)
C21 0.0434 (12) 0.0682 (15) 0.0641 (15) —0.0006 (11) —0.0167 (11) —0.0247 (13)
C22 0.0491 (13) 0.0804 (18) 0.0590 (16) —0.0037 (13) —0.0168 (12) —0.0234 (12)
C23 0.094 (2) 0.0747 (19) 0.088 (2) —0.0216 (17) —0.0221 (18) —0.0403 (17)
C24 0.083 (2) 0.0746 (18) 0.090 (2) —0.0330 (16) —0.0194 (17) —0.0229 (16)
C25 0.0807 (19) 0.089 (2) 0.0634 (17) —0.0311 (16) —0.0094 (14) —0.0180 (14)
N8 0.0666 (13) 0.0675 (13) 0.0563 (12) —0.0171 (11) —0.0154 (10) —0.0189 (10)
C27 0.0594 (13) 0.0383 (11) 0.0583 (14) —0.0029 (10) —0.0216 (11) —0.0111 (10)
C28 0.0711 (16) 0.0411 (11) 0.0533 (14) —0.0038 (11) —0.0189 (11) —0.0124 (10)
Geometric parameters (A, ©)

Ag3—C4i 2.0449 (19) C8—HS8 0.9300

Ag3—C3 2.048 (2) C9—C10 1.465 (3)
Ag2—C2i 2.056 (2) C10—C10v 1.326 (4)
Ag2—C2 2.056 (2) C10—H10 0.9300

Agl—C1 2.058 (2) Cl1—C12 1.364 (3)
Agl—C1i 2.058 (2) Cl1—H11 0.9300

Fe—Ol1 2.1365 (15) C12—C13 1.368 (3)

Fe—02 2.1392 (16) Cl12—HI12 0.9300

Fe—NI1 2.1440 (17) C13—Cl14 1.378 (3)

Fe—N4 2.1489 (16) C13—HI13 0.9300

Fe—N2 2.1522 (16) Cl14—Cl15s 1.377 (3)

Fe—N3 2.1539 (17) Cl4—H14 0.9300
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supporting information

O1—H1W
O1—H2W
02—H3W
02—H4W
N3—C3
N2—C2
N1—Cl1
N4—C4
N5—C5
N5—C9
N6—Cl11
N6—Cl15
N7—C17
N7—C21
C26—C23
C26—C27
C26—H26
C4—Ag3V
C5—Ce6
C5—HS5
C6—C7
C6—H6
C7—C8
C7—H7
C8—C9

C4—Ag3—C3
C2i—Ag2—C2
Cl—Agl—Cli
O1—Fe—02
Ol1—Fe—N1
02—Fe—N1
O1—Fe—N4
02—Fe—N4
N1—Fe—N4
O1—Fe—N2
02—Fe—N2
N1—Fe—N2
N4—Fe—N2
Ol1—Fe—N3
02—Fe—N3
N1—Fe—N3
N4—Fe—N3
N2—Fe—N3
Fe—O1—HIW
Fe—O1—H2W
HIW—O1—H2W
Fe—O2—H3W

0.75 (2)
0.76 (2)
0.74 (2)
0.73 3)
1.133 3)
1.129 (3)
1.126 (3)
1.133 (2)
1.333 (3)
1.343 (2)
1332 (3)
1.347 (2)
1.327 (3)
1.336 (3)
1.378 (4)
1.387 (3)
0.9300
2.0449 (19)
1.369 (3)
0.9300
1.360 (3)
0.9300
1.369 (3)
0.9300
1.382 (3)

179.00 (8)
180.000 (1)
180.00 (16)
177.77 (6)
88.80 (6)
90.70 (7)
88.18 (7)
89.65 (7)
90.30 (7)
90.90 (6)
89.60 (6)
179.69 (6)
89.68 (7)
91.17 (7)
91.00 (7)
89.61 (7)
179.35 (6)
90.41 (7)
126.2 (17)
119.1 (19)
106 (2)
123.3 (19)

C15—Cl16
Cl6—Cl6"
Cl6—HI16
C17—C18
C17—H17
C18—C19
CI18—HIS
C19—C20
C19—HI19
C20—C21
C20—H20
C21—C22
C22—C22i
C22—H22
C23—C24
C23—H23
C24—C25
C24—H24
C25—N8
C25—H25
N8§—C27
C27—C28
C28—C28i
C28—H28

C10—C10—H10
C9—C10—H10
N6—C11—C12
N6—C11—HI11
C12—C11—H11
Cl11—C12—C13
Cl11—CI12—H12
C13—C12—HI12
C12—C13—C14
C12—C13—H13
C14—C13—HI13
C15—C14—C13
C15—C14—H14
C13—C14—H14
N6—C15—C14
N6—C15—C16
C14—C15—Cl16
C16"—C16—Cl15
Cl16"—Cl16—H16
C15—Cl6—H16
N7—C17—C18
N7—C17—H17

1.462 (3)
1.324 (4)
0.9300
1.360 (4)
0.9300
1.367 (4)
0.9300
1.374 (4)
0.9300
1.386 (3)
0.9300
1.471 (4)
1.322 (5)
0.9300
1.352 (4)
0.9300
1.371 3)
0.9300
1.318 (3)
0.9300
1.335 (3)
1.469 (3)
1.320 (5)
0.9300

117.5
117.5

123.8 (2)
118.1

118.1

118.7 (2)
120.7
120.7

118.5 (2)
120.7
120.7

119.9 (2)
120.0
120.0
121.16 (19)
115.02 (17)
123.81 (18)
125.7 (2)
117.2

117.2

124.3 (3)
117.9
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supporting information

Fe—02—H4W
H3W—02—H4W
C3—N3—Fe
C2—N2—Fe
C1—N1—Fe
C4—N4—Fe
C5—N5—C9
C11—N6—C15
C17—N7—C21
C23—C26—C27
C23—C26—H26
C27—C26—H26
N3—C3—Ag3
N2—C2—Ag2
N1—Cl—Agl
N4—C4—Ag3™
N5—C5—C6
N5—C5—H5
C6—C5—H5
C7—C6—C5
C7—C6—H6
C5—C6—H6
C6—C7—C8
C6—C7—H7
C8—C7—H7
C7—C8—C9
C7—C8—H8
C9—C8—HS
N5—C9—C8
N5—C9—C10
C8—C9—C10
C10—C10—C9

O1—Fe—N3—C3
02—Fe—N3—C3
NI—Fe—N3—C3
N4—Fe—N3—C3
N2—Fe—N3—C3
Ol—Fe—N2—C2
02—Fe—N2—C2
N1—Fe—N2—C2
N4—Fe—N2—C2
N3—Fe—N2—C2
Ol—Fe—N1—Cl1
02—Fe—NI1—C1
N4—Fe—NI1—C1
N2—Fe—NI1—C1
N3—Fe—NI1—ClI

116 (2)
106 (3)
178.0 (2)
174.23 (18)
176.22 (19)
177.91 (19)
117.53 (19)
117.80 (18)
118.4 (2)
119.3 (3)
120.4
120.4

179.1 (2)
176.6 (2)
175.4 (2)
178.9 (2)
124.1 (2)
118.0

118.0
118.0 (2)
121.0
121.0

119.4 (2)
120.3

120.3

119.7 (2)
120.2
120.2
121.18 (19)
115.36 (18)
123.46 (19)
125.1(2)

—98 (7)
82 (7)
-9(7)
-91 (9)
172 (7)
6.4 (19)
~171.4 (19)
5(14)
~81.7 (19)
97.6 (19)
153 (3)
-29 (3)
~119 (3)
155 (12)
62 (3)

C18—C17—H17
C17—C18—CI19
C17—C18—HI18
C19—C18—H18
C18—C19—C20
C18—C19—H19
C20—C19—H19
C19—C20—C21
C19—C20—H20
C21—C20—H20
N7—C21—C20
N7—C21—C22
C20—C21—C22
C22vi-C22—C21
C22¥i—-C22—H22
C21—C22—H22
C24—C23—C26
C24—C23—H23
C26—C23—H23
C23—C24—C25
C23—C24—H24
C25—C24—H24
N8§—C25—C24
N8—C25—H25
C24—C25—H25
C25—N8—C27
N8§—C27—C26
N8§—C27—C28
C26—C27—C28
C28ii—C28—C27
C28ii—C28—H28
C27—C28—H28

C7T—C8—C9—C10
N5—C9—C10—C10¥
C8—C9—C10—C10¥
C15—N6—C11—C12
N6—C11—C12—C13
Cl1—C12—C13—C14
C12—C13—C14—C15
Cl11—N6—C15—C14
Cl11—N6—C15—Cl16
C13—C14—CI15—N6
C13—C14—C15—C16
N6—C15—C16—C16"
C14—C15—C16—C16"
C21—N7—C17—C18
N7—C17—C18—C19

117.9
117.6 (3)
121.2
121.2
119.7 (3)
120.2
120.2
119.2 (3)
120.4
120.4
120.8 (3)
114.9 (2)
124.3 (3)
124.8 (3)
117.6
117.6
119.5 (3)
120.2
120.2
117.7 3)
121.1
121.1
124.3 (3)
117.9
117.9
1182 (2)
120.8 (2)
115.41 (19)
123.8 (2)
125.7 (3)
117.2
117.2

~176.4 (2)
~158.2 (3)
21.1 (4)
1.8 (3)

0.6 (4)
2.0 (4)
1.0 (4)
-2.8(3)
176.90 (17)
1.5(3)
~178.2 (2)
~159.6 (3)
20.1 (4)
1.7 (4)
1.1(5)
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O1—Fe—N4—C4
02—Fe—N4—C4
N1—Fe—N4—C4
N2—Fe—N4—C4
N3—Fe—N4—C4
Fe—N3—C3—Ag3
C4—Ag3—C3—N3
Fe—N2—C2—Ag2
C2i—Ag2—C2—N2
Fe—N1—Cl—Agl
Clii-Agl—C1—NI1
Fe—N4—C4—Ag3"
C9—N5—C5—C6
N5—C5—C6—C7
C5—C6—C7—C8
C6—C7—C8—C9
C5—N5—C9—C8
C5—N5—C9—C10
C7—C8—C9—NS5

~34 (5)
146 (5)
~123 (5)
57 (5)

~41 (9)
~52 (20)
~52 (18)
—54 (5)

95 (100)
~20 (6)
~164 (100)
~78 (13)
0.7 (3)

2.2 (4)
2.6 (4)
0.2 (4)
-33(3)
176.02 (18)
2.9 (3)

C17—C18—C19—C20
C18—C19—C20—C21
C17—N7—C21—C20
C17—N7—C21—C22
C19—C20—C21—N7
C19—C20—C21—C22
N7—C21—C22—C22vi
C20—C21—C22—C22v
C27—C26—C23—C24
C26—C23—C24—C25
C23—C24—C25—N8
C24—C25—N8—C27
C25—N8—C27—C26
C25—N8—C27—C28
C23—C26—C27—N8
C23—C26—C27—C28
N8—C27—C28—C28iii
C26—C27—C28—C28i

~1.9(5)
0.0 (5)
~3.8 (4)
176.0 (2)
3.0 (4)
~176.8 (3)
~167.0 (3)
12.9 (5)
—0.2 (4)
—2.4(5)
2.5(5)
0.4 (4)
-32(3)
175.4 (2)
3.2 (4)
~175.4 (2)
~167.6 (3)
11.0 (4)

Symmetry codes: (i) x—1, y+1, z; (ii) —x, —y+1, —z+1; (iil) —x+1, =42, —z; (iv) x+1, y—1, z; (v) —x+1, =p+1, —z; (vi) —x+1, =p+1, —z+1; (vil) —x+2, =p+2,

—z; (viii) —x, =y, —z+1.

Hydrogen-bond geometry (4, °)

D—H-A D—H H-A DA D—H-A
O1—H2W--N5 0.76 (3) 2.07 (3) 2.829 (2) 174 (2)
02—H4W--N6 0.73 (3) 2.09 (3) 2.823 (3) 174 (3)
O1—HI1W--N7* 0.75 (3) 2.14 (3) 2.870 (3) 164
02—H3W--N8* 0.74 (3) 2.15(3) 2.868 (3) 162

Symmetry codes: (ix) x—1, y, z; (x) x, y+1, z.
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Sujittra Youngme®*
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Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand, and bDepartment of Inorganic Chemistry, Faculty

of Science, University of Helsinki, Helsinki, Finland. *Correspondence e-mail: sujittra@kku.ac.th

The design and synthesis of metal coordination and supramolecular frameworks
containing N-donor ligands and dicyanidoargentate units is of interest due to
their potential applications in the fields of molecular magnetism, catalysis,
nonlinear optics and luminescence. In the design and synthesis of extended
frameworks, supramolecular interactions, such as hydrogen bonding, m-m
stacking and van der Waals interactions, have been exploited for molecular
recognition associated with biological activity and for the engineering of
molecular solids.The title compound, [Ag(CN)(C;,H;,N,)],,, crystallizes with the
Ag' cation on a twofold axis, half a cyanide ligand disordered about a centre of
inversion and half a twofold-symmetric 5,5'-dimethyl-2,2’-bipyridine (5,5'-
dmbpy) ligand in the asymmetric unit. Each Ag' cation exhibits a distorted
tetrahedral geometry; the coordination environment comprises one C(N) atom
and one N(C) atom from substitutionally disordered cyanide bridging ligands,
and two N atoms from a bidentate chelating 5,5-dmbpy ligand. The cyanide
ligand links adjacent Ag' cations to generate a one-dimensional zigzag chain.
These chains are linked together via weak nonclassical intermolecular
interactions, generating a two-dimensional supramolecular network.

1. Introduction

The design and synthesis of metal coordination and supra-
molecular frameworks containing N-donor ligands and
dicyanidoargentate units is currently an active area of research

Figure 1

A view of the local coordination of the Ag" atom in (I), showing the atom-
numbering scheme. Displacement ellipsoids are drawn at the 50%
probability level. [Symmetry codes: (ii) —x, y, —z +%; (iii) x, —y + 1, z + 1]
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due to their potential applications in the fields of molecular
magnetism (Xie et al., 2010), catalysis (Ma et al., 2009),
nonlinear optics (Zang et al., 2006) and luminescence (Mao et
al., 2014). The design and synthesis of extended frameworks
via supramolecular interactions represent areas of consider-
able interest (Hogan et al., 2011; Cook et al., 2013). In parti-
cular, hydrogen bonding, n—m stacking and van der Waals
interactions have been exploited for molecular recognition
associated with biological activity and for the engineering of
molecular solids (Hogan et al., 2011; Cook et al., 2013). In the
present work, a new two-dimensional supramolecular frame-
work of the one-dimensional chain compound [Ag(CN)(5,5'-
dmbpy)], (5,5-dmbpy is 5,5-dimethyl-2,2’-bipyridine), (I),
was synthesized successfully, structurally characterized and
compared with the structures of other relevant compounds.

2. Experimental
2.1. Synthesis and crystallization

Compound (I) was synthesized by the reaction of two
aqueous solutions at room temperature, one containing a
mixture of (NH,),Fe(SO,),-H,O (0.10 mmol, 98 mg) and 5,5'-
dmbpy (0.2 mmol, 92 mg) in water (10 ml), and the other
containing K[Ag(CN),] (0.5 mmol, 10.6 mg) in water (5 ml).
After 3 d, brown crystals of (I) were obtained; the yield based
on Ag was about 71%.

H,C 7\ Wi
—N N
N,/
Ag,
S
4 '
Ag"— —I:;‘N

0

2.2. Refinement

Crystal data, data collection and structure refinement
details are summarized in Table 1. C-bound H atoms were
positioned geometrically, with C—H = 0.93 (aromatic) or
0.96 A (methyl), and included as riding atoms, with U;,,(H) =
1.5Uc4(C) for methyl groups and 1.2U,4(C) otherwise. The C
and N atoms of the cyanide group are substitutionally dis-
ordered (N1 and C1), with site occupancies of 0.5. The C and
N atoms of the cyanide group (N1 and C1) are disordered
across a centre of inversion. The model treats C—N as an
overlapping reversed disordered conformation. The refine-
ment included site occupancies of 0.5 and a C—N distance
restraint of 1.12 (1) A (Bowmaker er al., 2004), while the
atomic displacement ellipsoids of these two atoms were
constrained to be identical and restrained to be pseudo-
isotropic.

Table 1
Experimental details.

Crystal data
Chemical formula
Mr

Crystal system, space group
Temperature (K)
a, b, c (A)

B(C)

V (A%

V4

Radiation type

p (mm~)

Crystal size (mm)

Data collection
Diffractometer

Absorption correction

Tinins Tinax

No. of measured, independent and
observed [I > 20([)] reflections

Rim

(Sin O/M ) max (A7)

Refinement
R[F? > 20(F%)], wR(F?), S

[Ag(CN)(Ci2HpNy)]
318.13

Monoclinic, C2/¢
293

15.464 (2), 8.663 (1), 9.912 (2)
112.832 (2)

1223.8 (3)

4

Mo Ka

1.63

0.25 x 0.15 x 0.09

Bruker APEX CCD area-detector
diffractometer

Multi-scan (SADABS; Sheldrick,
2000)

0.748, 0.865

8245, 1525, 1395

0.017
0.667

0.029, 0.071, 1.14

No. of reflections 1525

No. of parameters 82

No. of restraints 7

H-atom treatment H-atom parameters constrained
APinaxs APumin (6 A7) 0.89, —0.70

Computer programs: SMART (Bruker, 2000), SAINT (Bruker, 2003), SHELXS97
(Sheldrick, 2008), SHELXL2014 (Sheldrick, 2015) and SHELXTL (Sheldrick, 2008).

3. Results and discussion

In the IR spectrum of (I), a sharp v(CN) band of medium
intensity is observed at 2134 cm ™' and compares favourably
with that at 2140 cm™' found for K[Ag(CN),] (Ahmad et al.,
2007; Zhang et al., 2006), thus confirming the presence of the
cyanide group in the structure of (I). The v(C=C) vibration of
5,5-dmbpy is observed at 1481 cm™'. Weak signals in the
region of 3123-2921 cm™' due to C—H stretching of 5,5-
dmbpy are also observed. Two sharp bands of medium
intensity are observed at 2038 and 833 cm ™' due to the pyri-
dine ring of 5,5'-dmbpy.

The results of the single-crystal X-ray analysis are consis-
tent with the formulation of (I) as [(AgCN)(5,5-dmbpy)],.
with an Ag—CN-5,5"-dmbpy stoichiometric ratio of 1:1:1. It
crystallizes with the Ag' cation on a twofold axis, half a
cyanide ligand disordered about a centre of inversion and half
a twofold symmetric molecule of 5,5-dmbpy in the asym-
metric unit.

Each Ag' cation exhibits a distorted tetrahedral geometry
(Table 2); the coordination environment comprises one C(N)
atom and one N(C) atom from two disordered cyanide groups,
and two N atoms from a bidentate chelating 5,5'-dmbpy ligand
(Fig. 1), with the twist angle between the two bpy rings being
26.62 (9)° and the N1—Agl —N1" bite angle being 68.13 (10)°
[symmetry code: (ii) —x, y, —z + %] The cyanide group exhibits
substitutional disorder with site occupancies of 0.5 for the C
and N atoms, and links adjacent Ag' cations, generating a one-
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Table 2 .

Selected geometric parameters (A, °).

Agl—Cl 212 (3) Agl—N1" 2.459 (2)
Agl—N2! 219 (2) Agl. - -Agl 5.4161 (11)
N2 Agl—N1 96.4 (6) N1 —-Agl—N1 68.13 (10)
N2'—Agl—N1* 96.5 (6) Cli-Agl—N2' 131.1
C1i-Agl—N1 92.0 (7) Agl'---Agl---Agl" 13243 (2)

Symmetry codes: (i) —x,—y+1,—z; (i) —x,y,—z+% (i) x,—y+1,z+% (@v)
—x,—y+1,—z+1

Table 3 .
Hydrogen-bond geometry (A, °).

Cg4 is the centroid of the N1/C2-C6 ring.

D—H---A D—H H--A DA D—H--A

C7—HIC. - -Cgd"™ 0.96 2.89 3.734 (4) 146

Symmetry code: (iv) x, —y, z + 3.

dimensional zigzag chain (Fig. 2), with an Agl’ . -Agl- . -Agl™
angle of 1323 (1)° and an Ag---Ag' separation of
5.4161 (11) A [symmetry codes: (i) —x,—y+ 1, —z; (iii)
x,—y+1,z+1.

These chains are linked together via a weak nonclassical
intermolecular C—H- - -7 interaction between the methyl
group (C7—H7C) and the centroid of the N1/C2-C6 aromatic
ring of an adjacent 5,5-dmbpy ligand (Cg4") (Table 3) and a
strong interchain face-to-face m—m interaction between adja-
cent aromatic rings of 5,5-dmbpy ligands (Cg4) (Table 4),
generating a two-dimensional supramolecular network, as
shown in Fig. 3.

Cyanidometallates, such as [Fe(CN)¢]>~ (Nayak et al.,
2006), [Ni(CN),]*~ (Akitsu et al., 2008), [Pd(CN),]*~ (Manna
et al., 2007), [Au(CN),]~ (Katz et al., 2008) and [Ag(CN),]
(Ahmad et al., 2007, Zhang et al., 2006), have been used
extensively as the design elements in supramolecular coordi-
nation systems, where they can act as multidentate ligands
linking numerous metal centres together to form stable and
high-dimensional coordination polymers with transition metal
cations. Following this approach, the combination of metal(IT)
ions, [Ag(CN),]~ groups and N-donor ligands has produced
metal-organic frameworks (MOFs) with different topologies
and interesting properties (Agusti et al., 2008). Listed here are

Ag
a /&'b’c’
Figure 2

A view of the one-dimensional coordination polymer chain in the
structure of (I), which extends in the [001] direction.

Table 4 .
-7 contacts (A, °) for (I).

CCD is the centre-to-centre distance (distance between ring centroids), IPD is
the mean interplanar distance (perpendicular distance from one plane to the
neighbouring centroid) and SA is the mean slippage angle (angle subtended
by the intercentroid vector to the plane normal); for details, see Janiak (2000).
Cg4 is the centroid of the N1/C2-C6 ring.

Groupl/group2 CCD (A) SA (°) IPD (A)

Cg4---Cgad" 37222 (17) 20.0 3.4981 (11)

Symmetry codes: (v) —x, —y, —z + 1.

important studies related to the present compound system: the
spin-crossover three-dimensional coordination framework of
[Fe(pmd),{Ag(CN),},],, (pmd is pyrimidine; Rodriguez-Vela-
mazan et al., 2014), the novel silver complex [Ags(CN)s-
(bipy),],, with a one-dimensional architecture constructed
through a ligand-unsupported argentophilic interaction (Liu et
al., 2006), the one-dimensional chain structure of [Cu(en),-
Ag>(CN),] (Cernak ef al., 1998), exhibiting magnetic proper-
ties, the quasi-linear chain of {[Zn(en),NCAgCN][Ag(CN),l},.
(en is 1,2-diaminoethane; Kappenstein et al., 1988), and some
adducts of silver(I) cyanide and (oligo-)pyridine bases with a
one-dimensional polymeric zigzag chain, viz. {[LAg,(CN),]-
[Ag2(CN)LIL(PY)AZ(CN),]}, and [(bpy)Ag(CN)], (L is
2,2":6',2"-terpyridine, bpy is 2,2'-bipyridine and py is pyridine;
Bowmaker et al, 2004). In addition, two multiple-layer
heterometallic Mn"-Ag' coordination polymers, namely
[Mn(ampyz)(H>O0){Ag>(CN);{Ag(CN),}(ampyz)],, (ampyz is
2-aminopyrazine) and {[Mn(benzim),{Ag(CN),},][(benzim)-

Figure 3

A crystal packing diagram of the two-dimensional supramolecular
network of (I), assembled by C—H- - - and -7 interactions (dashed
lines). [Symmetry codes: (iv) —x, —y, —z + 1; (v) x, =y, z + 1]
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Figure 4
The TGA curve measured for (I).
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Figure 5
The powder X-ray diffraction pattern for (I).

Ag(CN)]-H,0},, (benzim is benzimidazole) were observed
(Wannarit et al, 2012), with an additional tricyanido-
diargentate group in the former and an additional mono-
cyanidoargentate group in the latter. However, mononuclear
compounds have also been observed, viz. [Cd{Ag(CN),}»(5,5'-
dmbpy),] (Piromchom et al, 2013) and [Cu(imidazole),-
{Ag(CN),},] (Ahmad et al., 2012), and these molecular units
are self-assembled via supramolecular interactions (hydrogen
bonding, 7-7 and Ag---Ag interactions), generating three-
dimensional supramolecular networks. With the iron(II) salt in
the synthesis of (I), a novel one-dimensional chain structure
containing only a monocyanidoargentate group and an
N-donor bidentate chelating ligand was observed.

To investigate the thermal stability of (I), thermo-
gravimetric analysis (TGA) was carried out under a nitrogen
atmosphere (Fig. 4). The TGA curve shows a weight loss of
57.03% in the temperature range 553-803 K, corresponding to
the loss of the 5,5-dmbpy ligand (calculated 57.87%). The
framework collapses on further heating. The phase purity of

the bulk as-synthesized sample of (I) was examined by powder
X-ray diffraction (PXRD). All peaks from the experimental
PXRD trace match well with those from the simulated PXRD
pattern, indicating reasonable crystalline phase purity (Fig. 5).
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A novel one-dimensional metal-organic framework with a u-cyanido-argentate

group: catena-poly[[(5,5'-dimethyl-2,2'-bipyridyl-«*N,N")silver(l)]-u-cyanido-

K*N:C]

Jureepan Piromchom, Jintana Othong, Jaursup Boonmak, llpo Mutikainen and Sujittra Youngme

Computing details

Data collection: SMART (Bruker, 2000); cell refinement: SAINT (Bruker, 2003); data reduction: SAINT (Bruker, 2003);

program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure: SHELXL2014

(Sheldrick, 2015); molecular graphics: SHELXTL (Sheldrick, 2008); software used to prepare material for publication:

SHELXTL (Sheldrick, 2008).

catena-Poly[[(5,5'-dimethyl-2,2"-bipyridyl-«’N,N")silver(l)]-p-cyanido-«*N:C]

Crystal data

[Ag(CN)(Ci2H12N2)]
M,=318.13
Monoclinic, C2/c
a=15.464 (2) A
b=8.663 (1) A
c=9912(12) A

£ =112.832 (2)°
V=1223.8(3) A3
Z=4

Data collection

Bruker APEX CCD area-detector
diffractometer

Radiation source: fine-focus sealed tube

Graphite monochromator

@ and w scans

Absorption correction: multi-scan
(SADABS; Sheldrick, 2000)

Tnin = 0.748, Tax = 0.865

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20(F%)] = 0.029
wR(F?) =0.071

S=1.14

1525 reflections

82 parameters

7 restraints

F(000) =632

D,=1.727Mg m™

Mo Ka radiation, 2 =0.71073 A

Cell parameters from 8541 reflections
6=2.8-28.3°

u=1.63 mm™!

=293 K

Block, colourless

0.25 x 0.15 x 0.09 mm

8245 measured reflections
1525 independent reflections
1395 reflections with 7> 2a(/)
R =0.017

Ormax = 28.3°, Opmin = 2.8°

h=-20—20
k=-11-11
[=-13—>13

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

w = 1/[cX(F?) + (0.0262P)% + 2.5229P]
where P = (F,2 + 2F2)/3

(A/0)max < 0.001

Apmax=0.89 ¢ A3

Apmm =-0.70 ¢ 1&73
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Special details

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two L.s. planes) are estimated using the full
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry.
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (42)

X y z Uiso™ Ueq Occ. (<1)

Agl 0.0000 0.37392 (4) 0.2500 0.04983 (12)
N2 0.0135 (9) 0.523 (3) —0.041 (2) 0.041 (2) 0.5
Cl 0.0105 (12) 0.473 (3) 0.061 (3) 0.041 (2) 0.5
N1 —0.08214 (15) 0.1388 (2) 0.2735 (2) 0.0385 (4)
C2 —0.15096 (19) 0.1412 (3) 0.3238 (3) 0.0434 (6)
H2A —0.1811 0.2347 0.3212 0.052*
C3 —0.18042 (18) 0.0141 (3) 0.3794 (3) 0.0442 (6)
C4 —0.1333 (2) —0.1224 (3) 0.3851 (3) 0.0485 (6)
H4A —0.1497 —-0.2107 0.4230 0.058*
C5 —0.0618 (2) —0.1278 (3) 0.3343 (3) 0.0449 (6)
H5A —0.0298 —-0.2196 0.3380 0.054*
C6 —0.03821 (16) 0.0043 (3) 0.2780 (3) 0.0350 (5)
C7 —0.2595 (2) 0.0266 (5) 0.4316 (4) 0.0627 (8)
H7A —0.2893 —-0.0722 0.4233 0.094*
H7B —0.3045 0.1007 0.3728 0.094*
H7C —0.2351 0.0592 0.5321 0.094*
Atomic displacement parameters (42)

Ull U22 U33 U12 U13 U23
Agl 0.05559 (19) 0.04347 (17) 0.0614 (2) 0.000 0.03473 (15) 0.000
N2 0.043 (6) 0.0368 (16) 0.044 (5) 0.003 (5) 0.017 (5) —0.001 (3)
Cl 0.043 (6) 0.0368 (16) 0.044 (5) 0.003 (5) 0.017 (5) —0.001 (3)
N1 0.0439 (11) 0.0333 (10) 0.0424 (10) 0.0019 (8) 0.0211 (9) 0.0025 (8)
C2 0.0437 (13) 0.0420 (14) 0.0487 (14) 0.0023 (11) 0.0226 (11) 0.0027 (11)
C3 0.0384 (12) 0.0547 (16) 0.0388 (12) —0.0075 (11) 0.0143 (10) 0.0026 (11)
C4 0.0486 (14) 0.0456 (14) 0.0495 (14) —0.0099 (12) 0.0172 (12) 0.0099 (12)
Cs 0.0468 (14) 0.0341 (12) 0.0513 (14) —0.0024 (11) 0.0163 (11) 0.0048 (11)
C6 0.0363 (11) 0.0312 (11) 0.0350 (11) —0.0009 (9) 0.0111 (9) 0.0007 (9)
C7 0.0503 (16) 0.080 (2) 0.0669 (19) —0.0075 (16) 0.0333 (15) 0.0062 (17)
Geometric parameters (A, ©)
Agl—Cli 2,12 (3) C2—H2A 0.9300
Agl—C1 2.12(3) C3—C4 1.378 (4)
Agl—N2i 2.19(2) C3—C7 1.505 (4)
Agl—N2ii 2.19(2) C4—C5 1.382 (4)
Agl—NIi 2.459 (2) C4—H4A 0.9300
Agl—NI1 2.459 (2) C5—C6 1.383 (3)

Acta Cryst. (2015). C71, 1057-1061

sup-2



supporting information

N2—Cl1 1.123 (6) C5—HS5A 0.9300

N2 N2i 1.13 (4) C6—C6' 1.488 (5)
N2—Agl 2.19 (2) C7—H7A 0.9600
Cl—Cl 1.22 (5) C7—H7B 0.9600
N1—C2 1.339 (3) C7—H7C 0.9600
N1—C6 1.341 (3) Agl—Agli 5.4161 (11)
C2—C3 1.385 (4)

Cl—Agl—Cl1 132.1 (16) C4—C3—C2 116.6 (2)
N2i—Agl—N2i 131.6 (13) C4—C3—C7 122.3 (3)
Cl'—Agl—NIi 129.7 (7) C2—C3—C7 121.1 3)
Cl—Agl—NI! 92.0 (7) C3—C4—C5 120.0 (2)
N2i—Agl—NI1 96.4 (6) C3—C4—H4A 120.0

N2 Agl—NIi 96.5 (6) C5—C4—H4A 120.0
Cl—Agl—NI 92.0 (7) C4—C5—C6 119.5 (3)
Cl—Agl—NI 129.7 (7) C4—C5—H5A 120.3
N2i—Agl—NI1 96.5 (6) C6—C5—H5A 120.3
N2ii—Agl—N1 124.4 (5) N1—C6—C5 121.5 (2)
N1i—Agl—NI1 68.13 (10) N1—C6—C6' 116.94 (14)
Cl—N2—Aglii 172.5 (4) C5—C6—C6 121.52 (16)
N2ii N2 Agli 154.9 (15) C3—C7—HIA 109.5
N2—Cl—Agl 177.5 (10) C3—C7—H7B 109.5
Cli—Cl—Agl 162 (2) H7A—C7—H7B 109.5
C2—N1—C6 117.8 (2) C3—C7—H7C 109.5
C2—N1—Agl 122.45 (17) H7A—C7—H7C 109.5
C6—NI1—Agl 116.70 (16) H7B—C7—H7C 109.5
N1—C2—C3 124.6 (3) Cl—Agl—N2i 131.1
N1—C2—H2A 117.7 Aglii—Agl—Agl¥ 132.43 (2)
C3—C2—H2A 117.7

Symmetry codes: (i) —x, y, —z+1/2; (ii) x, —y+1, z+1/2; (iii) —x, —y+1, —z; (iv) —x, —p+1, —z+1.

Hydrogen-bond geometry (4, )

Cg4 is the centroid of the N1/C2—C6 ring.

D—H-A D—H H-A DA D—H-A
C7—H7C-Cg4” 0.96 2.89 3.734 (2) 146

Symmetry code: (v) x, —y, z+1/2.
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ABSTRACT: Five novel copper(I) coordination polymers containing
cyanoacetate (cna) anion with various N,N’-ditopic spacers [Cu(cna),-
(ey2)l, (1), [Ca(coa),(bpy)(H0),], (2), [Cu(cua)y(dpe)], (3,
(G aa)s(dpe)] (R0 (43 andl [ Codena)y (Al (5) (et pyzic
pyrazine, bpy = 4,4’ -bipyridyl, dpe = 1,2-di(4-pyridyl)ethylene, and bpa

= 1,2-di(4-pyridyl)ethane) were structurally and spectroscopically M +dpe + bpy
characterized. Compound 1 shows a two-dimensional (2D) sheet ] ] Cu(ID)

o q q ot w Supramolecular robustness
structure constructed from /42—1,3(syn,antl) coordinative mode of J‘ e +
cyanoacetate and y,-pyz linking adjacent Cu(II) centers. Compound 2 X—{ _7_'LLL‘N%.~Q;‘;
exhibits a one-dimensional (1D) polymeric chain which is formed by { -~

Cyanoacetate
(cna)

| 2
s ']vww""w.—-‘_:.\‘
3 asyathesized 2
g _..L_IJ»,_..‘_U.\_&
H | 2

N
T

-~ .

Uy-bpy bridging between [Cu(cna),(H,0),] units, whereas com- im@\;@ﬂ
pounds 3—S reveal 1D ladder-like structures which are built from ¢~ P 3
double-yi,-dpe/bpa spacers connecting neighboring Cu(II) cyanoace-

tate dimers. Weak interactions such as hydrogen bonding and N---z

and/or C—H--7 interactions join the adjacent layers of 1 or polymeric chains of 2—5 to stabilize overall supramolecular
networks. The thermal stabilities of 1—5 were investigated. Interestingly, compound 2 reveals a robust supramolecular framework
constructed by 1D polymeric chains during thermal dehydration and rehydration processes, which has been further verified by
spectroscopic techniques, elemental analyses, thermogravimetric analysis, and X-ray powder diffraction. Moreover, this behavior
is not observed in the isomorphous series containing Co(II) and Ni(II) ions. The magnetic properties of 1 and 3 exhibit very

weak antiferromagnetic interactions between Cu(II) centers.

B INTRODUCTION

The design and construction of coordination polymers have
received much attention and have become an interesting research
area of chemistry in recent decades due to their potential
applications in gas storage, catalysis, luminescence, ion exchange,
and magnetism.'~” Generally, the structural diversity and the
construction of such promising materials strongly depend on the

which can be principally used to modulate the overall magnetic
behavior in a coordination network.'”'®***! In the present
studies, the cyanoacetate anion (cna) is used as a ligand for
binding more than one metal ion through carboxylate bridge.
The cyanoacetate (NC,H,CO,”) is a monocarboxylate with
many interaction sites. It contains both nitrile (—C=N) and
carboxylic groups which not only provides coordination sites but

chemical nature of the main or ancillary ligands and the
coordination geometries of metal ions. It is well-known that the
coordination polymers containing carboxylates show various
dimensional networks with interesting properties.'””'® This
diversity results from the fact that the carboxylate groups can
bind metal centers in various ways and may account for the
possible intermolecular hydrogen bonds spreading low dimen-
sional materials to higher dimensional supramolecular frame-
works."¥'*7'? Besides the structural aspect, the carboxylate
bridges provide an efficient pathway for transmitting magnetic
information between paramagnetic centers. Different coordina-
tion modes contribute different forms of cooperative coupling

-4 ACS Publications  ©2015 American Chemical Society

3804

also effectively serves as a hydrogen acceptor site at the cyano
group as well as fabricating the intermolecular N---7 interaction
toward neighboring electron-deficient aromatic moieties.”””>* In
general, the intermolecular noncovalent interactions are useful
tools for the construction of a soft supramolecular frame-
work®>*%*! with low dimensional molecular building blocks that
can show a variety of structural dynamic behaviors, such as
reversible single-crystal-to-single-crystal, reversible single crystal
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Scheme 1. A Series of Cu(II) Coordination Polymers 1—5
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\ / 1D ladder chain
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. L 3531-40
to amorphous, and also nonreversible transformations.

Therefore, these versatile connection sites allow the cyanoacetate
to be a promising candidate for constructing flexible but robust
coordination frameworks. However, the chemistry of coordina-
tion complexes containing cyanoacetate has been rarely explored
to date.*>® Apart from carboxylate linkers, the N,N’-ditopic
spacers are frequently used as ancillary ligands for dimensional
extension. Their length, rigidity, and functional groups have
consequential effects on the final structures of coordination
networks. Therefore, the development of synthetic routes to
novel coordination polymers by mixed bridging ligands remains
to be much explored.'®* ~>°

Consequently, in our efforts toward rational design and
systematic synthesis of coordination polymers, the use of N,N'-
ditopic spacers acting as coligands, i.e., pyrazine (pyz), 4,4’
bipyridyl (bpy), 1,2-di(4-pyridyl)ethylene (dpe), and 1,2-di(4-
pyridyl)ethane (bpa), in combination with cyanoacetate in the
Cu(Il) system have been used to construct a variety of new
coordination polymers. We found that cyanoacetate can bind
Cu(Il) ions through diverse coordination modes of carboxylate
to generate Cu(II) dinuclear unit and one-dimensional (1D)
coordination polymeric chain. To connect these segments, an
ancillary N,N’-ditopic spacer has been fulfilled. Herein, we report
the syntheses and characterizations of a novel series of Cu(IIl)
coordination polymers, namely, [Cu(cna),(pyz)], (1), [Cu-
(cna)y(bpy) (H;0),], (2), [Cu(ena)y(dpe)], (3), [Culena),-
(dpe)],(H,0), (4) and [Cu(cna),(bpa)], (5) (see Scheme 1).
The resulting coordination networks exhibit a variation of
architectures from 1D polymeric chain, 1D-ladder chain, to 2D
layer depending upon the length and rigidity of the spacers and
diverse coordination modes of carboxylates. The nitrile func-
tional group in cyanoacetate plays a key role in 3D packing motifs
via intermolecular hydrogen bonding and N---7 interactions.
Furthermore, we found that compound 2 reveals a robust
supramolecular framework during dehydration and rehydration
processes which is not observed in the Co(II) and Ni(II)
analogues. This behavior is not common for low dimensional
coordination polymers because the noncovalent supramolecular
motif easily collapses upon removal of the coordination water

3805

molecules.>***® The result demonstrates the significant role of
various weak intermolecular interactions among interlaced
covalently bonded chain in 2 and the influence of Jahn—Teller
distortion in octahedral Cu(II) system to preserve the crystalline
phase of anhydrous frameworks of 2. The magnetic properties of
1 and 3 have also been investigated.

B EXPERIMENTAL SECTION

General. All chemicals were obtained from commercial sources and
were used without further purification. Elemental analyses (C, H, N)
were carried out with a PerkinElmer PE 2400CHNS analyzer. FT-IR
spectra were obtained in KBr disks on a PerkinElmer Spectrum One FT-
IR spectrophotometer in 4000—450 cm™ spectral range. Solid-state
(diffuse reflectance) electronic spectra were measured as polycrystalline
samples on a PerkinElmer Lambda2$ spectrophotometer, within the
range 400—1100 nm. The X-ray powder diffraction (XRPD) data were
collected on a Bruker D8 ADVANCE diffractometer using mono-
chromatic CuKa radiation, and the recording speed was 0.5 s/step over
the 20 range of 5—40° at room temperature. Thermogravimetric
analyses (TGA) were performed using a TG-DTA 2010S MAC
apparatus between 30 and 500 °C in N, atmosphere with heating rate of
10 °C min~'. Magnetic susceptibility measurements (2—300 K) were
carried out using a Quantum design MPMS-5S SQUID magnetometer.
Measurements carried out using a 1 kOe dc field. Accurately weighed
samples of ~25 mg were contained in a gel capsule that was held in the
center of a soda straw that was attached to the end of the sample rod.
Data were corrected for magnetization of the sample holder and for
diamagnetic contributions, which were estimated from Pascal constants.

Syntheses. [Cu(cna),(py2)], (1). The aqueous solution (4 mL) of
Cu(NO;),-3H,0 (120 mg, 0.5 mmol) and cyanoacetic acid (85 mg, 1
mmol) was mixed with pyrazine (40 mg, 0.5 mmol) in dimethylforma-
mide (2 mL). This mixture solution was allowed to stand undisturbed at
room temperature, yielding blue crystals of 1 after 2 days. Yield: 97 mg
(62%) based on copper salt. Anal. Calcd for CuC,,HgN,O,: C, 38.53; H,
2.59; N, 17.93%. Found: C, 37.65; H, 2.62; N, 18.03%. IR (KBr, cm™):
3096(w), 3045(w), 2255(w), 1645(s), 1600(s), 1440(m), 1365(s),
1253(m), 1160(m), 1126(m), 1075(m), 923(m), 838(m), 718(w),
574(w), 506(m). UV—vis (diffuse reflectance, cm™"): 15450.

[Cu(cna),(bpy)(H,0),], (2). The mixture solution of Cu(NOj;),-
3H,0 (120 mg, 0.5 mmol) and 4,4'-bipyridyl (78 mg, 0.5 mmol) in
aqueous media (4 mL) was carefully layered on cyanoacetic acid (85 mg,
1 mmol) in dimethylformamide (2 mL) in 15 mL of glass vial. The vial
was sealed and allowed to stand undisturbed at room temperature. After
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Table 1. Crystallographic Data for Compounds 1—5

compound 1 2
formula CuC,HgN,O, CuC,¢H,;¢N,Oq
molecular weight 311.74 423.87
T (K) 293(2) 293(2)
crystal system monoclinic orthorhombic
space group P2,/c Pccn
a(A) 4.8966(1) 12.7963(12)

b (A) 13.3780(4) 18.0945(17)
c(A) 17.6679(5) 7.4363(7)

a (deg) 90.00 90.00

f (deg) 101.794(1) 90.00

7 (deg) 90.00 90.00

V (A%) 1132.93(5) 1721.8(3)

V4 4 4

Peatea (g cm™) 1.828 1.635

u (Mo Ka) (mm™) 1.945 1.312

data collected 3028 2075

unique data (Rint) 2239(0.0320) 1796(0.0192)
R4 /wR,? [I> 26(D)] 0.0567/0.1378 0.0347/0.0921
R*/wR,? [all data] 0.0731/0.1488 0.0395/0.0958
GOF 0.996 1.091
max/min electron density (e A™%) 0.469/—0.775 0.332/—1.238

3 4 S
CuC,gH,4N,O, CuC,5H;¢N,O5 CuC,sH;¢N,O,
413.87 431.87 415.90
293(2) 293(2) 293(2)
triclinic monoclinic triclinic
PT C2/c PT
9.6394(7) 23.9507(12) 8.1148(3)
10.0132(7) 11.7986(6) 10.2084(3)
10.2337(7) 14.5996(8) 12.3390(4)
97.073(2) 90.00 105.745(1)
91.002(2) 110.044(1) 95.226(1)
117.107(1) 90.00 110.908(1)
869.54(11) 3875.7(3) 898.72(5)

2 8 2

1.581 1473 1.537

1.289 1.163 1.247

4324 3988 3670
3493(0.0463) 3451(0.0219) 3177(0.0182)
0.0467/0.1001 0.0322/0.0820 0.0331/0.0837
0.0625/0.1064 0.0405/0.0864 0.0420/0.0882
1.072 1.055 1.056
0.584/—-0.250 0.354/-0.264 0.542/-0.217

“R = YIIF,| — IFI/YIF,. *R, = { Y [w(IE| — IF)] ¥/ [wiF, 2] }'/2.

2 days, blue crystals of 2 were obtained. Yield: 100 mg (47%) based on
copper salt. Anal. Calcd for CuC,¢H(N,O4 C, 45.34; H, 3.80; N,
13.22%. Found: C, 44.55; H, 3.53; N, 12.40%. IR (KBr, cm™):
3544(br), 3199(w), 3007(w), 2923(w), 2259(w), 1610(s), 1373(s),
1276(m), 1218(m), 1075(m), 942(w), 818(m), 714(m), 645(w),
596(w), 491(w). UV—vis (diffuse reflectance, cm™): 15470.

[Cu(cna),(dpe)], (3) and [Cu(cna),(dpe)],(H,0), (4). A mixture
solution of ethanol and water (4 mL, 1:1 v/v) was carefully layered on an
aqueous solution (4 mL) containing Cu(BF,),-nH,0 (118 mg, 0.5
mmol) and cyanoacetic acid (85 mg, 1 mmol) in 15 mL of glass vial.
Then an ethanolic solution (2 mL) of 1,2-di(4-pyridyl)ethylene (90 mg,
0.5 mmol) was layered over the mixture layer. Then, the vial was sealed
and allowed to stand undisturbed at room temperature. After 2 days,
greenish-blue block-shaped crystals of 3 and blue polygonal crystals of 4
were obtained. These crystals were manually separated, washed with
water and dried in air. Yield for 3: 49 mg (24%) based on copper salt.
Anal. Caled for CuC,gH ,N,O,: C, 52.24; H, 3.41; N, 13.54%. Found:
C, 51.82; H, 3.41; N, 13.27%. IR (KBr, cm™): 3088(w), 2258(w),
1633(s), 1613(s), 1496(m), 1385(s), 1266(m), 1207(m), 1073(m),
816(m), 720(w), 643(w). UV—vis (diffuse reflectance, cm™): 13770.
Yield for 4: 11 mg (5%) based on copper salt. Anal. Calcd for
CuC,H,6N,O: C, 50.06; H, 3.73; N, 12.97%. Found: C, 50.92; H, 3.40;
N, 13.07%. IR (KBr,cm™): 3419(br), 3060(w), 2933(w), 2258(w),
1626(s), 1463(s), 1372(s), 1286(s), 1080(m), 1030(m), 903(w),
844(s), 727(m), 549(m). UV—vis (diffuse reflectance, cm™): 16860.
The single-crystals of 4 were synthesized in a similar manner but using
dimethylformamide instead of ethanol. After 1 week, suitable single-
crystals of 4 for X-ray diffraction study were obtained. The low yields of
3 and 4 are owing to the tiny crystals of the mixed products which are
difficult to separate manually.

[Cu(cna),(bpa)l, (5). The solution containing Cu(BF,),nH,0
(118 mg, 0.5 mmol) and cyanoacetic acid (85 mg, 1 mmol) in water and
ethanol (4 mL, 1:1v/v) was mixed with 1,2-di(4-pyridyl)ethane (90 mg,
0.5 mmol) in dimethylformamide (2 mL). This mixture solution was
allowed to stand undisturbed at room temperature. After 2 days,
greenish-blue crystals of § were obtained. Yield: 86 mg (41%) based on
copper salt. Anal. Caled for CuCgH(N,O,: C, 51.98; H, 3.88; N,
13.47%. Found: C, 51.73; H, 3.78; N, 13.36%. IR (KBr, cm™):
3432(br), 2258(w), 1627(s), 1367(s), 1255(m), 1073(w), 1030(w),
901(w), 849(m), 719(w), 555(w). UV—vis (diffuse reflectance, cm™):
13770.
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X-ray Crystallography. The reflection data of 1—4 and 2-Co were
collected on a 1 K Bruker SMART CCD area-detector diffractometer
with graphite-monochromated MoKa radiation (1 = 0.71073 A) using
the SMART program.®’ The reflection data of 5 was collected on a
Bruker D8 Quest PHOTON100 CMOS detector with graphite-
monochromated MoKa radiation using the APEX2 program.”” Raw
data frame integration was performed with SAINT,>® which also applied
correction for Lorentz and polarization effects. An empirical absorption
correction by using the SADABS program™* was applied. The structure
was solved by direct methods and refined by full-matrix least-squares
method on F* with anisotropic thermal parameters for all non-hydrogen
atoms using the SHELXTL software package.*® All hydrogen atoms
were placed in calculated positions and refined isotropically, with the
exception of the hydrogen atoms of all coordination water molecules in
2 were found via difference Fourier maps, then restrained at fixed
positions and refined isotropically whereas hydrogen atoms on the
disordered lattice water molecule in 4 could not be located. The nitrile
groups of y-cna for 4 and those of terminal cna for § are disordered, so
the occupancies of conformations A and B refined to 0.8 and 0.2 (for 4)
and 0.7 and 0.3 (for §), respectively. Therefore, there are hydrogen
bonding networks and N---7 interactions present via the disordered
nitrile N3 atom for 4, and both are symmetry related in which changing
one interaction has a knock-on effect. The details of crystal data, selected
bond lengths and angles for compounds 1S are listed in Tables 1 and
S1.

B RESULTS AND DISCUSSION

Description of the Structures. [Cu(cna),(py2z)], (1).
Single-crystal structure analysis reveals that 1 crystallizes in the
monoclinic system P2,/c space group. The coordination
environment of the Cu(II) center is shown in Figure la. Each
Cu(Il) ion is five-coordinated showing a distorted square
pyramidal CuN,O; chromophore with a 7 value of 0.24
(Addison’s parameter 7°° = 0 for square pyramid and 7 = 1 for
trigonal bipyramid). The equatorial plane around the copper
atom is composed of two carboxylic oxygen atoms (O1 and O2)
from two different cyanoacetate groups and two nitrogen atoms
from p,-pyz with average Cu—O and Cu—N distances of
1.959(2) and 2.030(2) A, respectively. The apical position is
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Figure 1. (a) Asymmetric unit and atom labeling scheme of 1. The
ellipsoids are shown at 50% probability level. All hydrogen atoms are
omitted for clarity. The dashed line represents weak interaction in the
off-the-axis position. (i) = 1 + x, y, z. (b) Two-dimensional sheet
structure of 1.

occupied by oxygen (O3) atom from p,-cyanoacetate with the
Cu—03 distance of 2.283(2) A. The CuN,0, square base is not
perfectly planar with tetrahedral twists between the N2—Cu—02
and N1—Cu—O1 planes of 24.53°. The copper atom is slightly
shifted by 0.087 A from the mean basal plane toward the apical
position, which is attributed to semicoordinated O4 atom from
the terminal cyanoacetate weakly interacting to copper center in
off-the-axis position of an elongated octahedral geometry with
the longest Cu---O4 distance of 2.970 A."**” The cyanoacetate
acts as bridging and terminal ligands. The p,-cyanoacetate
exhibits a symanti-n':*:u, coordinative mode of carboxylate
bridging between adjacent Cu(II) centers along the a axis with
Cu-+-Cu separation of 4.896(S) A, resulting a zigzag polymeric
chain structure of 1. Moreover, each cyanoacetato Cu(II) wavy
chain is connected by y,-pyz along b axis giving rise to 2D sheet
structure of 1 with Cu---Cu separation of 6.832 A via pyz (Figure
1b). The packing motif of 1 is stabilized by weak hydrogen
bonding and N---7 interactions between the layers (Figure 2).
The interlayer weak hydrogen bonding are constructed from the
C—H on pyrazine ring and the nitrogen atom of nitrile group
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Figure 2. Packing motif of 1 in the bc plane; the inset presents the
interlayered N---z(pyz) interactions. The green broken lines present
weak hydrogen bonding between layers of 1.

from the terminal and bridging cyanoacetates [C3H--N3' = 2.61
A (147°), C3--N3' = 34290(6) A, (i) =3 —x, 1 —y, 1 — z;
CI1H-N4"=2.49 A (147°), C1--N4"=3.3091(4) A, (i) = 1 +x,
1/2 — y, 1/2 + z]. Moreover, the nitrile N atoms from the
terminal and p,-cyanoacetate can interact with the electron-
deficient p,-pyz ring with N---centroid(pyz) distance of 3.420 A
for N3---7 and 3.169 A for N4---7, stabilizing 3D supramolecular
framework of 1, as shown in Figure 2. The distance between a
R=N donor and a centroid of six-membered heteroaromatic
rings is found to be in the usual range of 3.00—3.40 A.>®
[Cu(cna),(bpy)(H,0),], (2). Single-crystal structure deter-
mination of 2 reveals 1D chain structure that crystallizes in
orthorhombic Pccn space group. The crystal structure of 2
consists of neutral [Cu(cna),(H,0),] unit bridged via u,-bpy
with the Cu-+-Cu separation of 11.018(8) A. The cyanoacetate
behaves as a monodentate ligand. Each Cu(II) ion is six-
coordinated showing a distorted octahedral CuN,O, chromo-
phore (Figure 3a). The two nitrogen atoms from two p,-bpy
spacers and two oxygen atoms from two terminal cyanoacetates
reside in equatorial plane with Cu—N1 and Cu—O2 distances of
2.023(1) and 1.990(1) A, respectively. Two oxygen atoms from
two coordination water molecules are located in the axial
positions with Cu—O1 distances of 2.500(1) A. The adjacent
Cu(II) centers are connected by u,-bpy forming a 1D chain
coordination polymers, as shown in Figure 3b. The two pyridine
rings of bipyridyl moieties are not coplanar with the dihedral
angle between the two planar pyridine rings of 24.15°. The
structure of 2 is isomorphous with 2previously reported Mn"
complex, [Mn(cna),(bpy)(H,0),],.> However, the overall
packing motif has not been entirely investigated. Each 1D
chain of 2 is interlaced by 1D interchain weak hydrogen bonding
array between terminal cyanoacetate ligands along ¢ axis (C7H--
N2) (Figure 4) and the intermolecular hydrogen bonding
between unbound O atom from cyanoacetate and H atom from
coordination water molecules (O1H:--O3), additionally, weak
hydrogen bonding between the pyridyl H atom from y,-bpy and
coordination water molecules (C2H---O3). Moreover, the C2—
H---7 interaction is observed among the adjacent y,-bpy moieties
along c axis with the separation of 3.372 A (Figure 4). These weak
interactions complete the overall 3D supramolecular motif of 2
with the closest interchain Cu--Cu separation of 7.4363(7) A.
[C2H--03'=2.59 A (145°), C2--03'=3.391(2) A, (i) = 1/2 +
x, 1 —y, 1/2 — z; C7TH-~N2" = 2.59 A (122°), C7--N2% =
3213(3) A, (ii) = %, 1/2 — y, 1/2 + z; O1H--03" = 2.26 A
(147°), 01--03" = 3.097(2) A, (iii)) =1 —x, 1 —y, 1 — z].
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Figure 3. (a) Asymmetric unit and atom labeling scheme of 2. The
ellipsoids are shown at 50% probability level. All hydrogen atoms are
omitted for clarity (i) = 1 — x, 1 — y, —z. (b) 1D chain structure of 2
along the a axis.

[Cu(cna),(dpe)], (3), [Cu(cna),(dpe)]l,(H,0), (4) and
[Cu(cna),(bpa)], (5). Compounds 3—5 exhibit 1D ladder
chain structures as shown in Figure 5. Single-crystal structure
analysis reveals that 3 and $ are isostructures crystallizing in the
triclinic system P1 space group whereas compound 4 crystallizes
in the monoclinic C2/c space group. All Cu(II) ions are five-
coordination showing distorted square pyramidal geometry
CuN,0O; chromophore with 7 values of 0.42, 0.04, and 0.46 for
3-S5, respectively. Each Cu(II) center is surrounded by two
carboxylate oxygen atoms from two different cyanoacetates and
two nitrogen atoms from two ,-dpe (for 3 and 4) or y,-bpa (for
5) living in an equatorial site with average Cu—O distances of
2.000(2), 1.968(1), and 1.990(2) A and Cu—N distances of
2.016(2), 2.010(1), and 2.014(2) A for 3-S5, respectively. The
leaving one apical position is occupied by carboxylate oxygen
atom from bridging cyanoacetate with the distances of Cu—04 =
2.282(2), Cu—O1 = 2.446(1), and Cu—02 = 2.264(2) A for 3—
5, respectively. The CuN,O, square base is not completely planar
with tetrahedral twists between the planes of 26.61°, 14.45°, and
29.06° for 3—S§, respectively. The copper atoms are shifted by
0.303, 0.056, and 0.270 A from the mean basal planes toward the
apical positions for 3—S, respectively. Those of slightly shifted
value of 4 results from semicoordinated O4 atom from terminal
cyanoacetate weakly interacting to copper center in off-the-axis
position of an elongated octahedral geometry with the longest
Cu-+-O4 distance of 2.828(2) A. The carboxylic bridges for y,-
cyanoacetate of 3 and § exhibit a double-syn,anti-n':n’:u,
coordinative mode connecting between Cu(Il) ions, generating
the dinuclear Cu(1T) units with Cu---Cu separation of 4.278(3) A
for 3 and 4.352(4) A for 5, whereas those of 4 exhibit a double-
H,-1,1-monoatomic bridging mode with the shorter Cu--Cu
separation of 3.433(4) A. The carboxyl-bridged dinuclear Cu(1I)
units are extended along the particular direction by paired p,-dpe
(for 3 and 4) or u,-bpa spacers (for 5) to create the infinite 1D
ladder-like structures. The Cu---Cu separations across p,-dpe
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Figure 4. Interlaced chain structure of 2 in ab plane formed by 1D
intermolecular weak hydrogen bonding array between terminal
cyanoacetates along the ¢ axis (top). The hydrogen bonding between
unbound O3-cyanoacetate and coordination water represents in red
dotted lines (bottom). The blue dotted lines represent the C2H---O3
weak hydrogen bonding and the red broken lines represent C—H---x
interaction.

(for 3 and 4) are 13.407(8), 13.349(6) A and u,-bpa (for 5)
13.288(S) A, respectively. The two pyridine rings of bipyridyl
moieties are not coplanar with the dihedral angles between the
two planar pyridine rings of 9.24°, 11.59°, and 18.64° for 3-S5,
respectively. The conformations of y¢,-dpe and y,-bpa ligands are
anti with C—CH=CH-—C torsion angles of 177.30° (for 3) and
179.03° (for 4), and C—CH,—CH,—C torsion angle of 179.91°
(for §).

The supramolecular structures of 3 and S (Figure S1) are
stabilized by weak interchain hydrogen bonding with the closest
Cu--Cu distances of 6.7787(7) A for 3 and 6.5672(5) A for 5.
[for 3, C1SH--02'=2.46 A (126°), C15--02'=3.099(4) A, (i) =
—x,2 —y, 1 — z; CI6H--02'= 2.60 A (121°), C16--02'
3.147(4) A; for 5, C2H--O4'= 2.52 A (152°), C2--O4' =
3.373(4) A, (i) = —x, —y, —z; C17H-~N4" = 2.54 A (161°),
C17--N4" = 3.170(1) A, (ii) = —x, 1 — y, 1 — z]. Moreover, the
nitrile N atoms from the terminal and bridging cyanoacetates
interact with the adjacent electron-deficient y,-dpe rings with
N---centroid distances of 3.665 A (for N3--7) and 3.274 A (for
N4---7), stabilizing the overall packing structure of 3. The
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Figure S. Part of 1D ladder chain structures of 3(a), 4(b), and 5(c) with
used atom labeling. The ellipsoids are shown at 35% probability level.
The lattice water molecules for 4 and all hydrogen atoms are omitted for
clarity. Both disordered nitrile groups of ,-cna for 4 and those of
terminal cna for S are shown.

N---z(bpa) interactions in § is not observed because two
bipyridyl moieties in a flexible y,-bpa spacer are notably twisted
with the highest dihedral angle compared with those of 3 and 4.

In contrast, the ladder chains of 4 are crossed by the hydrogen
bonding between the nitrile N atoms from the terminal and
bridging cyanoacetates and oxygen atoms from lattice water
molecules with N4---O5 =2.819 A and N3---05 = 3.194 A, as well
as, the hydrogen bonding between lattice water molecules with
05:-+-0Si separation of 2.762 A. In addition, the N3--
centroid(pyridyl) is observed with the distance of 3.328 A and
the weak hydrogen bonding among the carboxylate oxygen of
cyanoacetate and pyridyl hydrogen of u,-dpe cooperatively
stabilizes the entire 3D packing motif of 4 with the closest Cu---
Cu interchain distance of 7.2746(5) A [CSH-~N3' = 2.51 A
(170°),C5--N3'=3.433(5) A, (i) =1/2 —x,5/2 —y, —z; C7TH -~
041=2.56 A (127°),C7--04"=3.212(3) A, (ii) = 1/2 — x, —1/
2 +y, 1/2 — z; C14H--04" = 2.50 A (156°), C14---04" =
3.289(4) A, (iii) =x,2 — y,1/2 — z; C17H---02"=2.30 A (153°),
C17--02" = 3.191(4) A] (Figure S2).

IR and UV-visible Spectroscopy. The solid-state IR
spectra of 1—5 in the region 4000—450 cm™" are displayed in
Figure S3. The IR spectra of all compounds exhibit the vibrations
of the pyridyl rings for N,N'-ditopic spacers in the region 1650—
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1600 cm™" overlapping the v,(OCO) bands around ~1630—
1570 cm™". The strong bands in the region 1430—1360 cm™" are
attributed to the ,(OCO). The splitting of v(OCO) reflects that
the carboxylate groups of cyanoacetate adopt a variety of
coordination modes. The A v,y,,,, .., Values are in range of 200—
260 cm™" which are consistent with monodentate and bridging
coordination by the carboxylato group.'®?**"%° The medium
sharp band at 2258 cm™" can be assigned to the v(C=N) from
cyanoacetate.”>*** Compounds 2 and 4 show broad bands in
the region 3200—3460 cm™' due to the v(O—H) of water
molecules.

The electronic spectra of 1—5 were studied in solid state at
room temperature (Figure S4). Compounds 1, 2, and 4 show a
broad absorption band at higher energy around 16860—15450
cm™, corresponding to the 2Eg to ZTZg (parent) transition in the
distorted octahedral geometry of 2, and this feature is also
consistent with the elongated octahedral geometry with the sixth
off-the-axis weakly interacting to Cu center for 1 and 4,"*° while
compounds 3 and § exhibit the single broad band in much lower
transition energy around 13770 cm™", which is in agreement with
the distorted square pyramidal geometry with high 7 values.® ~®*

Thermal Analyses. To examine the thermal stabilities of
compounds 1—5, thermogravimetric analyses (TGA) were
performed in the temperature range 30—500 °C in N,
atmosphere (Figure 6). Compounds 1, 3, 4, and § show no

Weight (%)

20 T T T T T

T
100 200 300 400 500

Temperature (°C)

Figure 6. TGA curves of compounds 1-S.

weight loss and are stable up to ~140, 120, 110, 100 °C,
respectively. Then the structures gradually decompose corre-
sponding to the removal of lattice water molecule, cyanoacetate
and organic coligands, finally giving a mixture of the CuO and
Cu,O as main products.%* The TGA curve of 2 reveals the release
of two coordination water molecules at the first step of weight
loss in the temperature range 50—92 °C (found, 8.33%; Calcd,
8.50%) resulting to the dehydrated form of [Cu(cna),(bpy)],
(2-A), which is stable up to ~107 °C and then the structure
gradually collapses.

Supramolecular Robustness in 2. Aforementioned
compound 2 contains two coordination water molecules and
its anhydrous phase remaining stable up to 107 °C, as evidenced
by the TGA profile. This inspired us to examine the dynamic
structures of 2 during the dehydration and rehydration processes
by elemental analyses, XRPD, and spectroscopic techniques.
Consequently, the dehydrated form, [Cu(cna),(bpy)], (2-A)
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was obtained by heating the polycrystalline samples of 2 at 105
°C for 20 min and the color changed from blue to deep blue.
Furthermore, the rehydrated form of 2-A’ was obtained by
immersing the dehydrated sample to water for 1 day at room
temperature. The XRPD patterns of 2, 2-A and 2-A" are shown in
Figure 7. The elemental analysis of 2-A (Anal. Calcd for

2-A'

2-A

as-synthesized 2

Intensity (a.u)

simulated 2

T T T T 1
20 30 40

2-THETA (degree)

)
L)

Figure 7. XRPD patterns: simulated from single-crystal X-ray data of 2;
as-synthesized 2, the dehydrated form 2-A; the rehydrated form 2-A’.

CuC¢H;N,O,: C, 49.55; H, 3.12; N, 14.45%. Found: C, 49.30;
H, 3.16; N, 14.30%.) and XRPD results indicate that the
anhydrous [Cu(cna),(bpy)], (2-A) reveals no significant change
of crystalline phase which the main peaks are duplicate to those
of XRPD pattern of as-synthesized 2. The new peaks appear at
9.37° and 23.26° are ascribed to the drastic change in the
coordination environments around Cu(II) center during
dehydration process. Moreover, the original crystalline phase
[Cu(cna),(bpy)(H,0),], (2-A”) can be restored from 2-A after
rehydration process, confirmed by the coincidence in XRPD
patterns and elemental analysis (Anal. Caled CuC,¢H;{N,Oq: C,
45.34; H, 3.80; N, 13.22%. Found: C, 45.26; H, 3.69; N,
13.00%.). This result confirms the rigid supramolecular frame-
work of 2 during thermal dehydration and rehydration processes.
Furthermore, this behavior has been further verified by TGA, IR,
and solid-state UV—vis diffuse reflectance spectra. The TGA
profiles of 2 and 2-A’ (Figure 8) are identical showing the release
of two coordination water molecules at the first step of weight
loss (Anal. Calcd: 8.50% Found: 8.33% for 2-A’), whereas the
TGA profile of anhydrous form 2-A shows no weight loss,
remaining stable up to ~107 °C, and then the structure gradually
collapses. The UV—vis spectra clearly show that the parallel
bands observed in 2 and 2-A’ implying the same Cu(II)
environments (Figure SS), whereas the anhydrous 2-A shows the
blue-shifted absorption broadband with 4,,,, around ~590 nm,
giving the deep blue color. In fact these values of the transition
energy are in the usual range for the pseudo-octahedral geometry
of Cu(Il) center.”® In addition, these results agree with the
reversible change in IR spectra for ¥(O—H) of coordination
water molecules around 3544—3200 cm™ and the 2,(OCO) of
cyanoacetate at ~1600 cm™" and the fingerprint region below
818 cm ™' (Figure S6). All of the results prove the supramolecular
robustness of 2.

Interestingly, this phenomenon is not observed in the
isomorphous analogues containing Co(II) (2-Co) and Ni(II)
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Figure 8. TGA curves of 2, the dehydrated form 2-A, and rehydrated
form 2-A’.

(2-Ni) centers. The crystal structures of 2-Co and 2-Ni are
confirmed by XRD, IR spectra, TGA, and elemental analysis (see
Figure S7—S9). The coincidence in XRPD patterns and IR
spectra of 2, 2-Co, and 2-Ni imply the identical crystalline
structures, whereas the TGA profiles of 2-Co and 2-Ni reveal the
releases of two coordination water molecules at the higher
temperature range 85—120 °C for 2-Co and 95—140 °C for 2-Ni.
Then, the structures continuously decompose with no observed
stable anhydrous phases in TGA profiles. The dehydrated forms
of 2-Co-A and 2-Ni-A were examined and obtained by heating
the polycrystalline sample at 115 °C, 135 °C for 20 min for 2-Co
and 2-Ni, respectively, and the colors changed from orange to
brown for 2-Co-A, blue to green for 2-Ni-A (Figure $10). The
XRPD results indicate that 2-Co-A and 2-Ni-A are amorphous
forming by the collapse of supramolecular structure. Moreover,
these anhydrous amorphous phases cannot be regenerated to the
original crystal structure after immersion into water for 1 day
(Figure S11 and S12).

The observation of the robust framework of 2 may be
attributed to the cooperative effects between the diverse
intermolecular interactions stabilizing noncovalent supramolec-
ular motifs together with the Jahn—Teller distortion in Cu(II) &
system. The X-ray analysis of 2 revealed that two coordination
water molecules in the role of H-donors display the individual
intermolecular hydrogen bonds only through unbound oxygen
atoms from terminal cyanoacetate as H-acceptors (Figure 4).
Thus, upon eliminating the coordination water in 2, these
unbound carboxylic oxygen atoms possibly weakly interact with
the vacant Cu(Il) sites leading to the elongated octahedral
geometry, as evidenced by electronic spectra of 2-A (Figure SS).
In addition, the coordination bridge via rigid bpy backbone plays
a role for supporting the structural skeleton, as well as, the other
noncovalent interactions especially the 1D hydrogen bonding
array involving terminal cyano groups and C—H:--7 interactions
together efficiently support the stabilization of overall supra-
molecular framework of 2-A (Figure S13). Furthermore, the
structural collapses of the anhydrous analogues 2-Co-A and 2-
Ni-A point out that besides noncovalent interactions and
coordination bridges, the Jahn—Teller effect in the Cu(1I), d°
system plays a significant role in stabilizing the distorted
octahedral coordination sphere,® ™’ giving rise to the structural
flexibility that is not found in 2-Co-A and 2-Ni-A analogues.
Remarkably, the dehydration process in 2-A can be reversed after
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immersing the dehydrated sample in water, regenerating the
original crystalline phase, which is an indication of the robust but
flexible supramolecular framework constructed by 1D polymeric
chains in 2.

Magnetic Measurements. The magnetic susceptibilities of
powdered sample of 1 and 3 were measured between 2 and 300 K
under a constant dc magnetic field of 0.1 T (Figures S14 and
S$15). At 300 K the y,T values are 0.45 and 0.41 cm® K mol™" for
1 and 3, respectively, which are typical of Cu(II) and above that
expected for uncoupled Cu(II) centers (0.375 cm® K mol ™ for g
=2) because of spin—orbit coupling, i.e., g > 2. The y,,T values of
1 slowly decrease, in a linear fashion, down to ~15 K and then,
more rapidly, reaching 0.33 cm® K mol™" at 2 K. In contrast, the
JmT values for 3 are practically constant until ~10 K, and then
the y(T values abruptly decrease to reach 0.19 cm® K mol™ at 2
K. The corresponding plots of yy; vs T for 1 and 3 show Curie-
like behavior with a hint of a maximum in yy, beginning below 2 K
in 3. The data are generally indicative of very weak
antiferromagnetic coupling, this being responsible for the rapid
decreases in yyT at very low temperatures,'®*% although
Zeeman level thermal depopulation effects may play a part in this
region. There is no evidence in the temperature range studied for
any long-range magnetic ordering.

In attempting to quantify the magnetic data, the 2D sheet
motif of 1 ideally requires a two J model one for the syn,anti-
1" py-cyanoacetate bridged chains, the other for the pyrazine
bridged chains. Landee and Turnbull have recently reviewed low-
dimensional Cu(II) molecular magnets69 including related 2D
rectangular sheets such as [Cu(HCO,)(pyz)(NO;)], that
showed a mixed antiferromagnetic (pyrazine bridge)/ferromag-
netic (formate bridge) behavior and was fitted by Monte Carlo
methods.”® [Cu(HCO,)(pyz)(NO,)], showed a broad max-
imum in yT at 25.3 K, due to ferromagnetic exchange, and a
maximum in y at 6.5 K due to antiferromagnetic exchange.
Clearly were do not observe such yy or yT maxima in 1 so we
conclude that antiferromagnetic exchange occurs along the
cyanoacetate- and pyz-bridged chains, and is smaller in
magnitude than in [Cu(HCO,)(pyz)(NO;)],. As in the case
of 2D f-[Cu(dca),(pyz)], where dca = p; -NC(N)CN”' we
have used a model by Lines”” for 2D systems with S = 1/2, based
on that of Rushbrooke and Wood.”> A good fit of the data was
obtained (Figure S16) using a single ] of —0.24 cm ™', but the g
value of 1.89 is lower than expected for Cu(1l) and the Na
(temperature independent susceptibility) of 400 X 107¢ cm?
mol ™ is much higher than the normal 60 X 107 cm® mol™" The
size of ] is at the lower end of values found for syn,anti-n":17:p1,-
carboxylate and pyrazine bridges. It is possible that there are
traces of impurity in the sample of 1 that affect the y,T behavior
and the fitting thereof.*”

The yT plot for 3 is indicative of very weak to zero exchange
coupling, and this is not surprising in view of the large Cu---Cu
separations and the poor superexchange pathways provided by
the 1,2-di(4-pyridyl)ethylene linkers, along the ladder chains.

B CONCLUSIONS

Five new coordination polymers constructed by self-assembly of
the auxiliary N,N’-ditopic spacers and copper(Il) cyanoacetates
have been structurally characterized. Compounds 2—S$ exhibit a
polymeric chain structure, while 1 shows a 2D layer. This result
demonstrated that the length of auxiliary spacers effectively
influences the structural dimensionalities. The shortest pyrazine
with Cu(II) cyanoacetate well provides the construction of 2D
coordination polymer in 1. Likewise, the structural diversity
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greatly results from the carboxylate groups in cyanoacetate that
can coordinate with the Cu(Il) center in various ways. The p,-
1,3(syn,anti) bridging mode for 1, 3, and 5, and p,-1,1
monatomic bridge in 4 are found, whereas cyanoacetate in 2
behaves as a terminal monodentate ligand. Besides the various
coordination modes of carboxylates, the nitrile group in
cyanoacetate has an influence on the established supramolecular
interactions via either hydrogen bonding or N---7 interactions,
which mainly contributes to the stabilization of the overall
supramolecular architecture. Particularly, compound 2 exhibits a
robust supramolecular framework constructed by 1D polymeric
chains during the thermal dehydration and rehydration processes
that is not observed in the isomorphous series containing Co(II)
and Ni(II) ions. This result demonstrates the significant role of
Jahn—Teller distortions in the octahedral Cu(Il) center
accompanied by various intermolecular noncovalent interactions
among interlaced polymeric chains for encouraging the design of
a “soft” supramolecular framework with low dimensional

building blocks.
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By using the carboxylate ligand cyanoacetate (cna) and N,N'-ditopic organic neutral spacers, four new
Zn(II)/Cd(II) coordination polymers, formulated as [Zn(cna),(bpy)(H20).], (1), [Cds(cna)s(bpy)s]n (2),
[Zn(cna),(bpa)], (3) and [Cd(cna),(bpa)l, (4) (bpy = 4,4'-bipyridyl and bpa = 1,2-di(4-pyridyl)ethane)
have been obtained. All compounds exhibit one-dimensional (1D) chain coordination polymers with
diverse topologies. Compound 1 reveals a linear chain structure which is formed by p,-bpy bridging

gey"‘:jo,rds'ﬂ | between [Zn(cna),(H,0),], units. Compound 2 shows a triple-stranded chain consisting of six- and
Coggoiaet::; polymer seven-coordinated Cd(II) centers. Compound 3 exhibits a zigzag chain coordination polymer containing
4,{1’-Bipyridyl Uo-bpa spacers bridging between tetrahedral Zn(II) ions. Whereas 4 shows a ladder-like structure which

is built from double u,-bpa spacers connecting between Cd(IlI) cyanoacetate dimeric units. All
compounds are further extended into a 3D supramolecular architectures through non-covalent weak
hydrogen bonds and N---m and/or C-H--.m interactions. The free bpa ligand exhibits very weak

1,2-Di(4-pyridyl)ethane
Luminescence properties

photoluminescence in the solid state, while this property is significantly enhanced in 3 and 4.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The construction of coordination polymers (CPs) has attracted
attention due to their diverse structural topologies and potential
applications such as gas storage, magnetism, catalysis, and
luminescence [1-9]. The rational design of CPs is an important goal
for synthetic chemistry as it provides an opportunity to modify
their functional properties at the molecular level. To date, many
CPs have been prepared on the basis of the connector and linker
approach [4,6,10]. Connectors are often transition metal ions that
can yield different coordination geometries. Linkers are typically
organic molecules such as functionalized carboxylates and
pyridine-based linkers. Coordination polymers constructed from
divalent zinc and cadmium ions have been an active research area
because the absence of crystal field stabilization energy in the
d'® electronic configuration allows these metal ions to have no
significant coordination preferences [11-14]. Thus, they can form
a variety of structures depending on the organic linker. In the

* Corresponding author. Fax: +66 43 202 373.
E-mail address: Jaursup@kku.ac.th (J. Boonmak).

http://dx.doi.org/10.1016/j.poly.2015.10.043
0277-5387/© 2015 Elsevier Ltd. All rights reserved.

present studies, the cyanoacetate (NC,;H,CO,, cna) is used for
binding metal ions through carboxylate bridge. It contains both
nitrile (-C=N) and carboxylic groups which not only provides
many coordination sites but also effectively serves as hydrogen
bonding sites and the intermolecular Np;rije- - -0 interaction toward
neighboring electron-deficient aromatic moieties. These versatile
connection sites allow cyanoacetate to be a good candidate for
constructing the CPs [15-23]. Meanwhile, the mixed-ligands
strategy, including N,N’-ditopic organic neutral coligands with
different lengths and flexibility, has successfully demonstrated
various novel CPs [10,24,25]. Recently, we reported a series of
cyanoacetato coordination polymers in the Cu(Il) system [23]. In
consequence, to extend the study of the self-assembly process in
d'® metal CPs, we have herein taken cyanoacetate and different
pyridine-based neutral coligands in the Zn(II)/Cd(Il) system
(see Scheme 1). The four new 1D coordination polymers,
[Zn(cna)y(bpy)(H20)2], (1), [Cds(cna)s(bpy)sln (2), [Zn(cna)y(bpa)l,
(3) and [Cd(cna),(bpa)], (4) (bpy = 4,4'-bipyridyl and bpa =1,2-di
(4-pyridyl)ethane) have been synthesized. The characterizations
have been done through X-ray crystallography, IR spectroscopy,
and elemental analysis. The solid-state photoluminescent proper-
ties at room temperature have also been studied and this property
is significantly enhanced in 3 and 4.
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[Zn(ena), (bpy)(H,0)11, ® g [Cds(ena)s(bpy)s],
) Zn(I1) / Cd(II) @
+
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[Zn(cna); (bpa)],
©)]

1,2-di(4-pyridyl)ethane (bpa)

\ /'

O

Scheme 1. The coordination polymers 1-4.

2. Experimental
2.1. General remarks

All chemical were obtained from commercial sources and were
used without further purification. Elemental analyses (C, H, N)
were carried out with a PerkinElmer PE 2400CHNS analyzer. FT-IR
spectra were obtained in KBr disks on a PerkinElmer Spectrum One
FT-IR spectrophotometer in 4000-450 cm~! spectral range. The
X-ray powder diffraction (XRPD) data were collected on a Bruker
D8 ADVANCE diffractometer using monochromatic Cu Ko
radiation, and the recording speed was 0.5 s/step over the 260 range
of 5-40° at room temperature to determine the phase purity.
Photoluminescent spectra of the sample powders were performed
on a Shimadzu RF-5301PC spectrofluorophotometer in the
wavelength range of 300-550 nm with the spectral band widths
at 3 nm for excitation and emission.

2.2. Preparation of [Zn(cna)y(bpy)(H20)2], (1)

The solution containing Zn(NOs3),-6H,0 (148 mg, 0.5 mmol) and
cyanoacetic acid (85 mg, 1 mmol) in water and dimethylfor-
mamide (4 mL, 1:1 v/v) was mixed with the methanolic solution
(2 mL) of 4,4'-bipyridyl (78 mg, 0.5 mmol). This mixture solution
was allowed to stand undisturbed at room temperature, yielding
colorless block-shaped crystals of 1 after 2 weeks. Yield: 52 mg
(24%) based on zinc salt. Anal. Calc. for ZnCygH6N4Og: C, 45.14;
H, 3.79; N, 13.16. Found: C, 45.73; H, 3.52; N, 12.98%. IR (KBr,
cm™'): 3413br (v(OH)), 2258w (V(C=N)), 1612s (v.(0CO)),
1436w, 1367s (v4(0CO)), 1270w, 1220w, 1083w, 1015m, 907w,
829m, 720w, 551w, 488m.

2.3. Preparation of [Cds(cna)s(bpy)s]n (2)

An ethanolic solution (4 mL) of cyanoacetic acid (85 mg,
1 mmol) and 4,4’-bipyridyl (78 mg, 0.5 mmol) was carefully lay-
ered on an aqueous solution (2 mL) of Cd(NO3),-4H,0 (154 mg,
0.5 mmol). After 3 weeks, colorless needle-shaped crystals of 2
were obtained. Yield for 2: 225 mg (34%) based on cadmium salt.
Anal. Calc. for Cd3CygH36N12015: C, 44.01; H, 2.77; N, 12.83. Found:
C, 43.76; H, 2.51; N, 12.73%. IR (KBr, cm™!): 2263w (v(C=N)),
16355 (v,5(0C0)), 1396s (vs(0CO)), 1217w, 1078m, 1007m, 899w,
807m, 635m.

2.4. Preparation of [Zn(cna)x(bpa)], (3)

The solution containing Zn(OAc),-2H,0 (109 mg, 0.5 mmol) and
cyanoacetic acid (85 mg, 1 mmol) in water and dimethylformamide
(4mlL, 1:1 v/v) was mixed with 1,2-di(4-pyridyl)ethane (92 mg,
0.5 mmol) in methanol (2 mL). This mixture solution was allowed
to stand undisturbed at room temperature, yielding colorless
rod-shaped crystals of 3 after 3 days. Yield: 134 mg (64%) based
on zinc salt. Anal. Calc. for ZnCygH;6N404: C, 51.75; H, 3.86; N,
13.41. Found: C, 51.43; H, 3.62; N, 13.21%. IR (KBr, cm™'): 2258w
(V(C=N)), 1610s (v,5(0CO)), 1433w, 1368s (vs(0CO)), 1270w,
1221w, 1083m, 1023w, 986w, 835m, 550m.

2.5. Preparation of [Cd(cna),(bpa)], (4)

Compound 4 was synthesized in a similar manner to 3 using Cd
(NO3)2-4H,0 (154 mg, 0.5 mmol) instead of Zn(OAc),-2H,0. After
3 days, colorless rod-shaped crystals of 4 were obtained. Yield:
106 mg (45%) based on cadmium salt. Anal. Calc. for CdC;gHN404:
C, 46.52; H, 3.47; N, 12.06. Found: C, 46.13; H, 3.31; N, 11.95%. IR
(KBr, cm™'): 2258w (V(C=N)), 1619s (v,(0CO)), 1419w, 1366s
(vs(0CO)), 1273w, 1216w, 1072w, 1048w, 1010w, 942w, 809m,
724w, 638m.

2.6. X-ray crystallography

The reflection data of 1-4 were collected on a Bruker D8 Quest
PHOTON100 CMOS detector with graphite-monochromated Mo Ko
radiation using the apex2 program [26]. Raw data frame integration
was performed with saint [26]. An empirical absorption correction
by using the sabaps program [26] was applied. The structure was
solved by direct methods and refined by full-matrix least-squares
method on F? with anisotropic thermal parameters for all
non-hydrogen atoms using the sHeixTL software package [27]. All
hydrogen atoms were placed in calculated positions and refined
isotropically, with the exception of the hydrogen atoms of
coordination water molecules in 1 which were found via difference
Fourier maps, and then restrained at fixed positions. The unbound
and coordination oxygen atoms (04 and 03) of a terminal cyanoac-
etate for 3 are disordered. The occupancies of two conformations
were refined to 0.4 and 0.6. The details of crystal data, selected
bond lengths and angles for 1-4 are listed in Tables 1 and S1.
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Table 1
Crystallographic data for compounds 1-4.
Compound 1 2 3 4
Formula ZnC;6H16N406g Cd5C4gH36N12012 ZnCq1gH16N404 CdCygH14N404
Molecular weight 425.72 1310.09 417.72 464.75
T (K) 293(2) 293(2) 293(2) 293(2)
Crystal system orthorhombic monoclinic triclinic triclinic
Space group Pccn 2fc P1 P1
a (A) 12.9041(5) 24.9894(19) 9.5264(3) 8.3470(3)
b (A) 18.5888(7) 11.6868(9) 9.7703(4) 10.7131(5)
c(A) 7.2082(2) 20.7170(15) 10.9211(4) 11.5269(4)
o (%) 90.00 90.00 112.2500(10) 70.459(2)
B (%) 90.00 123.260(2) 96.906(10) 81.386(10)
7 (°) 90.00 90.00 98.6510(10) 67.1380(10)
V (A%) 1729.04(11) 5059.16(7) 912.49(6) 894.85(6)
z 4 4 2 2
Peatca (€ cm3) 1.635 1.720 1.520 1.725
# (Mo Kot) (mm™1) 1.464 1.324 1.378 1.253
Data collected 4890 5195 4473 4230
Unique data (Rinc) 3136(0.0307) 5195(0.1666) 3821(0.0173) 3519(0.0340)
Ry IWR," [I> 26(1)] 0.0404/0.0925 0.0711/0.1096 0.0420/0.1086 0.0338/0.0657
Ri%/wR," [all data] 0.0776/0.1060 0.1890/0.1394 0.0527/0.1159 0.0497/0.0715
Goodness-of-fit (GOF) 1.067 1.007 1.036 1.099
Maximum/minimum electron density (e A~3) 0.395/-0.738 1.164/-0.841 0.946/-0.467 0.693/-0.726

R = Z||Fo|~|Fll/Z|Fol.
® R = {ZIW(IFo|—IFDPZIWIF 1.

3. Results and discussion
3.1. Crystal structure of [Zn(cna),(bpy)(H>0)2], (1)

Compound 1 crystallizes in the orthorhombic system with Pccn
space group, exhibiting a 1D chain structure, as shown in Fig. 1a.
The structure of 1 is isomorphous with previously reported
complexes, [M(cna),(bpy)(H;0),], (M= Cu(ll) [23], Mn(Il) [16]).
Each Zn(Il) ion is coordinated by two nitrogen atoms from two
U>-bpy spacers, two oxygen atoms from two terminal cyanoacetates
and two oxygen atoms from two coordination water molecules,

Fig. 1. (a) 1D linear chain structure of 1 with used atom labeling. The ellipsoids are
shown at 35% probability level. The hydrogen atoms are omitted for clarity (i) = —x,
1-y, 1 -2z (b) The packing diagram of 1 formed by the interchain hydrogen
bonding (black broken lines) and C-H---m interactions (blue broken lines). (Color
online.)

adopting a distorted octahedral geometry. The ZnN,0O, moiety
shows coordination distances in the range of 2.118(9)-2.172(6) A.
The adjacent zinc(Il) ions are bridged via p,-bpy spacers generating
1D linear chain of 1 with the Zn. - -Zn separation of 11.314(3) A. The
two pyridine rings of bipyridyl moieties are not coplanar with the
dihedral angle between the two planar pyridine rings of 15.78°.
Each 1D chain of 1 is assembled by various interchain hydrogen
bonding among terminal cyanoacetates (C7H---N2yiie) (Fig. 1b,
Table S2), and between unbound O atom from cyanoacetate and H
atom from coordination water molecule (O3H---02), as well as,
the pyridyl H atom from pu,-bpy and O atom from coordination
water molecule (C4H.--02). Moreover, the C4H- - -t interaction is
observed among the adjacent p,-bpy moieties along the c axis with
the separation of 3.394A (Fig. 1b). These weak interactions
complete the 3D supramolecular motif of 1 with the closest
interchain Zn..-Zn separation of 7.208(2)A. A comparison was
made with the previous mixed bridging cna-bpy Zn(Il) complex,
[Zny(cna)4(bpy).],(H20), [17], which was reported to exhibit a 1D
zigzag chain constructed from terminal cyanoacetate and p,-bpy
spacer linking between the distorted tetrahedral ZnN,O, chro-
mophores. The different structural topologies are attributed to the
diverse coordination geometries of Zn(Il) centers.

3.2. Crystal structure of [Cds(cna)s(bpy)s]n (2)

Compound 2 crystallizes in the monoclinic C2/c space group,
exhibiting a 1D triple-stranded chain structure, as shown in
Fig. 2a. The 1D triple-stranded chain of 2 contains two crystallo-
graphic independent Cd(II) centers of different geometries, i.e.,
two distorted pentagonal bipyramidal Cd1N,05 and one distorted
octahedral Cd2N,0,4 chromophores. In the Cd1N,05 moiety, each
Cd1 center is surrounded by five carboxylate O atoms from three
different cyanoacetate ligands (Cd1-0 = 2.275(7)-2.475(6) A) and
two N atoms from two p,-bpy ligands (Cd1-N=2.311(6) and
2.334(7) A), while, each Cd2 center is six-coordination, surrounded
by four carboxylate O atoms from four different u,-cyanoacetates
(Cd2-0=12.328(6)-2.393(6)A) and two N atoms from two
L>-bpy molecules (Cd2-N=2.284(9) and 2.302(9) A). The Cd-O
and Cd-N bond distances are in normal ranges for Cd(II) complexes
[28,29]. The Cd2 is bridged to two symmetry-related Cd1 ions via
double-syn,anti-n':n°:u,-cyanoacetates and  double-chelating
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Fig. 2. 1D triple-stranded chain structure of 2 with used atom labeling. The
ellipsoids are shown at 35% probability level. All hydrogen atoms are omitted for
clarity. (b) The packing diagram of triple-stranded chains in 2 formed by various
weak hydrogen bonding in ac plane.

bridging bidentate modes of cyanoacetates, generating a linear
trinuclear (Cd1, Cd2, Cd1a) unit with the Cd.--Cd separation of
4.184(2) A. Moreover, each trinuclear unit is linked by z1,-bpy spac-
ers, giving rise to a 1D triple-stranded chains of 2 with the Cd.--Cd
separation across u,-bpy of 11.687(2) A. The two pyridine rings of
bpy moieties are not coplanar with the dihedral angle between the
two planar pyridine rings of 12.66° (Cd1) and 21.13° (Cd2). For the
packing motif (Fig. 2b), each chain of 2 is assembled by the inter-
molecular weak hydrogen bonding among nitrile-N atoms from
terminal cyanoacetates, coordination oxygen atoms from cyanoac-
etates, and pyridyl-H atoms from p,-bpy (C20H- - -N5, C16H: - -01,
and C11H.--01,) (Fig. 2b, Table S2). All interactions complete the
overall 3D packing structure motif of 2 with the closest interchain
Cd- - -Cd separation of 6.672(2) A.

3.3. Crystal structure of [Zn(cna)x(bpa)],, (3)

Compound 3 crystallizes in the triclinic P1 space group, exhibit-
ing a 1D zigzag chain structure, as shown in Fig. 3a. Each Zn(II) ion
is coordinated by two oxygen atoms from two different monoden-
tate cyanoacetates and two nitrogen atoms from two bpa spacers,
adopting a distorted tetrahedral ZnN,0, chromophore. The coordi-
nation distances and angles are in ranges of 1.869(4)-2.094(6) A
and 92.08(16)-126.03(12)°, respectively. The adjacent zinc(II) ions
are bridged by pu,-bpa spacers generating 1D zigzag chains of 3
with the Zn. - -Zn separation of 13.253(6) and 13.239(5) A. The anti
conformation of p,-bpa molecule is observed with the C-CH,-CH,
angle of 112.17°. The two pyridine rings of bipyridyl moieties are
perfectly coplanars, being located on a crystallographic center of
symmetry. For the packing motif, each 1D zigzag chain of 3 is
assembled by various intermolecular weak hydrogen bonding
among terminal nitrile-N atoms and unbound oxygen atoms from

Fig. 3. (a) 1D zigzag chain structure of 3 with used atom labeling. The ellipsoids are
shown at 50% probability level. All hydrogen atoms are omitted for clarity. (b) 2D
sheet structure of 3 built from weak hydrogen bonding (black broken lines) and
Nhitrite: - -7 interaction (green broken lines) in bc plane. (¢) Another view in ab plane
showing 2D sheet structure formed by C-H.--m and Npyayi- - - interactions. The
cyanoacetates are omitted for clarity. (Color online.)

cyanoacetates acting as H-acceptor and pyridyl-H, ethyl-H atoms
from p,-bpa acting as H-donors (C5H--:N3, C4H.---02, and
C6H---02) (Fig. 3b, Table S2). In addition, the nitrile N atoms from
the terminal cyanoacetates can interact with the adjacent electron
deficient p,-bpa ring with N3 - - -7t distance of 3.482 A (Fig. 3b).
Moreover, the C7-H---m interaction is observed between the
interchain p,-bpa moieties with the separation of 3.551 A, and
the pyridyl-N atom from ,-bpa also interacts with the adjacent
bpa rings with Npyriayr- - -7 distance of 3.767 A (Fig. 3c). All interac-
tions complete the overall 3D supramolecular motif of 3 with the
closest interchain Zn. - -Zn separation of 6.324(5) A.

3.4. Crystal structure of [Cd(cna)y(bpa)], (4)

Compound 4 crystallizes in the triclinic P1 space group, exhibit-
ing a 1D ladder-like chain structure, as shown in Fig. 4. Each Cd(II)
ion is six-coordinated, surrounded by four carboxylate oxygen
atoms from three different cyanoacetates and two nitrogen atoms
from two p,-bpa molecules, generating a distorted octahedral
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Fig. 4. (a) 1D ladder chain structure of 4 with used atom labeling. The ellipsoids are
shown at 50% probability level. All hydrogen atoms are omitted for clarity. (b) The
packing diagram of 4 formed by weak interchain hydrogen bonding (black broken
lines) and Npigile- - - interaction (red broken lines) in ab plane. (Color online.)

CdN,04 chromophore. The CdN,0, moiety shows coordination
distances and angles in ranges of 2.294(2)-2.420(2)A and
83.97(8)-149.17(10)°, respectively. The carboxylate bridges from
two cyanoacetates exhibit a double-syn,anti-n':n>: 1, coordinative
modes connecting between Cd(II) centers, adopting a dinuclear
Cd(II) unit with Cd.--Cd separation of 3.961(6) A. An additional
cyanoacetate acts as terminal chelating ligand. Moreover, the car-
boxyl-bridged dinuclear units are assembled by paired u,-bpa
spacers to create the infinite 1D ladder-like structures (Fig. 4a).
The Cd.--Cd separation across u,-bpa is 6.877(5) A. The two pyri-
dine rings of bipyridyl moieties are not coplanar with the dihedral
angle between the two planar pyridine rings of 9.88°. The anti con-
formation of bpa molecules is observed with C-CH,-CH, angles of
115.98° and 117.22°, and the C-CH,-CH,-C torsion angle of
171.69°. For the packing diagram (Fig. 4b, Table S2), each 1D ladder
chain of 4 is assembled by the intermolecular weak hydrogen
bonding between terminal nitrile-N from cyanoacetate and
ethyl-H from p,-bpa (C6H---N4), coordination oxygen atoms
and alkyl-H from cyanoacetates (C14H---03) and ethyl-H from
Up-bpa (C11H---03). In addition, the nitrile-N atoms from the ter-
minal cyanoacetates effectively interact with the adjacent p,-bpa
moieties with N. - .7t distance of 3.412 A, as shown in Fig. 4b.

3.5. Photoluminescent properties

Photoluminescence studies of d!'® metal-organic CPs with
luminescent organic ligands containing aromatic rings have been
a subject of immense current research interest because their emis-
sions can be adjusted by involving the coordination environment,
the rigidity and the arrangement of organic linkers within CPs
[9,30-33]. Recently, the luminescent properties of d'° complexes
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Fig. 5. The solid-state photoluminescent spectra of compounds 3, 4, and free bpa
ligand. The inset shows the enlarged emission of free bpa.

containing bpa/dpe spacers have been reported [34-37]. Therefore,
the solid-state luminescent properties of 3 and 4 were investigated
at room temperature. The phase purities of 3 and 4 were confirmed
by X-ray powder diffraction (XRPD) (Figs. S1 and S2), in which the
experimental diffraction peaks are in good agreement with the
patterns simulated from single-crystal data, implying the good
phase purities of 3 and 4. It should be mentioned that both com-
pounds 1 and 2 contain mixed crystals with similar shapes and
color and they are difficult to be manually separated to obtain pure
bulk products in sufficient amount for the XRPD and photolumi-
nescent measurements. To compare the luminescent intensities,
all emission spectra were determined with the same excitation
wavelength (lex=285nm) and the same spectral pass widths.
Excitation of the samples at 285 nm leads to the generation of sim-
ilar emissions in the compounds 3, 4 and free bpa ligand with the
peak maxima occurring at 352 nm for 3, 357 nm for 4, and 370 nm
for free bpa (Fig. 5). These emissions may be assigned to the intrali-
gand m-7t* transition since the Zn(II) and Cd(II) ions are difficult to
be oxidized or reduced due to the d'° configuration. The spectra of
3 and 4 exhibit more intense and the emission peaks are blue-
shifted by about 15 nm compared to free bpa ligand, which may
be attributed to the arrangement and the increased rigidity in
the bpa ligand resulting from complexation to the Zn(Il) and Cd
(IT) ions. [30-37] A similar emission band around 350 nm has been
observed previously for other related mixed-ligands coordination
polymers, such as [Cdy(cta)(bpa)(H,0)3],(H20)s, (Hacta = cyclo-
hexane-1,2,4,5-tetracarboxylic acid) [37], [Zny(tbip),(bpa)(H,0)],
(Hytbip = 5-tert-butylisophthalic acid) [38], [Zn(cna),(dpe)], and
[Cd(cna)(dpe)]n [39].

4. Conclusion

In summary, a series of four d'® metal coordination polymers
based on cyanoacetate and N,N'-ditopic coligands has been suc-
cessfully synthesized and characterized. All compounds exhibit
polymeric chain structures. In comparison with mixed rigid bridg-
ing bpy and cyanoacetate in the Cu(Il) system [23], the linear chain
structure of 1 is isomorphous to that of Cu(Il) complex, whereas 2
shows a triple-stranded chain. This structure is attributed to a lar-
ger accessible space of Cd(II) ion which can organize the bridging
cyanoacetates and bpy small spacers, leading to a linear trinuclear
subunit. Contrary to the flexible extended spacer bpa, compound 3



698 P. Suvanvapee et al./Polyhedron 102 (2015) 693-698

shows a zigzag chain structure caused by the tetrahedral Zn(II)
connectors, while the ladder-like chain structure of 4 is isomor-
phous to the Cu(Il) analog. These diverse structural topologies sig-
nificantly depend on the different coordination sites of Zn(II) and
Cd(II) centers. Weak interactions such as hydrogen bonding and
N...m and/or CH- - -7t interactions join the polymeric chains to sta-
bilize overall supramolecular networks. Moreover, the strong pho-
toluminescence properties of 3 and 4 may make them as the
candidates for potential photoactive materials.
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(dpe), namely [M(cna),(dpe)], (M = Zn" (1), (2), and Cd" (3)) were synthesised and structurally character-
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1. Introduction

The synthesis and design of coordination polymers (CPs) have
attracted great attention owing to their interesting topologies
and their potential applications in catalysis, gas storage, mag-
netism and non-linear optical properties and so on [1-10].
However, from a crystal engineering viewpoint, how to construct
the predictable networks with desired properties still remains a
great challenge owing to the large number of intermolecular forces
which are affected by many variable factors such as reaction stoi-
chiometry, temperature, solvent, counterions and so on [1,6,11]. It
is well-known that the most common synthetic method for the
construction of novel CPs is the mixed-ligands strategy [2,12-
15]. The combination of different ligands can effectively contribute
a variety of structural frameworks with fascinating properties
[2,12-14,16-19]. One of the most powerful ligand used for such
strategy is carboxylate anions that can bind toward metal centers
in various ways, such as terminal monodentate, chelating to one
metal center, bridging bidentate in a syn-syn, syn-anti, and anti-
anti configurations and multiple bridges, resulting in the formation

* Corresponding author. Fax: +66 43 202 373.
E-mail address: Jaursup@kku.ac.th (J. Boonmak).

http://dx.doi.org/10.1016/j.ica.2015.07.045
0020-1693/© 2015 Elsevier B.V. All rights reserved.

of various new structural types of metal carboxylates [20-25]. On
the other hand, many rod-like N,N’-ditopic organic co-ligands have
been widely used as additional building blocks for the construction
of several multidimensional CPs [2,26-28].

Coordination polymers constructed from d'° transition metal
ions, particularly, abundant zinc(II) and cadmium(Il) ions, together
with luminescent organic ligands containing conjugated 7 systems
and aromatic rings have been a growing interest because of their
potential applications in chemical sensors and electroluminescent
display [2,4,9,29-33]. In addition, the coordination environment
and the arrangement of organic linkers within CPs can strongly
affect the luminescent properties. Therefore, controlling molecular
interactions is crucial to tuning the luminescent properties of CPs
[9,16,17,29,32,34-39]. In this work, we choose a cyanoacetate
anion (cna) and semi-flexible 1,2-di(4-pyridyl)ethylene (dpe)
luminescent spacer incorporating zinc(Il) and cadmium(II) ions to
develop new luminescent coordination networks. The cyanoac-
etate (NC;H,CO3) anion contains both nitrile (—C=N) and car-
boxylic groups which not only well provides rich coordination
sites but also effectively serves as intermolecular hydrogen-ac-
cepter sites, as well as fabricating the N...m interaction toward
neighboring aromatic moieties [40-43]. These versatile connection
sites allow cyanoacetate to be a good candidate for constructing 3D
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supramolecular structures. However, the mixed-ligands complexes
containing cyanoacetate have been rarely reported [40-50].
Herein, three novel mixed-ligands coordination polymers, formu-
lated as [M(cna),(dpe)], (M =2Zn" (1), Zn" (2), and Cd" (3)) were
successfully obtained. The syntheses, crystal structures and lumi-
nescent properties for 1-3 have been studied in this context.

2. Experimental
2.1. Materials and physical measurements

All chemical were obtained from commercial sources and were
used without further purification. Elemental analyses (C, H, N)
were carried out with a Perkin-Elmer PE 2400CHNS analyzer.
FT-IR spectra were obtained in KBr disks on a Perkin-Elmer
Spectrum One FT-IR spectrophotometer in 4000-450 cm ™! spectral
range. The X-ray powder diffraction (XRPD) data were collected on
a Bruker D8 ADVANCE diffractometer using monochromatic Cu Kot
radiation, and the recording speed was 0.5 s/step over the 20 range
of 5-40° at room temperature. Photoluminescent spectra of the
sample powders were performed on a Shimadzu RF-5301PC spec-
trofluorometer with the excitation at 285 nm in the wavelength
range of 300-560 nm. The excitation and emission pass widths
are 1.5 and 3.0 nm, respectively.

2.2. Synthesis

2.2.1. [Zn(cna)y(dpe)], (1) and (2)

The solution containing Zn(O,CCHs),-2H,0 (109 mg, 0.5 mmol)
and cyanoacetic acid (85 mg, 1 mmol) in water and methanol
(4 mL, 1:1 v/v) was mixed with 1,2-di(4-pyridyl)ethylene (90 mg,
0.5 mmol) in dimethylformamide (2 mL). This mixture solution
was allowed to stand undisturbed at room temperature. After five
days, deep yellow rhomboid-shaped crystals of 1 and small pale
yellow crystals of 2 were obtained. These crystals were manually
separated, washed with water and dried in air. Yield for 1: 75 mg
(36%) based on zinc salt. Anal. Calc. for ZnC;gH{4N404: C, 52.00;
H, 3.39; N, 13.48. Found: C, 51.79; H, 3.21; N, 13.30%. IR (KBr,
cm~!): 3060w, 2918w, 2261m (V(C=N)), 1664s, 1623s
(vas(0CO)), 1512w, 1401m, 1371m (v4(0CO)), 1269m, 1077w,
1027m, 844m, 733w, 612w, 561m. Yield for 2: 125 mg (60%) based
on zinc salt. Anal. Calc. for ZnC;gH14N404: C, 52.00; H, 3.39; N,
13.48. Found: C, 51.23; H, 3.33; N, 13.23%. IR (KBr, cm™'):
3066w, 2261m (v(C=N)), 1642s, 1612s (v,(0CO)), 1513m,
1423s, 1383s (vs(0CO)), 1263m, 1204m, 1074m, 1015m, 994m,
915m, 836m, 716w, 557s.

2.2.2. [Cd(cna)y(dpe)], (3)

The solution containing Cd(NO3),-4H,0 (154 mg, 0.5 mmol) and
cyanoacetic acid (85 mg, 1 mmol) in water (4 mL) was mixed with
1,2-di(4-pyridyl)ethylene (90 mg, 0.5 mmol) in dimethylfor-
mamide (2 mL). This mixture solution was allowed to stand undis-
turbed at room temperature, yielding pale yellow crystals of 3 after
four days. Yield: 145 mg (63%) based on cadmium salt. Anal. Calc.
for CdCygH14N404: C, 46.72; H, 3.05; N, 12.11. Found: C, 46.15; H,
2.92; N, 11.70%. IR (KBr, cm™!): 2261m (V(C=N)), 1609s
(vas(0CO)), 1502w, 1370s (vs(0OCO)), 1270w, 1201w, 1081w,
1021m, 981m, 892w, 831m, 713w, 544(m).

2.3. X-ray crystallography

All reflection data 1-3 were collected on a Bruker D8 Quest
PHOTON100 CMOS detector with graphite-monochromated Mo
Ko radiation using the apex2 program [51]. Raw data frame integra-
tion was performed with saint [51], which also applied correction

for Lorentz and polarization effects. An empirical absorption cor-
rection by using the sapass program [51] was applied. The structure
was solved by direct methods and refined by full-matrix least-
squares method on F? with anisotropic thermal parameters for all
non-hydrogen atoms using the sHeixTL software package [52]. All
hydrogen atoms were placed in calculated positions and refined
isotropically. The details of crystal data, selected bond length and
angles for compounds 1-3 are listed in Tables 1 and 2. The weak
intermolecular hydrogen bonding for 1-3 are shown in Table 3.

Table 1
Crystallographic data for compounds 1-3.
1 2 3
Formula CigH14N404Zn  CigH4N4O4Zn  CygH 4N404Cd
Molecular weight 415.72 415.72 462.74
T(K) 293(2) 293(2) 293(2)
Crystal system triclinic triclinic triclinic
Space group P1 P1 P1
a(A) 9.1501(4) 7.7072(3) 8.0430(3)
b (A) 10.7211(5) 10.5091(4) 10.7219(4)
c(A) 11.3426(5) 11.7022(5) 11.5496(4)
o (°) 106.610(1) 70.292(1) 70.838(1)
B(°) 107.798(1) 86.023(1) 82.340(1)
y(°) 109.208(1) 72.587(1) 69.025(1)
V(A% 903.36(7) 850.89(6) 878.33(6)
z 2 2 2
Pealea (g cm™3) 1.528 1.623 1.750
u (Mo Ka) (mm™1) 1.391 1.477 1.276
Data collected 3697 3249 4727
Unique data (Rin) 3463(0.0150) 2771(0.0261)  4339(0.0169)
Ry [wWR," [I>26(I)] 0.0253/ 0.0424/ 0.0248/
0.0667 0.1029 0.0578
Ry*/WR," [all data] 0.0276/ 0.0545/ 0.0288/
0.0680 0.1081 0.0594
Goodness-of-fit (GOF) 1.060 1.059 1.094
Maximum/minimum 0.320/-0.253  1.195/-0.504 0.562/-0.323

electron density (e A~>)

& R=3|IFo| — [Fel[/3IFol.
® R = {SIW(IFol — [EDI/SIwIFo*]}' .

Table 2
Selected bond lengths/A and angles/° for 1-3.

1

Zn-01 1.9373(13) Zn-03 1.9899(13)
Zn-N2 2.0268(13) Zn-N1 2.0381(13)
01-Zn-03 109.03(6) 01-Zn-N2 111.99(6)
03-Zn-N2 108.39(6) 01-Zn-N1 97.13(6)
03-Zn-N1 109.85(6) N2-Zn-N1 119.76(5)
2

Zn-01 2.035(3) Zn-04 2.048(3)
Zn-03 2.061(3) Zn-N1 2.146(3)
Zn-N2 2.180(3) 01-Zn-04 97.28(13)
01-Zn-03 134.17(12) 04-Zn-03 128.53(13)
01-Zn-N1 93.83(10) 04-Zn-N1 88.77(11)
03-Zn-N1 89.09(10) 01-Zn-N2 89.45(10)
04-Zn-N2 91.58(11) 03-Zn-N2 88.07(10)
N1-Zn-N2 176.63(10)

3

Cd-N2 2.2938(15) cd-03 2.3043(17)
Cd-04 2.3059(15) Cd-N1 2.3105(15)
Cd-02 2.3595(16) cd-01 2.4836(16)
N2-Cd-03 87.00(6) N2-Cd-04 89.66(6)
03-Cd-04 127.54(8) N2-Cd-N1 173.11(5)
03-Cd-N1 87.76(6) 04-Cd-N1 89.98(6)
N2-Cd-02 96.81(6) 03-Cd-02 96.88(8)
04-Cd-02 135.45(6) N1-Cd-02 88.26(6)
N2-Cd-01 86.75(6) 03-Cd-01 148.79(8)
04-Cd-01 82.97(6) N1-Cd-01 100.04(6)
02-Cd-01 53.68(5)
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Table 3
Intermolecular weak hydrogen bond lengths/A angles/° in studied structures of 1-3.

D-H.--A d(D-H) d(H. --A) d(D---A) <(DHA)
1(]

C4-H4.--04! 0.93 2.40 3.313(2) 168
C6-H6. - -041 0.93 2.54 3.458(3) 170
C11-H11...N3if 0.93 2.54 3.194(4) 128
C17-H17A.--02V 0.97 2.35 3.256(3) 155

2|)

C6-H6. - N3 0.93 261 3.490(7) 158
C7-H7...021 0.93 2.46 3.379(6) 170
C10-H10---01' 0.93 2.54 3.239(5) 132
C17-H17B-..01i 0.97 2.70 3.539(3) 145
C17-H17A. - N4V 0.97 249 3.310(9) 142

3(‘

C6-H6. - -N3i 0.93 251 3.403(4) 160
C7-H7...021 0.93 267 3.579(6) 163
C11-H11...01% 0.93 2.51 3.355(3) 146
C17-H17B...01 0.97 2.51 3.197(3) 136
C17-H17A.- N4 0.97 2.65 3.346(9) 128

2 Symmetry code for 1: (i)=1-x,2 -y, 1 -z (ii)=-1+x,y,z; (ili)=1+x,1+y,
1+z (iv)=1-x1-y, -z

b For 2: (i)==1+x,1+y,z (ii)=—x1-y, —z (ili)=1-x,1-y, -z (iv)=—x,
-y, 1 -z

CFor3:(i)=1-x1-y, -z (ii)=-1+x,1+y,z (iii)=-1+x,y, z.

3. Results and discussion
3.1. Crystal structure

3.1.1. [Zn(cna)x(dpe)], (1)

Single-crystal structure analysis reveals that all compounds
crystallize in the triclinic system, P1 space group (Table 1). The
asymmetric unit of [Zn(cna),(dpe)], (1) is shown in Fig. 1a. Each
Zn(Il) ion is coordinated by two oxygen atoms from two different
monodentate cyanoacetate anions and two nitrogen atoms from
two 1,2-di(4-pyridyl)ethylene molecules, showing a distorted

tetrahedral ZnN,0, choromophore. The ZnN,0, moiety shows
coordination distances and angles in ranges of 1.937(1)-2.038
(1)A and 109.03(6)-119.76(5)°, respectively (Table 2). The adja-
cent zinc ions are bridged via p,-dpe spacers along a axis generat-
ing 1D zigzag chain of 1 with the Zn. - -Zn separations of 13.233(6)
and 13.452(5) A (Fig. 1b). The two pyridine rings of bipyridyl moi-
eties are not coplanar with the dihedral angle between the two pla-
nar pyridine rings of 13.59°. The conformation of y,-dpe molecule
is anti with C—CH=CH—C torsion angle of 125.59°. In the packing
motif, each zigzag polymeric chain of 1 is assembled by the inter-
molecular weak H-bonding interactions (Fig. 1¢) relating terminal
nitrile-N from cyanoacetate and pyridyl-H from p,-dpe spacer
(C11H---N3), unbound oxygen atoms from cyanoacetate acting as
H-acceptor and pyridyl-H (C4H- - -04), as well as ethylene-H from
Uo-dpe acting as H-donors (C6H---04) (Table 3). In addition, the
interchain C2-H- - - interaction is observed between the neighbor-
ing u,-dpe moieties in ac plane with the separation of 3.435 A.
Moreover, the pyridyl-N atom from p,-dpe can also interact with
the adjacent dpe rings with Npyqy- - -centroid(dpe) distance of
3.595A (Fig. 1c). All interactions complete the overall 3D
supramolecular motif of 1 with the closest interchain Zn- - -Zn sep-
aration of 5.509(5) A.

3.1.2. [Zn(cna)x(dpe)], (2) and [Cd(cna)y(dpe)], (3)

Compounds 2 and 3 are isostructural exhibiting 1D ladder-like
structures. For 2, each Zn(II) ion is five-coordination showing a dis-
torted trigonal bipyamidal ZnN,03; chromophore with a 7=0.71
(Addison’s parameter [53]| 7 =0 for square pyramid and =1 for
trigonal bipyramid) (Fig. 2a). The equatorial trigonal plane around
the zinc atom is composed of three oxygen atoms from three dif-
ferent cyanoacetates, indicated by the angles of 01-Zn1-03, O1-
Zn1-04 and 04-Zn1-03 being 134.17(12)°, 97.28(13)° and
128.53(13)°, respectively. The axial position is occupied by two
nitrogen atoms from two different p,-dpe spacers with N1-Zn-
N2 angle of 176.63(10)°. The average Zn-O and Zn-N distances

Fig. 1. (a) Asymmetric unit and atom labeling scheme of 1. The ellipsoids are shown at 50% probability level. All hydrogen atoms are omitted for clarity. (b) 1D zigzag chain
along a axis. (c) 3D packing diagram of 1 showing the assemblage of six polymeric chains via C-H- - -m (green broken lines) and N- - -rt interactions (black broken lines). 2D
sheet structure of 1 built from weak hydrogen bonding (black dotted lines) extending parallel to the bc plane (left). Another view in ac plane, 2D sheet structure formed by C-
H...m (green broken lines) and Npyiqyi- - -7 (black broken lines) interactions (right). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 2. Part of 1D ladder chain structures of 2(a) and 3(b) with used atom labeling.
The ellipsoids are shown at 50% probability level. All hydrogen atoms are omitted
for clarity. (c) 1D ladder-like structure of 2.

are 2.048(3) and 2.163(3) A, respectively (Table 2). For compound
3, each Cd(II) ion shows six-coordination formed by four carboxy-
late oxygen atoms from three different cyanoacetates and two
nitrogen atoms from two p,-dpe molecules, generating a distorted
octahedral CdN,0,4 chromophore (Fig. 2b). The coordination dis-
tances around Cd(II) center are in the range of 2.294(2)-2.484
(2) A (Table 2). The carboxylate bridges for y;-cna of 2 and 3 exhi-
bit a double-syn,anti-n':n>:u, coordinative mode connecting
between metal ions, giving rise to the dinuclear units with
M- - -M separations of 3.397(5) and 4.013(2) A for 2 and 3, respec-
tively. Additional cyanoacetate acts as terminal monodentate
ligand for 2 and terminal chelating ligand for 3. Moreover, the car-
boxyl-bridged dinuclear units are extended along the particular
direction by paired p,-dpe spacers to create the infinite 1D lad-
der-like structures, as shown in Fig. 2c. The M.--M separations
across pp-dpe are 13.706(6) A for 2 and 13.956(4) A for 3. The
two pyridine rings of bipyridyl moieties are not coplanar with
the dihedral angles between the two planar pyridine ring of
4.39° and 5.26° for 2 and 3, respectively. The conformations of
dpe molecules is anti with C—CH=CH—C torsion angles of
179.81° for 2 and 178.45° for 3. The 3D packing structures of 2
and 3 are stabilized by various weak interchain H-bonding interac-
tions (Fig. 3) involving terminal nitrile-N and oxygen atoms from
cyanoacetates as H-acceptors and pyridyl, ethylene-H atoms from
Ux-dpe and alkyl-H atom from cyanoacetate as H-donors (Table 3).
Furthermore, the nitrile-N from the terminal cyanoacetate can
interact with the adjacent electron-deficient p,-dpe rings with
N3...w distances of 3.382 and 3.388 A for 2 and 3, respectively, sta-
bilizing the overall packing structures of 2 and 3. The closest inter-
chain M. - -M separations are 6.201(7) and 6.602(5) A for 2 and 3,
respectively.

3.2. Photoluminescent properties

The phase purities of all compounds were confirmed by X-ray
powder diffraction (Fig. S1), in which the experimental diffraction
peaks are in good agreement with the pattern simulated from
single-crystal data, implying the good phase purities of 1-3.

The solid-state photoluminescent properties of 1-3 were inves-
tigated at ambient temperature. To compare the luminescent

Fig. 3. (a) The packing diagram of ladder chains of 2 in bc plane showing weak
hydrogen bonding (black broken lines) and Ny - -7 interaction (green dotted
lines). (b) Another view of 3D packing diagram showing weak hydrogen bonding
through carboxylate oxygen from cyanoacetates. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

intensities, all emission spectra were determined with the same
excitation wavelength (/ex =285 nm) and the same spectral pass
widths. As depicted in Fig. 4, compound 1 shows the intense emis-
sion band with maximum at 362 nm and shoulder bands near 380
and 450 nm, upon excitation at 285 nm. In contrast, the isostruc-
tures 2 and 3 show much weaker emission intensity with broad
band with maxima around 470 nm. To understand the nature of
emission bands, the luminescent spectrum of the free dpe ligand
was also examined. The emission peaks of free dpe display the
maximum in the 340-420 nm region and a broadband around
530 nm (Zex = 285 nm) [39,54], which may be assigned to intrali-
gand -7 and n-7m  transitions [16,17,37,39]. Typically, in the
compounds containing Zn(I)/Cd(I) ion with d'°® configuration,
there is no emission originates from the metal-to-ligand (MLCT)
or ligand-to-metal charge transfer (LMCT), since the d'°® metal ions
are normally difficult to be oxidized or reduced [9,30,35,37]. Thus,
the emission of 1-3 may be attributed to intraligand charge transi-
tion. Compared with the free dpe ligand, the emission patterns of
1-3 are quite similar to that of free dpe, implying the ligand-
centered nature of the emission and display the blue-shifts which
were attributed to coordination effects of dpe ligand to the metal
centers [9,32,35,37]. The divergences of the emission spectra
between 1 and isostructures 2 and 3 are attributed to the
differences in coordination environments and the arrangement of
m-conjugation between dpe moieties within supramolecular motifs
[9,32].
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Fig. 4. The solid-state emission spectra of the free dpe and compounds 1-3 at room
temperature.

4. Conclusion

In summary, three new 1D coordination polymers have been
synthesised by self-assemblies of cyanoacetate with Zn(II)/Cd(II)
ions and the 1,2-di(4-pyridyl)ethylene. Cyanoacetate well provides
coordination site through carboxylate oxygen atoms, as well as,
presents either various interchain H-bonding or N- - -7t interactions
through nitrile functional group, stabilizing whole 3D supramolec-
ular frameworks. The result of photoluminescence for 1-3 in the
solid state demonstrated that the orientation and the coordination
environment of organic spacer within supramolecular frameworks
powerfully affect the luminescent properties, and supports the
idea that non-covalent supramolecular assemblies have great
potential for utility in the chemistry of luminescent materials.
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