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Abstract

The crystal design of new coordination polymers containing cyanoacetato ligand
(cna) with various N,N'-organic bridges are presented. Novel twelve coordination
polymers were systematically designed, synthesized and structurally characterized as
following: a series of five Cu" coordination polymers, [Cu(cna)y(pyz)ln (1),
[Cu(cna)x(bpy)(H20)2]n (2), [Cu(ena)x(dpe)ln (3), [Cu(cna)y(dpe)]n(HO0)n (4) and
[Cu(cna)y(bpa)]n (5); secondly, a series of seven Zn"/Cd" coordination polymers,
[Zn(cna),(dpe)]n  (11-1),  [Zn(cna)x(dpe)]n  (11-2),  [Cd(cna)x(dpe)]ln  (11-3)
[Zn(cna)y(bpy)(H20)2]n (11-4) and [Cds(cna)s(bpy)s]a (11-5), [Zn(cna)x(bpa)]n (11-6) and
[Cd(cna)y(bpa)]n (I1-7) (when pyz = pyrazine, bpy = 4,4-bipyridyl, dpe = 1,2-di(4-
pyridyl)ethylene and bpa = 1,2-di(4-pyridyl)ethane). All compounds exhibit low-
dimensional coordination polymers with diverse topologies. Weak interactions such as
hydrogen bonding and N--m and/or C-H--m interactions join the adjacent layers or
polymeric chains to stabilize overall supramolecular networks. The thermal stabilities of
1-5 were investigated. Compound 2 reveals a robust supramolecular framework during
thermal dehydration and rehydration processes. Moreover, this behavior is not observed
in the isomorphous series containing Co(II) and Ni(Il) ions. The magnetic properties of
1 and 3 exhibit very weak antiferromagnetic interaction. Moreover, the solid-state
luminescent properties for |1-1-3 and |1-6-7 have been demonstrated.

Keywords. coordination polymers, cyanoacetic acid, luminescent properties, magnetic

properties
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Executive Summary

The design and construction of coordination polymers has received much
attention and 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 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 shows 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 dimensional materials to higher dimensional supramolecular frameworks. Besides
the structural aspect, the carboxylate bridges provide an efficient pathways for
transmitting magnetic information between paramagnetic centers. Different coordination
modes contribute different forms of cooperative coupling which can be principally used
to modulate the overall magnetic behavior in 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
mono-carboxylate with many interaction sites. It contains both nitrile (—C=N) and
carboxylic groups which not only well provides coordination sites but also effectively
serves as hydrogen accepter site at 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 framework 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 to amorphous and also nonreversible
transformations. Therefore, these versatile connection sites allow the cyanoacetate to be a
promising candidate for constructing the flexible but robust coordination frameworks.
However, the chemistry of coordination 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 much to be explored.
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In order to study the effect of different N,N'-ditopic spacers on the self-assembly
process of CPs, we have herein taken cyanoacetate and different pyridine-based neutral
coligands, pyrazine (pyz), 4,4'-bipyridyl (bpy), 1,2-di(4-pyridyl)ethylene (dpe) and 1,2-
di(4-pyridyl)ethane (bpa) in Cu(Il) and Zn(II)/Cd(II) systems. The new series of
coordination polymers were successfully synthesized by solvent evaporation method and
layered diffusion method. The characterizations have been done through X-ray
crystallography, infrared spectroscopy (IR), solid-state (diffuse reflectance) electronic
spectra (UV-vis), elemental analyses and X-ray powder diffraction (XRPD). Thus, this
research can be separated into two parts:

Part |: Five novel copper(Il) coordination polymers containing cyanoacetate
(cna) anion  with  various N, N'-ditopic  spacers  [Cu(cna)(pyz)], (1),
[Cu(cna)x(bpy)(H20)2], (2), [Cu(ena)y(dpe)], (3), [Cu(ena)y(dpe)].(H:0), (4) and
[Cu(cna),(bpa)], (5) were structurally and spectroscopically characterized. Compound 1
shows 2D sheet structure constructed from u;-1,3(syn,anti) coordinative mode of
cyanoacetate and u,-pyz linking adjacent Cu(Il) centers. Compound 2 exhibits 1D
polymeric chain which is formed by u,-bpy bridging between [Cu(cna),(H,0),] units.
Whereas compounds 3-5 reveal 1D ladder-like structures which are built from double-u»-
dpe/bpa spacers connecting neighboring Cu(Il) cyanoacetate 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, that has been further verified by spectroscopic
techniques, elemental analyses, TGA, and XRPD. Moreover, this behavior is not
observed in the isomorphous series containing Co(II) and Ni(Il) ions. The magnetic
properties of 1 and 3 exhibit very weak antiferromagnetic interactions between Cu(Il)
centers.

Part I1: A series of seven Zn"/Cd" coordination polymers, [Zn(cna)(dpe)], (I1-
1), [Zn(cna)y(dpe)], (I11-2), [Cd(cna),(dpe)], (11-3) [Zn(cna)(bpy)(H,0)2], (I11-4) and
[Cds(cna)e(bpy)s], (11-5), [Zn(cna),(bpa)], (11-6) and [Cd(cna),(bpa)], (I1-7) were
synthesized and structurally characterized. Compound II1-1 exhibits a 1D zigzag
polymeric chain, while compounds I1-2 and 11-3 are isostructural exhibiting 1D-ladder
chain structures built from double-u,-dpe connecting between [Ma(u3-cna)y(cna);]
secondary building units. Compound |1-4 reveals a linear chain structure which is formed
by u,-bpy bridging between [Zn(cna),(H,0),], units. Compound |1-5 shows a triple-
stranded chain consisting of six- and seven-coordinated Cd(II) centers. Compound |1-6
exhibits a zigzag chain coordination polymer containing u,-bpa spacers bridging between
tetrahedral Zn(Il) ions. Whereas |1-7 shows a ladder-like structure which is built from
double u,-bpa spacers connecting between Cd(II) cyanoacetate dimeric units. All
compounds are further extended into a 3D supramolecular architectures through non-
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covalent weak hydrogen bonds and N---z and/or C—H-'w interactions. The divergence of
structural motifs between |1-1 and isostructures |1-2 and |1-3 strongly influences on their
solid-state photoluminescent properties at room temperature. Compound |1-1 exhibits
intense photoluminescence, whereas this is quenched in compounds |1-2 and |1-3. The
free bpa ligand exhibits very weak photoluminescence in the solid state, while this
property is significantly enhanced in |1-6 and |1-7.

Output: The research outcome includes three international publication papers.
1) P. Suvanvapee, J. Boonmak*, F. Klongdee, C. Pakawatchai, B. Moubaraki, K.S.
Murray, S. Youngme, A Series of cyanoacetato copper(Il) coordination polymers with
various N,N'-ditopic spacers: Structural diversity, supramolecular robustness and
magnetic properties. Crystal Growth & Design, 2015, 15(8), 3804. (IF 2014 = 4.89)
2) P. Suvanvapee, J. Boonmak*, S. Youngme, Structural diversity and luminescent
properties of cyanoacetato zinc/cadmium coordination polymers with N,N'-ditopic
auxiliary ligands. Polyhedron, 2015, 102, 693. (IF 2014 = 2.01)
3) P. Suvanvapee, J. Boonmak*, S. Youngme, Synthesis, crystal structure and
luminescent properties of three new zinc/cadmium coordination polymers containing
cyanoacetate and 1,2-di(4-pyridyl)ethylene. Inorganica Chimica Acta, 2015, 437, 11. (IF
2014 =2.05)
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PART |
A SERIESOF CYANOACETATO COPPER(I1) COORDINATION POLYMERS
WITH VARIOUS N,N'-DITOPIC SPACERS: STRUCTURAL DIVERSITY,
SUPRAMOLECULAR ROBUSTNESSAND MAGNETIC PROPERTIES

Introduction

Design and construction of coordination polymers has received much attention and
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 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 shows 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
dimensional materials to higher dimensional supramolecular frameworks."®"*"'* Besides the
structural aspect, the carboxylate bridges provide an efficient pathways for transmitting
magnetic information between paramagnetic centers. Different coordination modes contribute
different forms of cooperative coupling which can be principally used to modulate the overall
magnetic behavior in 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 mono-carboxylate with many interaction sites. It
contains both nitrile (—~C=N) and carboxylic groups which not only well provides
coordination sites but also effectively serves as hydrogen accepter site at cyano group as well
as fabricating the intermolecular N-7z interaction toward neighboring electron-deficient
aromatic moieties.”’ In general, the intermolecular noncovalent interactions are useful tools
for the construction of a soft supramolecular framework’?%?' 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 to amorphous and also
nonreversible transformations.*>*'*° Therefore, these versatile connection sites allow the
cyanoacetate to be a promising candidate for constructing the flexible but robust coordination
frameworks. However, the chemistry of coordination 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 much to be 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 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(Il) dinuclear unit and 1D coordination
polymeric chain. To connect these segments, ancillary N,N'-ditopic spacer has been fulfilled.
Herein, we report the syntheses and characterizations of a novel series of Cu(Il) coordination
polymers, namely, [Cu(cna),(pyz)], (1), [Cu(cna),(bpy)(H,0),]. (2), [Cu(cna)y(dpe)]. (3),
[Cu(cna)y(dpe)].(H20), (4) and [Cu(cna)y(bpa)], (5) (Figure 1). The resulted 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 functional group in cyanoacetate plays a key role on 3D packing
motifs via intermolecular hydrogen bonding and N--z 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 polymer because the noncovalent
supramolecular motif easily collapses upon removal of the coordination water 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(Il) system to preserve the crystalline phase of anhydrous frameworks of 2. The
magnetic properties of 1 and 3 have also been investigated.

Z Sy
EE— J ——  [Cu(cna),(py2)], (1)
AN 2D layer

pyrazine (pyz)

o T [Cu(ena)(bpy)(H;0)],(2)
N\ / \ / 1D chain

Cu(1) 4,4"-bipyridine (bpy)
4
0 d N\
MR o \ — [Cu(cna),(dpe)], (3)
A \ /" ——— [Cu(cna),(dpe)],(H,0), (4)
OH . . 1D ladder chains
cyanoacetic acid (cna) 1,2-di(4-pyridyl)ethylene (dpe)

VAR _

= N [Cu(cna),(bpa)], (5)
— \ /J 1D ladder chain

1,2-di(4-pyridyl)jethane (bpa)

Figurel A series of Cu(IT) coordination polymers 1-5

The resulted 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 functional group in
cyanoacetate plays a key role on 3D packing motifs via intermolecular hydrogen bonding and
N--t 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 polymer
because the noncovalent supramolecular motif easily collapses upon removal of the
coordination water 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(Il) system to preserve the crystalline phase of
anhydrous frameworks of 2. The magnetic properties of 1 and 3 have also been investigated.

Experimental section

General. 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
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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. Solid-state (diffuse
reflectance) electronic spectra were measured as polycrystalline samples on a Perkin-Elmer
Lambda2S spectrophotometer, within the range 400-1100 nm. The X-ray powder diffraction
(XRPD) data were collected on a Bruker D8 ADVANCE diffractometer using
monochromatic CuKa radiation, and the recording speed was 0.5 s/step over the 26 range of
5-40° at room temperature. Thermogravimetric analyses (TGA) were performed using a TG-
DTA 2010S MAC apparatus between 30-500 °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
centre 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)2(pyz)]n (1). The aqueous solution (4 mL) of Cu(NOs),:3H,0
(120 mg, 0.5 mmol) and cyanoacetic acid (85 mg, 1 mmol) was mixed with pyrazine (40 mg,
0.5 mmol) in dimethylformamide (2 mL). This mixture solution was allowed to stand
undisturbed at room temperature, yielding blue crystals of 1 after two days. Yield: 97 mg
(62%) based on copper salt. Anal. Calcd for CuC,oHsN4O4: 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)z(bpy)(H20)2]n (2). The mixture solution of Cu(NO;),-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 two days,
blue crystals of 2 were obtained. Yield: 100 mg (47%) based on copper salt. Anal. Calcd for
CuC6HsN4Og: 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’
h: 15470.

[Cu(cna)x(dpe)], (3) and [Cu(cna)(dpe)]n(H20)n (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 two 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. Calcd for
CuCgH14sN4O4: C, 52.24; H, 3.41; N, 13.54%. Found: C, 51.82; H, 3.41; N, 13.27%. IR (KBr,
em™): 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,sH;N4Os: 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 one week, the suitable single-
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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)]n (5). The solution containing Cu(BF;),-nH,O (118 mg, 0.5 mmol)
and cyanoacetic acid (85 mg, 1 mmol) in water and ethanol (4 mL, 1:1 v/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 two days, greenish-blue
crystals of 5 were obtained. Yield: 86 mg (41%) based on copper salt. Anal. Calcd for
CuCisH6N4Os4: 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.

X-ray Crystallography. The reflection data of 1-4 and 2-Co were collected ona 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 u-cna for 4 and those of terminal cna for 5 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 5), respectively.
Therefore, there are hydrogen bonding networks and N--m 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.

Results and Discussion
General observations and spectroscopic characterizations

The solid-state IR spectra of 1-5 in the region 4000-450 cm™ are displayed in Figure
2. The IR spectra of all compounds exhibit the vibrations of the pyridyl rings for N, N'-ditopic
spacers in the region 1650-1600 cm™ overlapping the v,(OCO) bands around ~1630-1570 cm®
'. The strong bands in the region 1430-1360 cm are attributed to the v{(OCO). The splitting
of v(OCO) reflects that the carboxylate groups of cyanoacetate adopt a variety of coordination
modes. The A Vyymsym 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
3). Compounds 1, 2 and 4 show a broad absorption band at higher energy around 16860-
15450 cm™, corresponding to the 2Eg to 2T2g (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 4.7 While, compounds 3 and
5 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.”*
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Figure 2 IR spectra of compounds 1-5
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Figure 3 The electronic spectra of 1-5

Description of the structures

[Cu(cna)x(py2)]n (1). Single-crystal structure analysis reveals that 1 crystallizes in
the monoclinic system P2,/c space group. The coordination environment of the Cu(Il) center
is shown in Figure 4a. 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 *' = 0 for
square pyramid and 7z = 1 for trigonal bipyramid). The equatorial plane around the copper
atom is composed of two carboxylic oxygen atoms (Ol and O2) from two different
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cyanoacetate groups and two nitrogen atoms from u,-pyz with average Cu-O and Cu-N
distances of 1.959(2) and 2.030(2) A, respectively.

Figure 4 (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

The apical position is occupied by oxygen (O3) atom from z»-cyanoacetate with the
Cu-03 distance of 2.283(2) A. The CuN,0O, 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 semi-coordinated 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-+04 distance of 2.970 A.'®%* The cyanoacetate acts as bridging and terminal ligands. The
uo-cyanoacetate exhibits a sym,anti-n'p’u; coordinative mode of carboxylate bridging
between adjacent Cu(Il) centers along the a axis with Cu--Cu separation of 4.896(5) A,
resulting a zigzag polymeric chain structure of 1. Moreover, each cyanoacetato Cu(Il) wavy
chain is connected by u,-pyz along b axis giving rise to 2D sheet structure of 1 with Cu'--Cu
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separation of 6.832 A via pyz (Figure 4b). The packing motif of 1 is stabilized by weak
hydrogen bonding and N---& interactions between the layers (Figure 5).

bT N3 TN4
RN

—

!
Figure5 The packing motif of 1 in the bc plane; the inset presents the interlayered N--n(pyz)

interactions. The green broken lines present weak hydrogen bonding between
layers of 1

The interlayer weak hydrogen bonding are constructed from the C—H on pyrazine
ring and the nitrogen atom of nitrile group from the terminal and bridging cyanoacetates
[C3HN3'=2.61 A (147°), C3-+N3'= 3.4290(6) A, (i) = 3-x, 1-y, 1-z; CIHN4'= 2.49 A
(147°), C1--N4"= 3.3091(4) A, (ii) = 1+x, 1/2-y, 1/2+z]. Moreover, the nitrile N atoms from
the terminal and zn-cyanoacetate can interact with the electron-deficient 4-pyz ring with
N--centroid(pyz) distance of 3.420 A for N3z and 3.169 A for N4--x, stabilizing 3D
supramolecular framework of 1, as shown in Figure 5. 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-
340A°

[Cu(cna)z(bpy)(H20)2]n (2). Single-crystal structure determination 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(ll) ion is six-
coordinated showing a distorted octahedral CuN,O, chromophore (Figure 6a). The two
nitrogen atoms from two u,-bpy spacers and two oxygen atoms from two terminal
cyanoacetates reside in equatorial plane with Cu-N1 and Cu-02 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 6b. 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
previously 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
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weak hydrogen bonding array between terminal cyanoacetate ligands along ¢ axis (C7H---N2)
(Figure 7) 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 u,-bpy and coordination water molecules
(C2H---O3). Moreover, the C2—-H---m interaction is observed among the adjacent u,-bpy
moieties along ¢ axis with the separation of 3.372 A (Figure 7). 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-,
1/2-z; CTH-N2'= 2.59 A (122°), C7--N2'= 3.213(3) A, (ii) = x, 1/2-y, 1/2+z; O1H--03"=
2.26 A (147°), 01-+031=3.097(2) A, (iii) = 1-x, 1-y, 1-z].

Figure 6 (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 « axis
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Figure 7 The interlaced chain structure of 2 in ab plane formed by 1D intermolecular weak

TRG5780003

hydrogen bonding array between terminal cyanoacetates along ¢ 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---m interaction
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[Cu(cna)z(dpe)]n (3), [Cu(cna)x(dpe)]n(Hz0)n (4) and [Cu(cna)x(bpa)ln (5).
Compounds 3-5 exhibit 1D ladder chain structures as shown in Figure 8. Single-crystal
structure analysis reveals that 3 and 5 are isostructures crystallizing in the triclinic system P1
space group whereas compound 4 crystallizes in the monoclinic C2/c space group. All Cu(Il)
ions are five-coordination showing distorted square pyramidal geometry CuN,O3
chromophore with 7 values of 0.42, 0.04 and 0.46 for 3-5, respectively. Each Cu(Il) center is
surrounded by two carboxylate oxygen atoms from two different cyanoacetates and two
nitrogen atoms from two u,-dpe (for 3 and 4) or u,-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 3-5, 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,0O, square base is not completely planar with tetrahedral twists between the planes of
26.61°, 14.45° and 29.06° for 3-5, 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 3-5, respectively.
Those of slightly shifted value of 4 results from semi-coordinated 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 u,-cyanoacetate of 3 and 5 exhibit a double-syn,anti-n':5’:u; coordinative mode
connecting between Cu(Il) ions, generating the dinuclear Cu(Il) 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-u»-1,1-
monoatomic bridging mode with the shorter Cu--Cu separation of 3.433(4) A. The carboxyl-
bridged dinuclear Cu(Il) units are extended along the particular direction by paired u,-dpe
(for 3 and 4) or u,-bpa spacers (for 5) to create the infinite 1D ladder-like structures. The
Cu---Cu separations across u,-dpe (for 3 and 4) are 13.407(8), 13.349(6) A and u,-bpa (for 5)
13.288(5) 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 3-5,
respectively. The conformations of u,-dpe and u,-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 5). The supramolecular structures of 3 and 5 (Figure 9) 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, C15H+02'=2.46 A (126°), C15--02' = 3.099(4) A, (i) = -x, 2-y, 1-
z; C16H+02'= 2.60 A (121°), C16--02' = 3.147(4) A; for 5, C2H--O4'= 2.52 A (152°),
C2-+04'=3.373(4) A, (i) = -x, -y,-z; C17TH--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 u,-dpe rings with N---centroid distances of 3.665
A (for N3--m) and 3.274 A (for N4--m), stabilizing the overall packing structure of 3. The
N---m(bpa) interactions in 5 is not observed because two bipyridyl moieties in a flexible u,-bpa
spacer are notably twisted with the highest dihedral angle compared with those of 3 and 4.
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Figure 8 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 z4,-cna for 4 and those of terminal cna for 5 are shown
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Figure 9 2D packing structure of ladder chains in 3 in ac plane showing weak hydrogen
bonding (green broken lines) and N---m interactions between the ladder chains
(black broken lines)

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--O5 = 3.194 A, as well as, the
hydrogen bonding between lattice water molecules with O5--O5i 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
1b-dpe cooperatively stabilizes the entire 3D packing motif of 4 with the closest Cu---Cu
interchain distance of 7.2746(5) A [C5H-N3' = 2.51 A (170°), C5--N3' = 3.433(5) A, (i) =
1/2-x, 5/2-y,-z; CTH-+04" = 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] (Figurel0).
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FigurelO0 The packing diagram of ladder chains 4 in ab and ac planes showing hydrogen
bonding (red broken lines) between lattice water molecules and cyanoacetates.
The weak C-H-+O bond presents in green broken lines and N-7 interaction
presents in black broken line
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Table1l Crystallographic data for compounds 1-5

1 2 3 4 5
Formula Cu Cu Cu Cu Cu
CioHsN4O4 Ci6H16N4Og CisH14N4O4 CisH16N4Os CisHi6N4O4
MW 311.74 423.87 413.87 431.87 415.90
T (K) 293(2) 293(2) 293(2) 293(2) 293(2)
Crystal system  monoclinic  orthorhombic triclinic monoclinic triclinic
Space group P2,/c Pccn P1 C2/c P1
a(A) 4.8966(1)  12.7963(12) 9.6394(7) 23.9507(12) 8.1148(3)
b (A) 13.3780(4)  18.0945(17) 10.0132(7) 11.7986(6) 10.2084(3)
c(A) 17.6679(5) 7.4363(7) 10.2337(7) 14.5996(8) 12.3390(4)
a (deg) 90.00 90.00 97.073(2) 90.00 105.745(1)
S (deg) 101.794(1) 90.00 91.002(2) 110.044(1) 95.226(1)
y (deg) 90.00 90.00 117.107(1) 90.00 110.908(1)
V(A% 1132.93(5) 1721.8(3) 869.54(11) 3875.7(3) 898.72(5)
VA 4 4 2 8 2
Peated (€ cm™) 1.828 1.635 1.581 1.473 1.537
1 (Mo Ka) 1.945 1.312 1.289 1.163 1.247
(mm)
Data collected 3028 2075 4324 3988 3670
Unique 2239 1796 3493 3451 3177
data (Rint) (0.0320) (0.0192) (0.0463) (0.0219) (0.0182)
R\“/wR,” 0.0567/ 0.0347/ 0.0467/ 0.0322/ 0.0331/
[{>20(])] 0.1378 0.0921 0.1001 0.0820 0.0837
R\“/WR,’ 0.0731/ 0.0395/ 0.0625/ 0.0405/ 0.0420/
[all data] 0.1488 0.0958 0.1064 0.0864 0.0882
GOF 0.996 1.091 1.072 1.055 1.056
Max/min 0.469/ 0.332/ 0.584/ 0.354/ 0.542/
electron density -0.775 -1.238 -0.250 -0.264 -0.217

(e A7)

‘R = Y||F J-F/ZIF,|. "Ri= { ZIW(F J-IFD]*/ZWIF] 2
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Table2 Selected bond lengths (A) and angles (°) for compounds 1-5

Cul-02
Cul-0O1
Cul-N2
O1-Cul-N1
02-Cul-01
02-Cul-N2
O1-Cul-N2
02-Cul-N1

Cul-02
Cul-02
Cul-O1
02-Cul-02
02-Cul-N1
02-Cul-N1
02-Cul-N1'
02-Cul-N1'
N1'-Cul-01

Cul-O1
Cul-03
Cul-N1
03-Cul-N2
N2-Cul-01
N2-Cul-N1
03-Cul-04'
01-Cul-04'
03-Cul-02

Cul-0O1
Cul-03
Cul-N1
N2-Cul-N1
03-Cul-N2
03-Cul-N1

Cul-01
Cul-N2
Cul-02!
01-Cul-03
03-Cul-N2
03-Cul-N1
01-Cul-02!
N2—Cul-02!

Compound 1°

1.949(2) Cul-N1
1.969(2) Cul-03'
2.030(2) Cul--04
90.73(9) N2-Cul-N1
171.54(9) 02-Cul-03'
91.43(9) 01-Cul-03'
90.15(9) N2-Cul-03"
91.08(9) N1-Cul-03"

Compound 2
1.9807(12) Cul-N1
1.9807(12) Cul-N1'
2.4998(15) Cul-O1
180.00 01'-Cul-O1
91.14(5) N1-Cul-N1'
88.86(5) 02'-Cul-0O1
88.86(5) 02-Cul-0O1
91.14(5) N1-Cul-O1
89.00(6)

Compound 3°
2.0138(19) Cul-N2
1.9667(18) Cul-04'
2.023(2) 04i-Cul-02
90.25(8) 03-Cul-0O1
90.74(8) 03-Cul-N1
178.99(9) O1-Cul-N1
119.06(8) N2-Cul-04'!
87.49(8) N1-Cul-04'
98.69(7)

Compound 4°
1.9866(13) Cul-N2
1.9493(14) Cul-04
2.0136(15) Cul-O1
170.77(7) 03-Cul-01
90.76(6) O1-Cul-N2
88.31(6) O1-Cul-N1

Compound 5°
1.9743(16) Cul-03
2.0139(17) Cul-N1
2.2642(19) N1-Cul-02'
150.86(7) O1-Cul-N2
88.54(7) O1-Cul-N1
90.11(7) N2-Cul-N1
117.27(8) 03-Cul-02'
89.88(8)

2.031(2)
2.283(2)
2.970(28)
156.83(12)
80.59(9)
90.95(9)
101.86(10)
101.28(10)

2.0228(13)
2.0228(13)
2.4998(15)
180.00
180.00
86.75(5)
93.25(5)
91.00(6)

2.010(2)
2.282(2)
142.13(8)
153.34(8)
88.79(8)
90.26(8)
92.86(8)
87.35(8)

2.0082(15)
2.8283(23)
2.4459(14)
168.51(6)
91.27(6)
91.46(6)

1.9998(16)
2.0158(16)
90.03(7)
89.41(7)
91.83(7)
178.65(7)
91.80(8)

“ Symmetry codes for 1: (i) 1+x, y, z. “For 2: (i) 1-x, 1-y, —.

“ For 3: (i) 1—x, 2—y, 1—z.9 For 4: (i) 0.5+x, 0.5+, z.

“For 5: (i) 1-x, 1-p, —z.

TRG5780003

NOWNIAU 2559



16

Supramolecular robustnessin 2

To examine the thermal stabilities of compounds 1-5, thermogravimetric analyses
(TGA) were performed in the temperature range 30-500°C in N, atmosphere (Figurell).
Compounds 1, 3, 4 and 5 show no weight loss and stable up to ~140, 120, 110, 100°C,
respectively. Then the structures gradually decompose corresponding to the removal of lattice
water molecule, cyanoacetate and organic coligands, finally giving a mixture of the CuO and
Cu,0 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.

100 -

e |
90 | —_—2
3
80 —4
s —_—
§3 70
—t
=
.%‘ 60
=
50
40 |
30 _
\_—
20 T T T T ]
100 200 300 400 500
Temperature (°C)

Figurell TGA curves of compounds 1-5

Aforementioned compound 2 contains two coordination water molecules and its
anhydrous phase remaining stable up to 107°C, as evidenced by 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) 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 12.
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Figure 12 XRPD patterns: simulated from single-crystal X-ray data of 2; as synthesized 2,
the dehydrated form 2-A; the rehydrated form 2-A'

Intensity (a.u)

The elemental analysis of 2-A (Anal. Calcd for CuC;sH1,N4O4: 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(Il) 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.
Calcd CuC ¢H 4N4Og: 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 framework 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
13) 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.
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Figure 13 TGA curves of 2, the dehydrated form 2-A, and rehydrated
form 2-A'

The UV-vis spectra clearly show that the parallel bands observed in 2 and 2-A'
implying the same Cu(Il) environments (Figure 14). Whereas the anhydrous 2-A shows the
blue-shifted absorption broadband with A, 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 v(O—H) of coordination water molecules around 3544-3200 cm™ and the v{(OCO)
of cyanoacetate at ~1600 cm™ and the fingerprint region below 818 cm™ (Figure 15). 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(I) (2-Ni) centers.
The crystal structures of 2-Co and 2-Ni are confirmed by XRD, IR spectra, TGA and
elemental analysis (Figure 16-3.18).

absorbance

¥ T X T y T
400 600 800 1000

Wavelength (nm)

Figure 14 The UV-vis diffuse reflectance spectra of as-synthesize 2-Cu (black line), the
dehydrated form 2-Cu-A (red line), and the rehydrated form 2-Cu-A' (blue
line)
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Figure 15 IR spectra of as-synthesize 2, the dehydrated form 2-A, and rehydrated form 2-A'
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Figure 16 XRPD patterns of simulated from single-crystal X-ray data of 2 and as-
synthesized of 2, 2-Co and 2-Ni
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Figure 17 TGA curves of compounds 2, 2-Co and 2-Ni
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Figure 18 IR spectra (4000-450 cm™) for as-synthesize 2, 2-Co and 2-Ni.
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Table 3 Crystallographic data for compound 2-Co

2-Co
Formula CoC;6H6N4Og
MW 419.26
T (K) 293(2)
Crystal system orthorhombic
Space group Pccn
a(A) 12.8995(5)
b (A) 18.6577(8)
c(A) 7.1839(3)
o (deg) 90.00°
p (deg) 90.00°
y (deg) 90.00°
V(A% 1728.99(12)
Z 4
Peatea (g cm”) 1611
u (Mo Ka) (mm™) 1.036
Data collected 2150
Unique data 1923
R“/WRY" [I > 26(1)] 0.0258/0.0743
R“/wR," [all data] 0.0290/0.0766
GOF 1.046
Max/min electron density (e A>) 0.272/-0.306

R = Y||F HF/ZIF,). Rz { ZIW(F|-IF )] /ZWF[] 3

Table4 Selected bond lengths (A) and angles (deg) for compound 2-Co

Compound 2-Co

Col-01 2.0932(9) Col-N1 2.1375(10)
Col-Ol' 2.0932(9) Col-02' 2.1429(9)
Col-N1! 2.1375(10)  Col-02 2.1429(9)
01-Col-01' 180.00(4) N1'-Co1-02' 92.01(4)
01-Col-NI' 89.85(4) N1-Col-02' 87.99(4)
O1'-Col-N1' 90.15(4) 01-Col-02 90.44(4)
01-Col-N1 90.15(4) 01'-Co1-02 89.56(4)
01'-Col-N1 89.85(4) N1'-Co1-02 87.99(4)
N1'-Col-N1 180.00 N1-Col-02 92.01(4)
01-Co1-02' 89.56(4) 02'-Col1-02 180.00
01'-Co1-02' 90.44(4)

(1) 2—x, 1=y, —z

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 the no
observed stable anhydrous phases in TGA profiles. The dehydrated form of 2-Co-A and 2-Ni-
A were examined and obtained by heating the polycrystalline sample at 115°C, 135°C for 20
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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 19).

105°C

-2H,0
dehydration

2-A 2-Ni-A

Figure 19 The colors of as-synthesized 2, 2-Co and 2-Ni and dehydrated forms of 2-A, 2-
Co-A, 2-Ni-A

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 20
and 3.21).

2-Co-A'

AN ysop i

2-Co-A

Intensity (a.u)

as-synthesized 2-Co

; i :
10 20 30 40
2-THETA (degree)

Figure 20 XRPD patterns: as-synthesized |112-Co, the dehydrated form 2-Co-A; and 2-Co-
A' was obtained by soaking the dehydrated 2-Co-A in water for 1 day
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2-Ni-A'

2-Ni-A

Intensity (a.u)

as-synthesized 2-Ni

2-THETA (degree)

Figure 21 XRPD patterns: as-synthesized 2-Ni, the dehydrated form 2-Ni-A; and 2-Ni-A'
was obtained by soaking the dehydrated 2-Ni-A in water for 1 day

The observation of the robust framework of 2 may be attributed to the cooperative
effects between the diverse intermolecular interactions stabilizing noncovalent
supramolecular motifs together with the Jahn-Teller distortion in Cu(II) d’ 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 7). Thus, upon eliminating the coordination
water in 2, these unbound carboxylic oxygen atoms possibly weakly interact with the vacant
Cu(ID) sites leading to the elongated octahedral geometry, as evidenced by electronic spectra
of 2-A (Figure 14).

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--'m interactions together
efficiently support the stabilization of overall supramolecular framework of 2-A (Figure 22).
Furthermore, the structural collapses of the anhydrous analogues, 2-C0o-A and 2-Ni-A point
out that besides noncovalent interactions and coordination bridges, the Jahn-Teller effect in
Cu(II), d° system play a significant role on 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 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.
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6-coordinated

2-A

6-coordinated

Figure 22 The proposed coordination environment of Cu(II) centér in the dehydrated form.

M agnetic measur ements

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 (Figure 23 and 3.24). At 300 K the
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 then, more rapidly, reaching 0.33 cm® K mol™ at 2 K. In contrast, the yu7T values for
3 are practically constant until ~10 K, and then the y\7 values abruptly decrease to reach 0.19
cm® K mol™ at 2 K. The corresponding plots of y,, vs. T for 1 and 3 show Curie-like behavior
with a hint of a maximum in ¥y beginning below 2 K in 3. The data are generally indicative
of very weak antiferromagnetic coupling, this being responsible for the rapid decreases in yy, T’
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 sym,anti-n':i7’:ur-cyanoacetate bridged chains, the other for the
pyrazine bridged chains. Landee and Turnbull have recently reviewed low-dimensional Cu(II)
molecular magnets® including related 2D rectangular sheets such as [Cu(HCO,)(pyz)(NOs)],
that showed a mixed antiferromagnetic (pyrazine bridge)/ferromagnetic (formate bridge)
behaviour and was fitted by Monte Carlo methods.” [Cu(HCO,)(pyz)(NO3)], showed a broad
maximum in y,T 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 y, or 7 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)(NO3)],.. As in the case of
2D p-[Cu(dca),(pyz)], where dca = ;11,5—NC(N)CN71 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
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obtained (Figure 25) using a single J of —0.24 cm™ but the g value of 1.89 is lower than

expected for Cu(Il) and the Na (temperature independent susceptibility) of 400 x 10 cm’
mol” is much higher than the normal 60 x 10 cm’® mol”. The size of J is at the lower end of

values found for synm,anti-n':n’:po-carboxylate and pyrazine bridges. It is possible there are

traces of impurity in the sample of 1 that affect the y,,7 behavior and the fitting thereof.”
The yuT 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.
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Figure 23 Temperature dependence of y,, T of compound 1
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Figure 25 Best fit of the yy T data for compound 1 using the Lines model described in the
text. NB-NA = temperature independent susceptibility is usually 60 x 10 cm’
mol™ for Cu(II)

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 2-5 exhibit polymeric chain structure while 1 shows 2D layer. This result
demonstrated that the length of auxiliary spacers effectively influences on the structural
dimensionalities. The shortest pyrazine with Cu(ll) cyanoacetate well provides the
construction of 2D coordination polymer in 1. Likewise, the structural diversity greatly
results from the carboxylate groups in cyanoacetate that can coordinate with Cu(Il) center in
various ways. The u,-1,3(syn,anti) bridging mode for 1, 3 and 5, and u,-1,1 monoatomic
bridge in 4 are found, whereas cyanoacetate in 2 behaves as 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---m 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 thermal dehydration and rehydration processes
that is not observed in the isomorphous series containing Co(II) and Ni(Il) ions. This result
demonstrates the significant role of Jahn-Teller distortions in 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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PART I1
STRUCTURAL DIVERSITY AND LUMINESCENT PROPERTIES OF
CYANOACETATO ZINC/CADMIUM COORDINATION POLYMERS
WITH N,N'-DITOPIC AUXILIARY LIGANDS

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, magnetism and non-linear optical properties and so on''’. 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 stoichiometry, temperature, solvent,
counterions and so on"®'". It is well-known that the most common synthetic method for the
construction of novel CPs is the mixed-ligands strategy™'*">. The combination of different
ligands can effectively contribute a variety of structural frameworks with fascinating
properties™'*'*1*° 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 of various new structural types
of metal carboxylates’®**. 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*****, Coordination polymers constructed from d'° transition metal ions,
particularly, abundant zinc(II) and cadmium(Il) ions, together with luminescent organic
ligands containing conjugated m systems and aromatic rings have been a growing interest
because of their potential applications in chemical sensors and electroluminescent
display*****_ 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™'®!72%32343% "Iy this work, we choose a cyanoacetate anion (cna) and N,N'-
ditopic spacers luminescent spacer incorporating zinc(Il) and cadmium(Il) ions to develop
new luminescent coordination networks. The cyanoacetate (NC,H,CO,") anion contains both
nitrile (-C=N) and carboxylic groups which not only well provides rich coordination sites but
also effectively serves as intermolecular hydrogen-accepter sites, as well as fabricating the
N interaction toward neighboring aromatic moieties*”*’. These versatile connection sites
allow cyanoacetate to be a good candidate for constructing 3D supramolecular structures.
Meanwhile, the mixed-ligands strategy, including N,N'-ditopic organic coligands with
different lengths and flexibility, has successfully demonstrated various novel CPs. In order to
study the effect of different N,N'-ditopic spacers on the self-assembly process of CPs, we have
herein taken cyanoacetate and different pyridine-based coligands in Zn(I1)/Cd(II) system and
yielded seven new coordination polymers, [Zn(cna)y(dpe)], (11-1), [Zn(cna),(dpe)], (11-2) ,
[Cd(cna)y(dpe)],  (I1-3)  [Zn(cna)y(bpy)(H20).],  (I1-4),  [Cds(cna)s(bpy)sl,  (I1-5),
[Zn(cna)y(bpa)], (I11-6) and [Cd(cna)y(bpa)], (I11-7) (bpy = 4,4"-bipyridyl, 1,2-di(4-
pyridyl)ethylene (dpe) and bpa = 1,2-di(4-pyridyl)ethane). The characterization has been done
through X-ray crystallography, IR spectroscopy, and elemental analysis. The luminescent
properties of 11-1-3 and I1-6-7 have also been studied in detail.
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Experimental
Materials and physical measur ements

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 Ko radiation, and the recording speed was 0.5 s/step over the 26 range of
5-40° at room temperature. Photoluminescent spectra of the sample powders were performed
on a Shimadzu RF-5301PC spectrofluorometer in the wavelength range of 300-560 nm. The
excitation and emission pass widths are 1.5 and 3.0 nm, respectively.
Synthesis

Preparation of [Zn(cna),(dpe)], (I1-1) and (I1-2). The solution containing
Zn(0,CCHj3),-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 I1-1 and small pale
yellow crystals of |1-2 were obtained. These crystals were manually separated, washed with
water and dried in air. Yield for I1-1: 75 mg (36%) based on zinc salt. Anal. Calcd for
ZnCgH4N4Oy4: C, 52.00; H, 3.39; N, 13.48%. Found: C, 51.79; H, 3.21; N, 13.30%. IR (KBr,
em™): 3060w, 2918w, 2261m (v(C=N)), 1664s, 1623s (v,(OCO)), 1512w, 1401m, 1371m
(vs(0CO)), 1269m, 1077w, 1027m, 844m, 733w, 612w, 561m. Yield for I1-2: 125 mg (60%)
based on zinc salt. Anal. Calcd for ZnCigH4N4O4: C, 52.00; H, 3.39; N, 13.48%. Found: C,
51.23; H, 3.33; N, 13.23%. IR (KBr, cm"): 3066w, 226Im (v(C=N)), 1642s, 1612s
(Vas(OCO)), 1513m, 1423s, 1383s (v{(OCO)), 1263m, 1204m, 1074m, 1015m, 994m, 915m,
836m, 716w, 557s.

Preparation of [Cd(cna)y(dpe)]n (I1-3). The solution containing Cd(NO;),"4H,0
(154 mg, 0.5 mmol) and cyanoacetic acid (85 mg, 1 mmol) in water (4mL) 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, yielding pale yellow crystals
of 11-3 after four days. Yield: 145 mg (63%) based on cadmium salt. Anal. Calcd for
CdCgH14sN4O4: C, 46.72; H, 3.05; N, 12.11%. Found: C, 46.15; H, 2.92; N, 11.70%. IR (KBr,
ecm™): 2261m (v(C=N)), 16095 (v,(OCO)), 1502w, 1370s (v{(OCO)), 1270w, 1201w, 1081w,
1021m, 981m, 892w, 831m, 713w, 544(m).

Preparation of [Zn(cna)(bpy)(H2O0)2]n (I1-4). The solution containing
Zn(NOs),'6H,0 (148 mg, 0.5 mmol) and cyanoacetic acid (85 mg, 1 mmol) in water and
dimethylformamide (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 I1-4 after two weeks. Yield: 52 mg
(24%) based on zinc salt. Anal. Calcd for ZnC;sH(N4O¢: 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,5(OCO)), 1436w, 1367s (v{(OCO)), 1270w, 1220w, 1083w, 1015m, 907w, 829m,
720w, 551w, 488m.

Preparation of [Cds(cna)s(bpy)s]n (11-5). An ethanolic solution (4 mL) of cyanoacetic
acid (85 mg, 1 mmol) and 4,4"-bipyridyl (78 mg, 0.5 mmol) was carefully layered on an
aqueous solution (2 mL) of Cd(NOs),"4H,0 (154 mg, 0.5 mmol). After three weeks, colorless
needle-shaped crystals of 11-5 were obtained. Yield for 11-5: 225 mg (34%) based on
cadmium salt. Anal. Calcd for Cd;C4sH3zsN12012: C, 44.01; H, 2.77; N, 12.83%. Found: C,
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43.76; H, 2.51; N, 12.73%. IR (KBr, cm™): 2263w (V(C=N)), 1635s (v,(OCO)), 1396s
(vs(0CO)), 1217w, 1078m, 1007m, 899w, 807m, 635m.

Preparation of [Zn(cna),(bpa)], (I1-6). The solution containing Zn(O,CCH3),-2H,O
(109 mg, 0.5 mmol) and cyanoacetic acid (85 mg, 1 mmol) in water and dimethylformamide
(4 mL, 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 |1-6 after three days. Yield: 134 mg (64%) based on zinc salt.
Anal. Calcd for ZnCgHsN4O4: 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,(OCO)), 1433w, 1368s (v{(OCO)),
1270w, 1221w, 1083m, 1023w, 986w, 835m, 550m.

Preparation of [Cd(cna)x(bpa)], (I11-7). Compound I1-7 was synthesized similarly to
I1-6 using Cd(NO;),"4H,0 (154 mg, 0.5 mmol) instead of Zn(O,CCHj3),:2H,0 (109 mg, 0.5
mmol). After three days, colorless rod-shaped crystals of |11-7 were obtained. Yield: 106 mg
(45%) based on cadmium salt. Anal. Calcd for CdC,3H,N4O4: 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 (v(OCO)), 1273w, 1216w, 1072w, 1048w, 1010w, 942w, 809m, 724w, 638m.

X-ray crystallography

The reflection data of |1-1-7 were collected on a Bruker D8 Quest PHOTON 100
CMOS detector with graphite-monochromated MoKo. 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. The unbound and coordination oxygen atoms (O4 and O3)
of one terminal cyanoacetate for |1-6 are disordered. The occupancies of two conformations
were refined to 0.4 and 0.6.

Results and Discussion
Description of the structures

[Zn(cna)(dpe)]n (11-1). Single-crystal structure analysis reveals that all compounds
crystallize in the triclinic system, P1space group (Table 1). The asymmetric unit of
[Zn(cna),(dpe)], (I1-1) is shown in Figure 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,O, choromophore.
The ZnN,O, 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 adjacent zinc ions are bridged via u,-
dpe spacers along a axis generating 1D zigzag chain of |1-1 with the Zn'--Zn separations of
13.233(6) and 13.452(5) A (Figure 1b).
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Figure 1l (a) Asymmetric unit and atom labeling scheme of |1-1. The ellipsoids are shown at
50% probability level. All hydrogen atoms are omitted for clarity. (b) 1D
zigzag chain along a axis. (¢) 3D packing diagram of Il-1 showing the
assemblage of six polymeric chains via C—H---w (green broken lines) and Nz
interactions (black broken lines). 2D sheet structure of |1-1 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---x (green broken
lines) and Nrigy1-m (black broken lines) interactions (right).

The two pyridine rings of bipyridyl moieties are not coplanar with the dihedral angle
between the two planar pyridine rings of 13.59°. The conformation of u,-dpe molecule is anti
with C—-CH=CH-C torsion angle of 125.59°. In the packing motif, each zigzag polymeric
chain of II-1 is assembled by the intermolecular weak H-bonding interactions (Figure 1c)
relating terminal nitrile-N from cyanoacetate and pyridyl-H from u,-dpe spacer (C11H---N3),
unbound oxygen atoms from cyanoacetate acting as H-acceptor and pyridyl-H (C4H---O4), as
well as ethylene—H from u,-dpe acting as H-donors (C6H:-O4) (Table 3). In addition, the
interchain C2—H- - interaction is observed between the neighboring u,-dpe moieties in ac
plane with the separation of 3.435 A. Moreover, the pyridyl-N atom from u,-dpe can also
interact with the adjacent dpe rings with Nyig,-centroid(dpe) distance of 3.595 A (Figure
Ic). All interactions complete the overall 3D supramolecular motif of |1-1 with the closest
interchain Zn---Zn separation of 5.509(5) A.
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-1 -2 -3
Formula CsHsN4,O4Zn CsHsN4,O4Zn C,sH4N,0,Cd
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)
a (deg) 106.610(1) 70.292(1) 70.838(1)
£ (deg) 107.798(1) 86.023(1) 82.340(1)
y (deg) 109.208(1) 72.587(1) 69.025(1)
V(A% 903.36(7) 850.89(6) 878.33(6)
Z 2 2 2
Peated (g cm™) 1.528 1.623 1.750
u (Mo Ko) (mm™) 1.391 1.477 1.276
Data collected 3697 3249 4727
Unique data (Rint) 3463(0.0150) 2771(0.0261) 4339(0.0169)
R“/wRy” [I> 20(1)] 0.0253/0.0667 0.0424/0.1029 0.0248/0.0578
R\“/wR," [all data] 0.0276/0.0680 0.0545/0.1081 0.0288/0.0594
GOF 1.060 1.059 1.094
Max/min electron density 0.320/-0.253 1.195/-0.504 0.562/-0.323

(eA”)

R = Y||F |HF/ZIF,). R= { ZIW(F|-F )] /ZWIF[] 3

[Zn(cna)(dpe)], (11-2) and [Cd(cna)(dpe)], (I1-3). Compounds I1-2 and |1-3 are
isostructural exhibiting 1D ladder-like structures. For [1-2, each Zn(Il) ion is five-
coordination showing a distorted trigonal bipyamidal ZnN,O; chromophore with a ¢ = 0.71
(Addison’s parameter*® 7 = 0 for square pyramid and 7 = 1 for trigonal bipyramid) (Figure
2a). The equatorial trigonal plane around the zinc atom is composed of three oxygen atoms
from three different cyanoacetates, indicated by the angles of O1-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 u,-dpe spacers with N1-Zn—N2 angle
of 176.63(10)°. The average Zn—O and Zn-N distances are 2.048(3) and 2.163(3) A,
respectively (Table 2). For compound 11-3, each Cd(II) ion shows six-coordination formed by
four carboxylate oxygen atoms from three different cyanoacetates and two nitrogen atoms
from two u,-dpe molecules, generating a distorted octahedral CdN,O, chromophore (Figure
2b). The coordination distances around Cd(II) center are in the range of 2.294(2)-2.484(2) A
(Table 2).

TRG5780003 NOWNIRU 2559



35

Figure 2 Part of 1D ladder chain structures of 11-2(a) and 11-3(b) with used atom labeling.
The ellipsoids are shown at 50% probability level. All hydrogen atoms are
omitted for clarity. (¢) 1D ladder-like structure of I1-2
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Table 2 Selected bond lengths /A and angles /° for 11-1-3

-1
ZnOl 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
ZnOl 2.035(3) Zn-04 2.048(3)
Zn-03 2.061(3) Zn-NI1 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)

The carboxylate bridges for u»-cna of 11-2 and 11-3 exhibit 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 11-2 and 11-3, respectively. Additional
cyanoacetate acts as terminal monodentate ligand for 11-2 and terminal chelating ligand for
I1-3. Moreover, the carboxyl-bridged dinuclear units are extended along the particular
direction by paired u,-dpe spacers to create the infinite 1D ladder-like structures, as shown in
Figure 2c. The M-*M separations across u,-dpe are 13.706(6) A for 11-2 and 13.956(4) A for
I1-3. 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 |1-2 and 11-3, respectively. The
conformations of dpe molecules is anti with C-CH=CH-C torsion angles of 179.81° for I1-2
and 178.45° for 11-3. The 3D packing structures of I1-2 and I1-3 are stabilized by various
weak interchain H-bonding interactions (Figure 3) involving terminal nitrile-N and oxygen
atoms from cyanoacetates as H-acceptors and pyridyl, ethylene-H atoms from u,-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 u,-dpe rings with
N3---7 distances of 3.382 and 3.388 A for 11-2 and I1-3, respectively, stabilizing the overall
packing structures of |1-2 and 11-3. The closest interchain M---M separations are 6.201(7) and
6.602(5) A for I1-2 and 11-3, respectively.
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(a)

Figure 3 (a) The packing diagram of ladder chains of II-2 in bc plane showing weak
hydrogen bonding (black broken lines) and N7 interaction (green dotted
lines). (b) Another view of 3D packing diagram showing weak hydrogen
bonding through carboxylate oxygen from cyanoacetates.

[Zn(cna)a(bpy)(H20)2], (11-4). Compound 11-4 crystallizes in the orthorhombic with
Pccn space group, exhibiting a 1D chain structure, as shown in Figure 4a. The structure of 1-
4 is isomorphous with previously reported complexes, [M(cna),(bpy)(H,O),], (M =
Cu(II)[120], Mn(II)[27]). Each Zn(II) 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, adopting a distorted octahedral geometry.
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Figure 4 (a) 1D linear chain structure of 11-4 with used atom labeling. The ellipsoids are
shown at 35% probability level. The hydrogen atoms are omitted for clarity
(i) = -x, 1-y, 1-z. (b) The packing diagram of |1-4 formed by the interchain
hydrogen bonding (black broken lines) and C—H-m interactions (blue
broken lines)

The ZnN,0O4 moiety shows coordination distances in the ranges of 2.118(9)-2.172(6)
A. The adjacent zinc(II) ions are bridged via u,-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 angles 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:-N2,i.) (Figure 4b, Table 4), between unbound O atom from
cyanoacetate and H atom from coordination water molecule (O3H:--O2), as well as, the
pyridyl H atom from u,-bpy and O atom from coordination water molecule (C4H:--O2).
Moreover, the C4—H---1 interaction is observed among the adjacent u,-bpy moieties along the
c axis with the separation of 3.394 A (Figure 4b). These weak interactions complete the 3D
supramolecular motif of 1 with the closest interchain Zn---Zn separation of 7.208(2) A.

[Cds(cna)s(bpy)s]n (11-5). Compound I1-5 crystallizes in the monoclinic C2/c space
group, exhibiting a 1D triple-stranded chain structure, as shown in Figure 5a. The 1D triple-
stranded chain of I1-5 contains three Cd(Il) centers with two different geometries, i.e., two
distorted pentagonal bipyramidal CdIN,Os and one distorted octahedral Cd2N,O,
chromophores. In the Cd1N,0Os moiety, each Cd1 center is surrounded by five carboxylate O
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atoms from three different cyanoacetate ligands (Cd1-O = 2.275(7) —2.475(6) A) and two N
atoms from two u,-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—O = 2.328(6)-2.393(6) A) and two N atoms from two u,-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[121-122]. The Cd2 is bridged to two symmetry-related Cd1 ions
via double-syn,anti-n":n’:u,-cyanoacetates and double-chelating bridging bidentate modes of
cyanoacetates, generating a linear trinuclear (Cdl, Cd2, Cdla) unit with the Cd--Cd
separation of 4.184(2) A. Moreover, each trinuclear unit is linked by u,-bpy spacers, giving
rise to a 1D triple-stranded chains of |1-5 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° (Cdl) and 21.13° (Cd2). For the packing
motif (Figure 5b), each chain of I1-5 is assembled by the intermolecular weak hydrogen
bonding among nitrile—N atoms from terminal cyanoacetates, coordination oxygen atoms
from cyanoacetates, and pyridyl-H atoms from u,-bpy (C20H:-N5, C16H--O1, and
C11H--O1) (Figure 5b, Table 4). All interactions complete the overall 3D packing structure
motif of |1-5 with the closest interchain Cd---Cd separation of 6.672(2) A.

Figure 5 1D triple-stranded chain structure of |1-5 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 I1-5 formed by various
weak hydrogen bonding in ac plane
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[Zn(cna)x(bpa)], (11-6). Compound |1-6 crystallizes in the triclinic P1 space group,
exhibiting a 1D zigzag chain structure, as shown in Figure 6a. Each Zn(Il) ion is coordinated
by two oxygen atoms from two different monodentate cyanoacetates and two nitrogen atoms
from two bpa spacers, adopting a distorted tetrahedral ZnN,O, chromophore. The
coordination 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(Il) ions are bridged by u,-bpa spacers generating
1D zigzag chains of |1-6 with the Zn-Zn separation of 13.253(6) and 13.239(5) A. The
conformation of u,-bpa molecule is anti with the C—CH,—CH, angle of 112.17°. The two
pyridine rings of bipyridyl moieties are perfectly coplanars. For the packing motif, each 1D
zigzag chain of |1-6 is assembled by various intermolecular weak hydrogen bonding among
terminal nitrile-N atoms and unbound oxygen atoms from cyanoacetates acting as  H-
acceptor and pyridyl-H, ethyl-H atoms from u,-bpa acting as H-donors (C5H--N3,
C4H---02, and C6H:--O2) (Figure 6b, Table 4). In addition, the nitrile N atoms from the
terminal cyanoacetates can interact with the adjacent electron deficient u,-bpa ring with
N3, 7 distance of 3.482 A (Figure 6b). Moreover, the C7-H--m interaction is observed
between the interchain u,-bpa moieties with the separation of 3.551 A, and the pyridyl-N
atom from u,-bpa also interacts with the adjacent bpa rings with Npyiay1- 7 distance of 3.767
A (Figure 6¢). All interaction completes the overall 3D supramolecular motif of |1-6 with the
closest interchain Zn---Zn separation of 6.324(5) A.

[Cd(cna)x(bpa)], (11-7). Compound 11-7 crystallizes in the triclinic P1 space group,
exhibiting a 1D ladder-like chain structure, as shown in Figure 7. Each Cd(Il) ion is six-
coordinated, surrounded by four carboxylate oxygen atoms from three different cyanoacetates
and two nitrogen atoms from two u,-bpa molecules, generating a distorted octahedral CdN,O4
chromophore. The CdN,O, moiety shows coordination distances and angles in ranges of
2.294(2)-2.420(2) A and 83.97(8)-149.17(10)°, respectively.
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Figure 6 (a) 1D zigzag chain structure of I1-6 with used atom labeling. The ellipsoids are
shown at 50% probability level. All hydrogen atoms are omitted for clarity. (b)
2D sheet structure of 11-6 built from weak hydrogen bonding (black broken
lines) and Ny 7 interaction (green broken lines) in bc plane. (c) Another
view in ab plane showing 2D sheet structure formed by C—H--m and Nyrigyint
interactions. The cyanoacetates are omitted for clarity

The carboxylate bridges from two cyanoacetates exhibit a double-syn,anti-n":n’:u>
coordinative modes connecting between Cd(II) centers, adopting a dinuclear Cd(Il) unit with
Cd--Cd separation of 3.961(6) A. An additional cyanoacetate acts as terminal chelating
ligand. Moreover, the carboxyl-bridged dinuclear units are assembled by paired u,-bpa
spacers to create the infinite 1D ladder-like structures (Figure 7a). The Cd---Cd separation
across ir-bpa is 6.877(5) A. The two pyridine rings of bipyridyl moieties are not coplanar
with the dihedral angles between the two planar pyridine rings of 9.88°. The conformation of
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bpa molecules is anti with C—CH,—CH, angles of 115.98° and 117.22°, and C—CH,—CH,—C
torsion angle of 171.69°. For the packing diagram (Figure 7b, Table 4), each 1D ladder chain
of 11-7 is assembled by the intermolecular weak hydrogen bonding between terminal nitrile—
N from cyanoacetate and ethyl-H from u,-bpa (C6H:-N4), coordination oxygen atoms and
alkyl-H from cyanoacetates (C14H---O3) and ethyl-H from u,-bpa (C11H---O3). In addition,
the nitrile—N atoms from the terminal cyanoacetates effectively interact with the adjacent u,-
bpa moieties with N---xt distance of 3.412 A, as shown in Figure 7b.

- LA A ’f}; 4
—4?:.‘7’L C;'L_‘i/ 3./79(6, N4/ 4

Figure 7 (a) 1D ladder chain structure of 11-7 with used atom labeling. The ellipsoids are
shown at 50% probability level. All hydrogen atoms are omitted for clarity.
(b) The packing diagram of Il-7 formed by weak interchain hydrogen
bonding (black broken lines) and N7 interaction (red broken lines) in ab
plane
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Table 3 Crystallographic data for compounds 11-4-7

compound -4 I11-5 I1-6 1vV-7
Formula ZHC16H16N406 Cd3C4gH36N12012 ZHC13H16N4O4 CdC13H14N4O4
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 C2/c 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 (deg) 90.00 90.00 112.2500(10) 70.459(2)
S (deg) 90.00 123.260(2) 96.906(10) 81.386(10)
y (deg) 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
Peated (g cm™) 1.635 1.720 1.520 1.725
1 (Mo Ka) (mm™) 1.464 1.324 1378 1.253
Data collected 4890 5195 4473 4230
Unique data (Rint) 3136(0.0307) 5195(0.1666) 3821(0.0173) 3519(0.0340)
R“WR, [I>20(I)]  0.0404/0.0925 0.0711/0.1096 0.0420/0.1086  0.0338/0.0657
R“/WR," [all data] ~ 0.0776/0.1060 0.1890/0.1394 0.0527/0.1159  0.0497/0.0715
GOF 1.067 1.007 1.036 1.099
Max/min electron 0.395/-0.738 1.164/-0.841 0.946/-0.467 0.693/-0.726
density (e A7)
R = SIFo|FVZIF,]. Ru= { ZIW(|Fo—F )2 IwIF,[] 12
Table 4 Selected bond lengths (A) and angles (°) for compounds |1-4-7
Compound I1-4
Znl1-01 2.118(9) Znl-0O1' 2.118(9)
Znl-N1 2.130(9) Znl-N1' 2.130(9)
Znl-03 2.172(10) Znl1-03' 2.172(10)
01-Zn1-01' 180.00 01-Znl-NT' 90.23(4)
O1' —Zn1-N1' 89.77(4) 01 —Znl-N1 89.77(4)
O1'—Zn1-N1 90.23(4) N1'-Zn1-N1 180.00
01-Zn1-03' 90.87(4) 01'—Zn1-03' 89.13(4)
N1'-Znl- 03! 88.01(4) N1-Znl- 03 91.99(4)
01-Zn1-03 89.13(4) 01'—Zn1-03 90.87(4)
N1'-Znl- 03 91.99(4) N1-Znl- 03 88.01(4)
03'—Znl-03 180.00
Compound |1-5
Cd1-01 2.451(6) Cd1-02 2.404(6)
Cd1-03 2.364(6) Cd1-04 2.475(6)
Cd1-05 2.275(7) Cd1-N1 2.311(6)
Cd1'-N2 2.334(7) Cd1-N2' 2.334(7)
Cd2"-N4 2.284(9) Cd2-N4'" 2.284(9)
Cd2-06' 2.328(6) Cd2-04' 2.393(6)
05—Cd1—N1 92.8(2) 01—Cd1—04 136.4(2)
05—Cd1—N21 85.7(2) 05—Cdl—C4 114.9(3)
N1—Cd1—N2' 175.3(2) N1—Cd1—C4 84.3(2)
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05—Cd1—03 140.9(2) N2 —Cd1—C4 92.3(2)
N1—Cd1—O03 88.1(2) 03—Cd1—C4 26.3(2)
N2i—Cd1—O03 90.2(2) 02—Cd1—C4 160.7(3)
05—Cd1—02 84.3(2) 01—Cd1—C4 108.7(3)
N1—Cd1—02 93.1(2) 04—Cd1—C4 27.7(2)
N2i__Cd1—O02 91.2(3) 05—Cdl—Cl 109.9(3)
03—Cd1—O02 134.7(2) N1—Cd1—C1 97.0(3)
05—Cd1—O01 136.1(2) N2 _Cd1—C1 87.6(3)
N1—Cd1—Ol 96.2(2) 03—Cd1—Cl 108.7(3)
N2 —Cd1—O1 87.9(2) 02—Cdl1—Cl 26.3(2)
03—Cd1—O1 82.4(2) 01—Cd1—Cl 26.3(2)
02—Cd1—O01 52.4(2) 04—Cd1—Cl1 162.7(3)
05—Cd1—04 87.4(2) C4—Cd1—Cl 135.0(3)
N1—Cd1—O04 82.6(2) N4'_Cd2—N3 180.000
N2i__Cd1—04 92.9(2) N4'i_Ccd2—06 92.77(14)
03—Cd1—04 54.0(2) N3—Cd2—06 87.23(14)
02—Cd1—04 170.4(2) N4'__Cd2—O06' 92.77(14)
N3—Cd2—O06' 87.23(14) 06'—Cd2—04 79.6(2)
06—Cd2—06' 174.5(3) N4'i_Cd2—o04! 87.03(13)
N4'"—Cd2—04 87.03(13) N3—Cd2—04' 92.97(13)
N3—Cd2—04 92.97(13) 06—Cd2—04' 79.6(2)
06—Cd2—04 100.7(2)

Compound I1-6
Znl-0O3A 1.869(4) Zn1-03 2.094(6)
Znl1-01 1.956(2) Znl-N2 2.039(2)
Znl-N1 2.041(2) 03A-Zn1-01 92.08(16)
03A-Zn1-N2 117.60(18) 01-Zn1-N2 126.03(12)
03A-Znl1-N1 115.63(18) 01-Zn1-N1 103.05(10)
N2-Zn1-N1 102.44(8) 01-Zn1-03 108.10(2)
N2-Zn1-03 94.49(19) N1-Zn1-03 124.90(2)

Compound I1-7
Cd1-N1 2.294(2) Cd1-N2 2.298(2)
Cd1-01 2.331(2) Cd1-02' 2.366(2)
Cd1-02 2.366(2) Cd1-04 2.415(2)
Cd1-03 2.420(2) N1-Cd1-N2 174.36(8)
N1-Cd1-01 87.15(8) N2-Cd1-01 87.80(8)
N1-Cd1-02' 89.38(8) N2-Cd1-02' 91.57(8)
01-Cd1-02' 126.21(10) N1-Cd1-04 87.06(8)
N2-Cd1-04 98.56(8) 01-Cd1-04 149.17(10)
02' —-Cd1-04 83.97(8) N1-Cd1-03 95.75(8)
N2-Cd1-03 87.36(8) 01-Cd1-03 96.92(10)
02' -Cd1-03 136.80(8) 04-Cd1-03 53.67(8)

Symmetry codes for I1-4: (i) -x, 1-y, 1-z. For I1-5: (i) 1-x, y, 1/2-z; (ii) x, 1+y, z;
(iii) x, -1+y, z. For |1-7: (i) -x, 2-y, 1-z.
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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 emissions can be adjusted involving the coordination environment, the rigidity
and the arrangement of organic linkers within CPs. Recently, the luminescent properties of d'°
complexes containing di(pyridyl) ligands have been reported. The solid-state
photoluminescent properties of I1-1-3 and |1-6-7 were investigated at ambient temperature.
To compare the luminescent intensities, all emission spectra were determined with the same
excitation wavelength (A= 285 nm) and the same spectral pass widths. As depicted in Figure
8, compound |1-1 shows the intense emission band with maximum at 362 nm and shoulder
bands near 380 and 450 nm, upon excitation at 285 nm. In contrast, the isostructures |1-2 and
I1-3 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 (A = 285 nm)**, which may be assigned to
intraligand m-n* and n—m* transitions'®'’?"*. Typically, in the compounds containing
Zn(I1)/Cd(1I) 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’****7, Thus, the emission of I1-1-3 may be
attributed to intraligand charge transition. Compared with the free dpe ligand, the emission
patterns of I1-1-3 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’***>*". The divergences of the emission spectra between |1-1 and
isostructures |1-2 and 11-3 are attributed to the differences in coordination environments and
the arrangement of m-conjugation between dpe moieties within supramolecular motifs’*.

Excitation of the samples at 285 nm leads to the generation of similar emissions in the
compounds |1-6, I1-7 and free bpa ligand with the peak maxima occurring at 352 nm for |1-6,
357 nm for |1-7 and 370 nm for free bpa (Figure 9). These emissions may be assigned to the
intraligand n—* transition since the Zn(Il) and Cd(Il) ions are difficult to oxidize or to reduce
due to the d'" configuration. The spectra of 11-6 and 11-7 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 coordination interactions of the bpa ligand to the Zn(II)
and Cd(II) ions.
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Figure 8 The solid-state emission spectra of the free dpe and compounds |1-1-3 at room
temperature
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Figure 9 The solid-state photoluminescent spectra of compounds I1-6, I1-7 and free bpa
ligand at room temperature. The inset shows the zoom-in for emission of free
bpa ligand

Conclusion

In summary, sevens new 1D coordination polymers have been synthesized by self-
assemblies of cyanoacetate with Zn(II)/Cd(II) ions and N,N'-ditopic spacers. Cyanoacetate
well provides coordination site through carboxylate oxygen atoms, as well as, presents either
various interchain H-bonding or N---x interactions through nitrile functional group, stabilizing
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whole 3D supramolecular frameworks. The result of photoluminescence for I1-1-3 and I1-6-7
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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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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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
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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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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
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-~ .

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
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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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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
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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

DOI: 10.1021/acs.cgd.5b00453
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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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Three mixed-ligand coordination polymers based on cyanoacetate (cna) and 1,2-di(4-pyridyl)ethylene
(dpe), namely [M(cna),(dpe)], (M = Zn" (1), (2), and Cd" (3)) were synthesised and structurally character-
ized. Compound 1 exhibits a 1D zigzag polymeric chain, while compounds 2 and 3 are isostructural
exhibiting 1D-ladder chain structures built from double-u,-dpe connecting between [M,(1 3-cna),-
(cna);] secondary building units. The adjacent polymeric chains of 1-3 are linked by various intermolec-
ular weak hydrogen bonds and N- - -7 and/or C-H- - -7 interactions through cyanoacetate and dpe ligands,
stabilizing overall 3D supramolecular networks. Furthermore, the divergence of structural motifs
between 1 and isostructures 2 and 3 strongly influences on their solid-state photoluminescent properties
at room temperature. Compound 1 exhibits intense photoluminescence, whereas this is quenched in
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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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