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ABSTRACT

Project Code: MRG5980237

Project Title: Structural diversity, structural dynamics and magnetic properties of coordination
polymers containing pyrazole-3,5-dicarboxylate and different N,N’-ditopic organic spacers
Investigator:  Asst. Dr. Jaursup Boonmak, Khon Kaen University

E-mail Address: jaursup@kku.ac.th

Project Period: May 2, 2016 - May 1, 2018

A novel series of copper coordination polymers (CPs) containing pyrazole-3,5-
dicarboxylic acid (Hspzdc) with pyrazine (I-1), 4,4"-bipyridine (1-2, 1-3), 2-aminopyrazine (I-4),
and 1,2-di(4-pyridyl)ethylene (11-1-6) were successfully synthesized and characterized. The
single crystal X-ray structural analysis demonstrated that various distorted geometries of Cu(ll)
centers, diverse coordination modes of Hzpzdc and, N,N"-ditopic coligands play a key role on
their structural diversity. The reaction temperature also has a great influence on the structural
assembly. Furthermore, by utilizing a Hzpzdc and flexible 1,2-di(4-pyridyl)ethylene (dpe) with
various copper(Il) salts under the same solvothermal synthetic condition, six novel CPs , namely,
{[Cuz(pzdc)(dpe),]X}» (X = NO; (lI-1), ClIO, (11-2), BF, (lI-3), SCN (I1-4)),
{[Cu(1)4Cu(l)4 (pzdc)4(dpe)s](H20)a}2n (11-5), and {[Cus(HPO,),(pzdc),(dpe)s](H20)s}n (11-
6) were obtained. The structural diversity of 11-1-6 depends on starting Cu(ll) salts. Compounds
11-1-4 are isostructural and exhibit 3D porous cationic pillar-layered coordination framework.
The anion-exchange properties of 11-1-4 were studied. Interestingly, 11-1-4 exhibit the
irreversible chemisorption of thiocyanate anion instead of anion exchange without the destruction
of their structural framework as confirmed by PXRD, IR, UV-Vis, and AA spectroscopy.
Moreover, the anion-induced structural transformation of 11-1-4 was observed when exchanging
by an azide anion. The luminescent and magnetic properties of the products were also studied.

Keywords: coordination polymers, pyrazole-3,5-dicarboxylic acid, structural diversity,
luminescent properties, magnetic properties
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EXECUTIVE SUMMARY

Project Code: MRG5980237
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E-mail Address: jaursup@kku.ac.th
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Coordination polymers (CPs) have gained considerable attention in recent decades for not
only their interesting structural diversities but also their applications in various fields, such as ion
and guest exchange, catalysis, magnetism, luminescence, and gas storage. The successful
construction of CPs usually depends on ligands, metal ions, pH, temperature, counteranions, and
solvent. 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 dimensional material to higher dimensional
supramolecular frameworks. The coordination geometries of the metal center also play an
important role in the construction of coordination polymers. Particularly Cu(ll) ion usually
exhibits versatile of coordination geometries with different coordination numbers in one
compound because of Jahn-Teller distortion.

In this research, the pyrazole-3,5-dicarboxylic acid (Hspzdc) is used as a ligand for
binding copper ion via carboxylate and pyrazole ring. Hzpzdc is an intriguing multidentate ligand
and rich coordination modes. It has six potential coordination sites consisting of four carboxylate
oxygen atoms from two carboxylate groups and two nitrogen atoms from pyrazole ring when it is
fully deprotonated. Its ability acts as M---M bridges generating a wide variety of nuclearity and
dimensionality of coordination compounds. The close proximity of the two metal centers bridging
the pyrazolate moiety is considered to be a crucial parameter in the construction of polynuclear
compounds where the metal centers would be able to magnetically and electronically interact. In
addition, different coordination modes of pyrazole-3,5-dicarboxylate can contribute different
forms of cooperative coupling which can be principally used to modulate the overall magnetic
behavior in coordination network. The incorporation of Cu(ll) ions with Hipzdc ligands can
generate metallacyclic dinuclear and linear trinuclear secondary building units and also provide
the extended structures. Apart from carboxylate linkers, the N,N'-ditopic spacers are frequently
used as ancillary ligands for a dimensional extension. Their length, rigidity and functional groups
have consequential effects on the final structures of coordination networks. However, the
structures and properties of the copper coordination polymers containing both Hspzdc and N,N'-
ditopic coligands have been less documented. Therefore, herein N,N'-ditopic coligands were used
to build the extended structures of Cu(ll) pyrazole-3,5-dicarboxylate clusters.

In order to study the effect of different N,N'-ditopic spacers and starting copper(ll) salts
on the self-assembly of ternary CPs. Herein, the pyrazole-3,5-dicarboxylate and different neutral
N,N'-coligands including pyrazine (pyz), 4,4-bipyridyl (bpy), 2-aminopyrazine (ampy) , and 1,2-
di(4-pyridylethylene (dpe) were incorporated in Cu(ll) systems. In the case of starting copper(ll)
salts, various copper(ll) salts were used including NO; , CIO, , BF, , SCN, SO,?, and PO,*



anions. Consequently, a new series of coordination polymers were successfully synthesized. The
characterizations have been done through X-ray crystallography, infrared spectroscopy (IR),
solid-state (diffuse reflectance) electronic spectra, elemental analyses, thermogravimetric
analyses (TGA) and X-ray powder diffraction (XRPD). This research can be separated into two
parts, as follow:

Part I: Four novel copper(Il) coordination polymers, namely
{[Cus(pzdc).(pyz)(H20)6](H20)}n (1), {[Cus(pzdc).(bpy)(H20)s](H20)6}n (2), {[Cus(Hpzdc),
(pzdc)2(bpy).][Cu(bpy)(H20)4]n(H20)4}n (3), and {[Cus(pzdc).(ampy)(H20)s](H20)3}n (4)
(Hspzdc = pyrazole-3,5-dicarboxylic acid, pyz = pyrazine, bpy = 4,4’-bipyridine and ampy = 2-
aminopyrazine) were synthesized and characterized. Compounds 1, 2 and 4 were synthesized by
layering method at room temperature while 3 was prepared under solvothermal reaction.
Compounds 1 and 2 are one-dimensional (1D) chain coordination polymers, while 3 shows 1D
cationic chain coordination polymer with anionic tetranuclear Cu(ll) cluster. Compound 4
exhibits 1D ladder-like chain structure. Compounds 1, 2 and 4 consist of neutral trinuclear
[Cus(pzdc),] building unit which is constructed by p,-pzdc® bridging (5-6-5), (6-6-6), and (6-5-
5) sequences of Cu(ll) geometries for 1, 2 and 4, respectively. Each trinuclear unit is extended via
N,N"-linkers giving polymeric chain structure. In contrast, an anionic tetranuclear cluster of 3 is
built up from two anionic dinuclear metallacyclic [Cu,(Hpzdc)(pzdc)] building units and double
1o-bpy spacers. The magnetic properties of 1, 2 and 4 exhibit weak antiferromagnetic interactions
among Cu(Il) centers.

Part Il: By utilizing a pyrazole-3,5-dicarboxylic acid (Hspzdc) and flexible 1,2-di(4-
pyridyl)ethylene (dpe) with various copper(ll) salts under the same solvothermal synthetic
condition, six novel coordination polymers, namely, {[Cu,(pzdc)(dpe),]X}. (X = NO; (1),
ClOs (2), BF4 (3), SCN (4)), {[Cu(ID+Cu(l)s(pzdc)s(dpe)s](H20)a}2n (5), and {[Cus(HPO,),
(pzdc),(dpe):](H.0)s}, (6) were obtained. The structural diversity of compounds 1-6 depends on
starting Cu(ll) salts. Compounds 1-4 are isostructural and exhibit 3D porous cationic pillar-
layered coordination framework with lattice monoanions incorporated into the channels of the
framework. When using copper(ll) sulfate as a reagent, a neutral mixed-valence Cu(l, Il) 2D+2D
— 2D nparallel interpenetrated layer of 5 was obtained. In the case of phosphate trianion,
compound 6 shows 3D coordination framework which contains p,-HPO,% linking between
Cu(ll) centers. The anion-exchange properties of 1-4 were studied. Interestingly, compounds 1-4
exhibit the irreversible chemisorption of thiocyanate anion instead of anion exchange without the
destruction of their structural framework. Moreover, the anion-induced structural transformation
of 1-4 was observed when exchanging by an azide anion. The luminescent properties of 1-6 and
exchanged products were also investigated.

Output: The research outcome includes two international publication papers.

1) F. Klongdee, J. Boonmak*, S. Youngme, Anion-dependent self-assembly of
copper coordination polymers based on pyrazole3,5-dicarboxylate and 1,2-di(4-pyridyl)ethylene,
Dalton Transactions, 2017, 46, 4806-4815. (IF 2016 = 4.029, Q1)

2) F. Klongdee, J. Boonmak*, B. Moubaraki, K. S. Murray, S. Youngme,
Copper(Il) coordination polymers containing neutral trinuclear or anionic dinuclear building units
based on pyrazole-3,5-dicarboxylate: Synthesis, structures and magnetic properties, Polyhedron,
2017, 126, 8-16. (IF 2016 = 1.926, Q2)
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PART I
Copper(Il) coordination polymers containing neutral trinuclear or anionic
dinuclear building units based on pyrazole-3,5-dicarboxylate:
Synthesis, structures and magnetic properties

Introduction

In the last few decades, coordination polymers (CPs) have attracted wide attention
due to their diverse structures and many potential applications in the areas of gas storage,
catalysis, ion-exchange, luminescence, and magnetism. [1-10] CPs have been constructed by
primary building unit, i.e., metal ions and organic bridging ligands, and it is well known that
metal center, ligand, pH, temperature, and solvent have strongly affected on construction and
versatile structures of CPs.[11-16] CPs with short bridging ligands such as azide, pyrazole,
and carboxylate are especially favorable for creating new magnetic materials because they are
able to efficiently transfer magnetic interactions between neighboring magnetic centers.[17-
20] Pyrazole-3,5-dicarboxylic acid (Hspzdc) is a multifunctional ligand and exhibits diverse
coordination modes.[21, 22] It has six potential coordination sites consisting of four
carboxylate oxygen atoms from two carboxylate groups and two nitrogen atoms from
pyrazole ring when it is fully deprotonated. A variety of coordination compounds based on
Hspzdc have been reported.[23-26] Generally, incorporation of Cu(ll) ions with Hzpzdc
ligands can generate metallacyclic dinuclear [23, 27] and trinuclear secondary building
units[28, 29] (Figure 1), such as (EtsNH),[Cu,(pzdc),(H,0),],[23] [Cus(pzdc),
(MeOH)g(H,0)4][28] and [Cuz(2,2-bipy),(pzdc),(H,0),](H.0),[29] complexes. In
addition, the pyrazole-3,5-dicarboxylic acid can also provide the extended structures, such as,
3D frameworks of {[Na,(u-H,0),][Cu,(pzdc),]}.[23] and [Cuz(pzdc),(H»0)4],[30].
However the structures and properties of the ternary Cu(ll)-CPs containing both Hspzdc and
organic coligands have been less documented.[31] In this work, N,N'-ditopic coligands were
used to build the extended structures of Cu(ll) pyrazole-3,5-dicarboxylate based on tri- and
dinuclear secondary building units.

Based on above consideration, we synthesized four novel ternary copper(ll)
coordination polymers with Hspzdc and N,N'’-ditopic ligands (Scheme 1), namely
{[Cus(pzdc).(pyz)(H20)6](H20)}x ), {[Cus(pzdc).(bpy)(H20)s](H20)6} (2),
{[Cu4(Hpzdc), (pzdc)2(bpy).][Cu(bpy)(H20)4]n(H20)4}n 3, and
{Cus(pzdc),(ampy)(H,0)s](H.0)s}, (4) (pyz = pyrazine, bpy = 4,4 -bipyridine, and ampy =
2-aminopyrazine). Combining Cu(ll) ions and Hzpzdc ligands can generate neutral trinuclear
[Cuz(pzdc),] secondary building unit for 1, 2 and 4 and anionic dinuclear metallacyclic
[Cu,(Hpzdc),] building unit for 3. A variety of coordination geometries and distinct
sequences of Cu(ll) geometries in each building unit has been demonstrated. Moreover, each
building unit was extended by N, N'-ditopic coligands, giving rise to 1D chain CPs for 1 and 2,
tetranuclear anionic cluster for 3, and ladder-like chain structure for 4. The effects of
coligands, geometry of Cu(ll) center, reaction temperature and various coordination modes of
Hspzdc play an important role in the construction of chain coordination polymers. In addition,
the magnetic properties of 1, 2 and 4 containing trinuclear Cu(ll) building unit have been
studied.

MRG5980237 WU 2561



N\

\/
B —— —
RT RT .' .v "

Cuy(pzd W (H:0) 20)}a (2
e {[Cux(prdc)s(py2)(H:OK(E:0)s (1)

0 _ —
QO+ -
H H S — / ° o ’=6monﬁnated
e A o8
1 J/
—RT

10 7=

120°C

4

{[Cuy(Hpzdc)(pzdc):(bpy):](Cubpy)(H:0)eJa(H:0)i}s (3) {(Cus(pzdc)(ampy)(H; 0)s](H:0)s}a (4)

Scheme 1. A series of Cu(ll) coordination polymers 1-4.

Experimental section
Physical measurements

All chemicals and solvents used for synthesis were obtained from commercial sources
and were used without further purification. 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 Lambda2S spectrophotometer, within the range 400—1100 nm. Elemental
analyses (C, H, N) were carried out with a PerkinElmer PE 2400CHNS analyzer. The X-ray
powder diffraction (XRPD) data were collected on a PANalytical EMPYREAN using
monochromatic CuKa radiation, and the recording speed was 0.5 s/step over the 20 range of
5-50° at room temperature. Thermogravimetric analyses (TGA) were performed using a TG-
DTA 2010S MAC apparatus between 35 and 750 °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.

Preparation of compounds 1-4

{[Cus(pzdc).(pyz)(H20)s](H.O)}n (1)

The deionized water (3 mL) was slowly dropped over the mixture solution containing
Cu(NO3),-3H,0 (0.2 mmol, 48 mg) and pyrazine (0.2 mmol, 16 mg) in water and DMF (4
mL, 1:1 v/v) in 15 mL of glass vial. Then, the solution of pyrazole-3,5-dicarboxylic acid (0.2
mmol, 35 mg) in deionized water and ethanol (5 mL, 1:1 v/v) was carefully layered over the
mixture layer. Then, the vial was sealed and allowed to stand undisturbed at room
temperature. The blue crystals of 1 were obtained after 2 days. Yield: 16 mg (34%) based on
copper salt. Anal. Calcd for CuzC14HNgOgs: C, 23.92; H, 2.87; N, 11.95. Found: C, 24.40;
H, 2.80; N, 11.73%. FT-IR peaks (KBr, cm™): 3367br (v(OH)), 1622s (v.(OCO)), 1609s
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(v(C=N)), 1509m, 1423w, 1395m (vs(OCO)), 1341s, 1330s, 1297s, 1157w, 1127w, 1100w,
1063w, 1028w, 1017w, 930w, 828w, 797w. UV-vis (diffuse reflectance, cm™): 14049.

{[Cus(pzdc).(bpy)(H.0)s](H20)6}n (2)

The preparation of 2 was similar to that of 1, except 4, 4"-bipyridine (0.2 mmol, 31
mg) replaced pyrazine. After 2 days, light blue crystals of 2 were obtained. Yield: 14 mg
(23%) based on copper salt. Anal. Calcd for CuzC,H3gsNgOo,: C, 26.54; H, 4.23; N, 9.28.
Found: C, 26.37; H, 4.00; N, 9.30%. FT-IR peaks (KBr, cm™): 3405br (v(OH)), 1620s
(vas(0OCO)), 16155 (v(C=N)), 1520m, 1415w, 1390m (vs(OCO)), 1339s, 1293m, 1223m,
1127w, 1060w, 1028w, 1015w, 828w,781m, 643w. UV-vis (diffuse reflectance, cm™): 14384.

{[Cu.(Hpzdc),(pzdc). (bpy).][Cu(bpy)(H20)4]n(H20)4}n (3)

The mixture solution of Cu(NO3),-3H,0 (0.2 mmol, 48 mg), 4,4 -bipyridine (0.2
mmol, 31 mg) and pyrazole-3,5-dicarboxylic acid (0.2 mmol, 35 mg) in the deionized water
(7 mL), DMF (2 mL) and ethanol (3mL) was sealed in a 20 mL glass vial. Then, the mixture
was heated at 120 °C for 1 day and then slowly cooled down to room temperature. The blue
crystals of 3 were obtained. Yield: 10 mg (16 %) based on copper salt Anal. Calcd for
CusCsoH4sN140,4: C, 38.88; H, 3.00; N, 12.69. Found: C, 38.79; H, 2.85; N, 13.00%. FT-IR
peaks (KBr, cm™): 3368br (V(OH)), 1646s (v,s(OCO)), 1599s (v(C=N)), 1533w, 1481w,
1407w, 1387m (vs(OCO)), 1288s, 1224m, 1065w, 1020w, 817w, 806w, 778m. UV-vis
(diffuse reflectance, cm™): 14407.

{[Cus(pzdc).(ampy)(H20)s](H20)s}n (4)

The preparation of 4 was similar to that of 1, except aminopyrazine (0.2 mmol, 19
mg) replaced pyrazine. The dark green crystals of 4 were obtained after 2 days. Yield: 17 mg
(35%) based on copper salt. Anal. Calcd for CusCy14H23N7O46: C, 22.97; H, 3.17; N, 13.39.
Found: C, 23.10; H, 3.11; N, 13.10%. FT-IR peaks (KBr, cm™): 3336br (v(OH)), 1635s
(vas(0CO)), 1607s (V(C=N)), 1541m, 1511m, 1383m (vs(OCQ)), 1327s, 1314s, 1282s,
1229m, 1078w, 1028w, 1012w, 850w, 785m. UV-vis (diffuse reflectance, cm'l): 14389.

X-ray crystallography

The X-ray reflection data of 1-4 were collected on a Bruker D8 Quest PHOTON100
CMOS detector with graphite-monochromated MoKo radiation using the APEX2
program.[32] Raw data frame integration was performed with SAINT,[33] which also applied
correction for Lorentz and polarization effects. An empirical absorption correction by using
the SADABS program[34] 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.[35] All hydrogen atoms were
placed in calculated positions and refined isotropically, with the exception of the hydrogen
atoms of all water molecules in 1-4 were found via difference Fourier maps, then restrained
at fixed positions and refined isotropically. The hydrogen atoms on the disordered lattice
water molecules in 2(08), and 3 (04) could not be located. The highly disordered lattice
water molecules in 3 (04) and 4 (O14) could not be resolved. The pzdc/Hpzdc ligand in 3 lies
across a mirror plane so the disordered hydrogen atom (H2) on carboxylic oxygen was refined
with quarter occupancy. The details of crystal data, selected bond lengths and angles for
compounds 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 Cu3CisHNgO15 CuzCypH3gNgO2  CusCsoHasN14O2  CuszCisHasN7O46
molecular 702.98 905.18 1544.71 736.01
weight
T (K) 293(2) 293(2) 293(2) 293(2)
crystal triclinic monoclinic orthorhombic triclinic
system
space group  P-1 P2,/c Cmmm P-1
a(A) 7.1902(2) 8.8968(7) 15.6847(5) 7.8991(3)

b (A) 8.8370(2) 10.1970(8) 18.6369(7) 12.9067(5)
c(A) 9.5076(2) 18.2364(14) 11.1125(4) 13.6852(5)

a (deg) 72.1460(10) 90 90 110.648(1)

S (deg) 75.8720(10) 93.682(2) 90 97.878(1)

y (deg) 82.1560(10) 90 90 100.755(1)
V (A% 556.38(2) 1651.0(2) 3248.3(2) 1251.0(1)

z 1 2 2 2

pead (@cm®)  2.098 1.813 1.571 1.954

1 (Mo Ka) 2.933 2.014 1.696 2.617

(mm™)

data 3895 4119 1879 5540
collected

unique data  3433(0.0172) 3350(0.0480) 1530(0.0228) 3802(0.0634)
(Rint)

R.%/WR," 0.0252/0.0659 0.0504/0.1365 0.0606/0.1885 0.0530/ 0.1249
[1> 20(1)]

R:%/wWR," 0.0315/0.0684 0.0649/0.1460 0.0754/ 0.1994 0.0941/ 0.1408
[all data]

GOF 1.102 0.994 1.115 1.059
max/min 0.525/-0.307 1.392/-1.305 1.623/-0.843 2.290/ -0.518
electron

density (e A’

°)

"R = XIIFol - IFcl/XIFol, "Ru = {XIW(Fol - [Fe)]* /XIWIFofT}"

Results and discussion

Structural description of {[Cus(pzdc),(pyz)(H,0)s](H20)}, (1)

X-ray crystallographic analysis reveals that 1 crystalizes in the triclinic system with
P-1 space group. Asymmetric unit of 1 consists of two independent Cu(ll) centers (Cul and
Cu2), one pzdc® ligand, a half of pyz ligand, three coordination water molecules and one
lattice water molecule. Each Cul ion lies on a crystallographic inversion center adopting an
elongated octahedral CuN,O, geometry which is coordinated by two oxygen atoms and two
nitrogen atoms from two different pzdc® ligands in the equatorial plane. The axial position is
occupied by two oxygen atoms from two coordination water molecules. Whereas the terminal
Cu2 center is five-coordinated showing distorted square pyramidal CuN,O; geometry (t =
0.33, Addison’s parameter T = 0 for square pyramid and t = 1 for trigonal bipyramid).[36]
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The basal plane is surrounded by carboxylic oxygen and pyrazoyl nitrogen atoms from pzdc*
ligand, one pyrazine nitrogen atom and one oxygen atom from coordination water molecule,
while the apical position is occupied by oxygen atom from another coordination water
molecule (O5). The Cu-N and Cu-O distances are in the range of 1.9619(11)-2.1734(15) A,
while the axial Cul-O distance of 2.4957(14) A is significantly longer, indicating the
presence of a common Jahn-Teller effect in the Cu(ll) ion.[30] The Cu2N,O, square plane is
not completely planar with tetrahedral twist between the planes of 29.64°. The Cu2 is shifted
by 0.3268(2) A from the mean equatorial plane toward the apical position. The Cul and two
Cu2 ions are connected by pzdc® in a p,-n°N, O, n°N",0 coordination mode (type I, Figure
S1) to form a neutral trinuclear Cu(ll) unit containing (5-6-5) sequences of Cu(ll) geometries
with the Cul---Cu2 distance of 4.4102(2) A (Figure 2a). Each trinuclear Cu(ll) unit is linked
by W.-pyrazine spacer to form a 1D chain structure of 1 with the Cu2---Cu2 distance of
6.8462(3) A (Figure 2b). Furthermore, the 3D packing motif of 1 is stabilized by various
interchain hydrogen bonding interactions between pzdc®, pyz, coordination and lattice water
molecules (Figure S2 and Table S2).
r

(a) (b)

Figure 1. (a) Metallacyclic dinuclear Cu(ll) secondary building unit (b) trinuclear Cu(ll)
secondary building unit.

(a) 05 07

Cu2

O7A

(b) b '>'n

Figure 2. (a) A trinuclear Cu(ll) building unit and atom labeling scheme of 1. The ellipsoids
are shown at 50% probability level. All hydrogen atoms and lattice water molecules are
omitted for clarity (symmetry code: A = 1-x, 2-y, 2-z). (b) The 1D coordination polymer of 1.
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The blue and red polygons represent five- and six-coordination geometries of Cu(ll) centers,
respectively.

Structural description of {[Cus(pzdc),(bpy)(H,0)s](H,0)e}n (2)

Compound 2 crystallizes in monoclinic system and P2,/c space group. The
asymmetric unit contains two independent Cu(ll) ions (Cul and Cu2), one pzdc®, one-half of
bpy, four coordination water molecules and three lattice water molecules. Both Cu(ll) ions
reveal an elongated octahedral geometry, Cul is six-coordinated surrounded by O and N
atoms from pzdc® ligand, one pyridine nitrogen atom and one oxygen atom from coordination
water molecule in the basal plane. The axial position is located by two oxygen atoms from
two coordination water molecules. While the Cu2 is located in crystallographic inversion
center and occupied by two N atoms and two O atoms from two different pzdc® ligands in the
equatorial plane. The apical site is occupied by two oxygen atoms from two coordination
water molecules. The Cu-N and Cu-O distances are in the range of 1.959(3)-2.6715(3) A
which are within the range of those reported for elongated octahedral geometry of Cu(ll)
complexes containing pzdc®.[28, 30] The CulN,O, square base is not completely planar with
tetrahedral twist between the planes of 5.35°. The pzdc® ligand acting as a p,-n?-N,0, 1’-
N",O" fashion (type I, Figure S1) link between two Cul and Cu2 ions forming a neutral
trinuclear Cu(ll) unit with (6-6-6) sequences of Cu(ll) geometries. The Cul---Cu2 distance is
4.5207(5) A (Figure 3a). In addition, each trinuclear Cu(ll) unit is connected by p,-bpy
ligands to generate a 1D chain (Figure 3b) with Cul---Cul distance of 11.1146(9) A. The two
pyridine rings of bipyridyl moieties are perfectly coplanar, being located on a crystallographic
center of symmetry. The 3D supramolecular structure of 2 is generated via various hydrogen
bonding interactions between pzdc®, bpy, coordination and lattice water molecules (Figure S3
and Table S2).

r——bc
(b)

Figure 3. (a) A trinuclear Cu(ll) building unit and atom labeling scheme of 2. The ellipsoids
are shown at 50% probability level. All hydrogen atoms and lattice water molecules are
omitted for clarity (symmetry code: A = 2-x, 1-y, 1-z). (b) The 1D coordination polymer of 2.
The red polygon represents six-coordination geometries of Cu(ll) centers.
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Structural description of {[Cu,(Hpzdc),(pzdc),(bpy).][Cu(bpy)(H,0)4],(H20)4}x (3)

Compound 3 crystallizes the orthorhombic, Cmmm space group which consists of
cationic [Cu(bpy)(H,0)4].** chain coordination polymer and anionic
[Cu,(Hpzdc),(pzdc),(bpy).]* units. The anionic tetranuclear Cu(ll) unit contains four Cu(ll)
centers (Cul), two Hpzdc”, two pzdc® and two bpy ligands. Each Cul is located in
crystallographic mirror plane adopting a distorted square pyramidal geometry. The Cu(ll)
center is coordinated by two carboxylate O and two pyrazoyl N atoms from two different
pyrazole-3,5-dicarboxylates in equatorial plane and one N atom from wu,-bpy in the axial site
(Figure 4a). The CulN,0O, square base is not completely planar with tetrahedral twist between
the planes of 24.98°. The Cul is shift by 0.3277(7) A from the mean equatorial plane toward
the axial position. The calculation of the bond valence sum (BVS)[37, 38] for Cul was
performed. The analysis resulted in the value of 2.11, thus confirming the formal oxidation
states of +2 for copper center. Two Cul centers are connected by Hpzdc® and pzdc® ligands
in K2-1°N,0, 1°N’,0 coordination modes (type I, Figure S1), resulting to metallacyclic
dinuclear Cu(ll) unit with Cu---Cu distance of 3.995(1) A. Moreover, these two dinuclear
Cu(lIl) units are linked by two p,-bpy linkers, forming tetranuclear anionic cluster (Figure 4a).
The metallacyclic anionic dinuclear Cu(ll) building unit containing pzdc® has been found in
the literature, such as, (EtsNH),[Cu,(pzdc),(H,0),],[23] [{Nay (-
H,0),H{Cuy(pzdc),}n[23] and {[Cuy(pzdc),] (CioHioN2)I[31] While a neutral
[Cu,(Hpzdc),] building unit is less reported.[39] In this work, we show the first example of
metallacyclic anionic dinuclear Cu(ll) building unit containing both Hpzdc® and pzdc*
ligands. In the cationic 1D coordination polymer, the Cu2 is surrounded by four O atoms from
four coordination water molecules in basal plane and two N atoms from two different p,-bpy
linkers in apical position, adopting elongated octahedral geometry (Figure 4b). Each Cu2 is
connected by W,-bpy to generate a 1D cationic linear chain (Figure 4c). The Cu-N and Cu-O
distances are in the normal range between 1.933(4)-2.201(9) A.[23] The two pyridine rings of
all bipyridyl moieties are perfectly coplanar, being located on a crystallographic mirror plane.
In the 3D packing diagram of 3, besides electronic interaction between cationic chain and
anionic tetranuclear unit of 3, the molecular structure hydrogen bonding interaction between
bpy, pyrazole-dicarboxylate and coordination water molecule stabilize entire 3D
supramolecular structure (Figure 5 and Table S2).
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Figure 4. (a) Anionic tetranuclear Cu(ll) unit of {[Cu4(Hpzdc),(pzdc).(bpy).]*, (b) Cationic
chain coordination polymer of [Cu(bpy)(H,0)4].*" with atom labeling scheme of 3. All
hydrogen atoms and lattice water molecules are omitted for clarity (symmetry codes: A = -x,
y, 2, B =1-x, 1y, -z; C = x, 1-y, z; D = 1-X, y, -z. (c) Anionic tetranuclear Cu(ll) units
stabilizing with cationic 1D chain coordination polymers. The blue and red polygons
represent five- and six-coordination geometries of Cu(ll) centers, respectively.
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Figure 5. 3D packing diagram of 3 formed by intermolecular hydrogen bonding.

Structural description of {[Cus(pzdc),(ampy)(H,0)s](H,0)3}, (4)

Single crystal X-ray analysis reveals that compound 4 crystallizes in triclinic crystal
system, P-1 space group. Asymmetric unit of 4 contains three independent Cu(ll) ions, two
pzdc®, one ampy ligand, five coordination water molecules and three lattice water molecules.
Each Cul center is occupied by O and N atoms from pzdc®, one pyrazine nitrogen atom from
ampy ligand and one oxygen from coordination water molecule in the basal plane, while the
apical positions are occupied by an O atom from coordination water molecule giving rise to
square pyramidal CuN,O geometry. In addition, the semi-coordinated O4 atom from pzdc*
weakly interacts to copper center with the longest Cul---O4 distance of 2.800(3) A, forming
an elongated octahedral geometry. The Cu2 and Cu3 centers show distorted square pyramidal
geometries (r = 0.02 and 0.03 for Cu2 and Cu3, respectively). Each Cu2 center is coordinated
by two carboxylate oxygen and two nitrogen atoms from two different pzdc® ligands at
equatorial plane. The axial site is occupied by one oxygen from coordination water molecule.
The basal plane around the Cu3 center is composed of O and N atoms from pzdc®, one
pyrazine nitrogen from ampy and one oxygen from coordination water molecule. The apical
site is taken by oxygen from coordination water molecule. The Cu-N and Cu-O distances are
in the range of 1.931(4)-2.472(5) A which are well within their normal ranges for pyrazolato-
bridged trinuclear Cu(ll) complexes.[30] While the longest Cul-04 distance of 2.800(3) A
shows very weak coordination bond.[31, 40] The CuN,O, square base shows tetrahedral
twists between the planes of 7.19°, 11.01°, and 17.76° for Cul-Cu3, respectively. The pzdc*
ligand exhibits ps-n°N,0, n°N’,0’, n'O bridging mode (type II, Figure S1) connecting three
Cu(ll) centers to form a neutral trinuclear Cu(ll) unit containing (6-5-5) sequences of Cu(ll)
geometries with the Cul--Cu2, Cu2--Cu3 distances of 4.4634(5) and 4.4765(6) A,
respectively (Figure 6a). In addition, each trinuclear Cu(Il) building unit is linked together by
weak p5-syn,anti-pzdc® bridging mode (Cul—04) forming hexanuclear Cu(Il) cluster (Figure
6b). Moreover, the adjacent hexanuclear Cu(ll) units are connected by double p,-ampy
spacers to generate 1D ladder-like chain structure with the shortest Cu---Cu distance of
6.8089(2) A (Figure 6¢). In addition, the intramolecular hydrogen bond between NH, group
of W,-ampy and coordination water molecules stabilizes the ladder-like chain structure of
4.The 3D packing structure of 4 is assembled by various weak interchain hydrogen bonding
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interactions between pzdc®, ampy, coordination and lattice water molecules (Figure S4 and
Table S2).

Figure 6. (a) A trinuclear Cu(ll) building unit and atom labeling scheme of 4. The ellipsoids
are shown at 50% probability level. All hydrogen atoms and lattice water molecules are
omitted for clarity (symmetry code: A = x, -1+y, -1+2). (b) A hexanuclear Cu(ll) building unit
composed of weak Cul—-04 bond. (c) The 1D ladder-like chain of 4. The blue and red
polygons represent five- and six-coordination geometries of Cu(ll) centers, respectively.

Thermal Analyses

Thermogravimetric analysis (TGA) of 1-4 were performed in N, atmosphere from
35-750 °C. Compound 1 shows a weight loss of 15.50% in the range of 70-110 °C, which is
due to the loss of six water molecules (calcd. 15.36%). After 250 °C, the sample gradually
starts to lose the remaining water molecule and decompose to the unidentified species.
Compounds 2 and 4 show the first weight loss of 17.85 % and 4.66% varying from 35-80 °C
for 2 and 35-60 °C for 4 corresponding to the loss of nine water molecules for 2 (calcd.
17.91%) and two water molecules for 4 (calcd. 4.89%). Subsequently, the second weight loss
process of 9.91% and 14.74% varies from 80-295 °C and 60-290 °C for 2 and 4, respectively,
corresponding to the removal of all remaining water molecules (calcd. 9.95% for 2 and
14.69% for 4). Then the samples start to decompose after about 290 °C. Finally, compound 3
shows gradual weight loss of 9.51% in the range of 35-250 °C, corresponding to the escape of
all coordination and lattice water molecules (calcd. 9.33%). Then the structures decompose to
some unidentified species (Figure 7).
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Figure 7. TGA curves of 1-4.

XRPD patterns

To confirm whether the crystal structures of 1-4 are truly representative of the bulk
materials, X-ray powder diffraction experiments have been performed at room temperature.
The experimental and simulated (from the single crystal data) patterns are identical
confirming the phase purity of the bulk samples (Figure S6-S9).

Structural discussion

By the combination of Cu(NO3),-3H,0 with Hzpzdc and N, N'-ditopic coligands in a
1:1:1 molar ratio in the mixture solution of H,O/DMF/EtOH, the ternary Cu(ll) coordination
polymers 1-4 were obtained. Compounds 1, 2 and 4 were synthesized by layering method at
room temperature. They exhibit 1D chain coordination polymers comprised of pyrazolato-
bridged trinuclear Cu(ll) building unit with the unique (5-6-5), (6-6-6) and (6-5-5) sequences
of Cu(ll) coordination number for 1, 2 and 4, respectively. While 3 was synthesized by
solvothermal method at 120 °C that contains both anionic tetranuclear Cu(ll) cluster and
cationic 1D coordination polymer. The W,-N,N-bridges link Cu; secondary building unit in
compounds 1 and 2 giving rise to 1D chain structure. While each trinuclear unit in 4 is
assembled to hexanuclear cluster by weak syn, anti-bridging mode of pzdc® and further
extended by p,-ampy forming 1D ladder-like chain structure. The neutral trinuclear
[Cus(pzdc),] building unit with various sequences of Cu(ll) coordination numbers have been
reported, such as, [Cus(pzdc),(Me,en),(H,0),](H,0)s,[28] [Cus(dien),(pzdc),CH;0H],
(CH30H)¢,[41] [Cus(pzdc),(H20)4]n,[30] with (5-4-5), (5-5-5), and (5-6-5) sequences of
Cu(ll) coordination numbers, respectively. It can be seen that 5-coordinated Cu(ll) geometry
is more favorable in the neutral Cus system, however, 6-coordinated octahedral geometry
may be adopted by using long rigid bpy spacer in 2 where is less steric hindrance between
neighboring Cus units. Besides versatile of distorted coordination geometries of Cu(ll)
centers, and various coordination modes of Hzpzdc play a key role on the construction of
Cu(ll) secondary building unit, the reaction temperature also have a significant influence on
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the structural assembly. When using the bpy as a coligand, compound 3 was synthesized at
high temperature, giving the cationic 1D chain CPs with the unique anionic tetranuclear
Cu(ll) cluster constructed from metallacyclic dinuclear Cu(ll) building unit while 2 was
prepared at room temperature, generating a simple 1D chain structure. The coordination
geometries of Cu(ll) centers were also confirmed by electronic diffuse reflectance spectra
which agree with the 2Eg to 2ng (parent) transition for distorted octahedral and square
pyramidal geometry (Figure S5).[7, 40]

Magnetic properties

The temperature dependent magnetic susceptibilities for the 1D coordination
polymers 1, 2 and 4 are all very similar and indicative of the neutral trinuclear, pyrazolato-
bridged moieties showing weak antiferromagnetic coupling with little or no coupling across
the N,N'-ditopic linkers in the 1D species. Taking compound 4 as a typical example (Figure 8,
the other plots are in Figure S10-S11), ywT, per Cus, is ~ 1.25 cm® mol™ K at room
temperature, as expected for three weakly coupled Cu(ll) ions, with g on each Cu(ll) of 2.1.
The ymT values decrease gradually between 300 K and 100 K, then more rapidly reaching a
plateau at 0.4 cm® mol™ K at 10 K, indicative of a S = ¥ ground state for the Cus species.
Below 5 K, there is a further decrease that is possible indicative of weak antiferromagnetic
inter-trinuclear coupling, across the linking N, N’-ditopic coligands.

Focusing, first, on the 5 — 300 K data, we have used a linear trinuclear S = %2 model
with spin Hamiltonian containing exchange and Zeeman terms: [30, 42]

H=-2){S:.S; + S:.S;"} + gusSt:H,

Where the Cu(ll) centers are arranged Cu2-Cul(center)-Cu2’. J is the exchange interaction
between adjacent Cu(ll) ions in the trimer, S; the spin operator for each S = 1/2 Cu(ll), S+ the
total spin operator of the trimer with St =S; + S, + S, and S, is the z component of the St
operator. This leads to three energy levels S = % (energy zero); S=% (E=-2J)and S = 3/2 (E
= -3J). We have also included a J* (Cu2-Cu2") term in the fitting but it is insensitive
compared to setting it at zero (Table 2).

In Figure 8 it can be seen that the best fit line (solid line) reproduces the yu T values
extremely well, the plateau at low temperatures indicative of population of the S = % state.
Perusal of the literature of pyrazolate-bridged Cu(ll) compounds reveals few singly-
pyrazolate bridged examples for comparison. The 3D complex [Cus(pzdc),(H.0).],[30]
obtained hydrothermally, shows similar trinuclear core units to the present 1D CPs, but forms
a 3D array via bridging through the carboxylate O atoms. The J value obtained in fitting the
50-300 K data to the present trinuclear model is -22 cm™, a little higher than those found here
which is agree with the shorter. Cu---Cu separation in the trinuclear moiety of
[Cus(pzdc),(H20)4], (4.356 A) comparing to 4.4102(2)-4.5207(2) A for 1, 2 and 4. A singly-
bridged complex, K[Cu,L,(pz)]H,O (H,L = 6-amino-1,3-dimethyl-5-(2"-carboxy
phenyl)azouracil and pz = pyrazole), with pseudotetrahedral geometry around the Cu(ll)
centers, showed J = -2.7 cm™ and g = 2.1,[43] J being much lower in magnitude than those in
Table 2. In contrast, double-pyrazolate bridging, in (BusN),[Cu,(pzdc),], with Cu---Cu
separation of 3.98 A [44] or mixed {pyrazolate/alkoxide}[45] or {pyrazolate/azide}[46]
bridging leads to much stronger antiferromagnetic coupling and larger negative J values (>-
100 cm™) than those found here, no doubt because of the extra bridging contribution and
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smaller Cu:--Cu separation. A marked difference is observed in the y\T plots for 1, 2 and 4
compared to that of [Cus(pzdc),(H,0)4]n,[30] at very low temperatures. In the latter, the ymT
values are similar to the present ones above ~50 K, but increase sharply below ~20 K due to
long-range magnetic order of the S = % ground states (J(2D = +1.9 cm™; J(3D) = -0.06 cm™)
brought about by the carboxylate bridging that forms the 3D array. We do not see such
behaviour here, the linking pyrazine and bipyridine that form the 1D chains, do not provide
strong enough superexchange pathways between the Cus units to induce long range order.
Indeed, the small decrease in yuT at very low temperatures is indicative of weak inter-
trinuclear coupling.

Table 2. Best fit J values. A constant No: (temperature independent susceptibility) of 65 x 10
cm® mol™ was fixed in the susceptibility expression

CPs J (cm™) g

1 -16.4 2.10
2 -16.5 2.14
4 -18.0 2.17

"k

3

YT/ €M mo

0.2

] l 1 1 l 1
50 100 150 200 250 300

T/K
Figure 8. Experimental values of y\T, per Cus, (open circles) versus temperature (K) plot for
compound 4. The solid lines is the best fit using the linear S = % trimer model described in the
text that does not include an inter-trimer term, 6.

Conclusions

Four new copper(Il) coordination polymers constructed by self-assembly of dinuclear
or trinuclear building units based on pzdc ligand and auxiliary N,N'-ditopic spacers have been
structurally characterized. Compounds 1 and 2 exhibit 1D chains while 3 shows 1D chain
cationic coordination polymer and anionic tetranuclear Cu(ll) cluster. Compound 4 exhibits
1D ladder-like chain structure. Compounds 1 and 2 consist of trinuclear Cu(ll) building units
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constructed by Cu(ll) ions and pzdc® ligands with (5-6-5), (6-6-6) sequences of Cu(ll)
geometries, respectively. These Cus units are extended via pyz or bpy linkers giving 1D chain
structures. In 4, the hexanuclear Cu(ll) cluster is generated by the combination of two Cuj
units based on pzdc® and ampy spacer extend the hexanuclear unit to 1D ladder-like chain
structure. In contrast, anionic tetranuclear Cu(ll) cluster of 3 is built up from two
[Cuy(Hpzdc)(pzdc)]  units and two bpy linkers, stabilizing with 1D chain of
[Cu(bpy)(H,0),].*. This result demonstrated that various distorted geometries of Cu(ll)
centers, diverse coordination modes of Hipzdc and, N,N"-ditopic coligands play a key role on
their structural diversity. Furthermore the reaction temperature also have a great influence on
the structural assembly of 2 and 3. The magnetic studies of 1, 2 and 4 revealed weak
antiferromagnetic coupling interactions within Cu(ll) trimer.
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Table S1. The selected bond lengths (A) and angles (°) for compounds 1-4
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Compound 1%

Cul—O1 1.9619(11) N1—Cul—N1' 180
Cul—o1' 1.9619(11) 01—Cul—07 91.96(5)
Cul—N1 2.0066(12) 01'—Cul—07 88.04(5)
Cul—N1' 2.0066(12) N1—Cul—O7 89.01(5)
Cul—O7 2.4957(14) N1'—Cul—O7 90.99(5)
Cul—oO7' 2.4957(14) N2—Cu2—O06 92.47(5)
Cu2—N2 1.9703(12) N2—Cu2—O03 82.54(5)
Cu2—O06 1.9777(12) 06—Cu2—03 151.00(6)
Cu2—03 1.9992(11) N2—Cu2—N3 170.72(5)
Cu2—N3 2.0339(12) 06—Cu2—N3 87.14(5)
Cu2—O05 2.1734(15) 03—Cu2—N3 93.32(5)
01—Cul—01' 180 N2—Cu2—O05 96.02(6)
01—Cul—N1 82.29(5) 06—Cu2—05 112.75(7)
01'—Cul—N1 97.71(5) 03—Cu2—05 96.21(7)
01—Cul—N1' 97.71(5) N3—Cu2—O05 92.67(6)
01'—Cul—NT1' 82.29(5)

Compound 2°
Cul—O05 1.954(3) 05—Cul—N3 90.18(12)
Cul—oO01 1.974(2) 01—Cul—N3 87.07(11)
Cul—N1 2.008(3) N1—Cul—N3 168.32(12)
Cul—N3 2.015(3) 05—Cul—O06 86.73(12)
Cul—O06 2.395(3) 01—Cul—O06 93.25(11)
Cul—O09 2.672(3) N1—Cul—06 89.55(11)
Cu2—03 1.959(3) N3—Cul—06 96.39(12)
Cu2—O03' 1.959(3) 03—Cu2—03' 180
Cu2—N2 2.005(3) 03—Cu2—N2 83.40(11)
Cu2—N2' 2.005(3) 03'—Cu2—N2 96.60(11)
Cu2—O7 2.515(4) 03—Cu2—N2' 96.59(11)
Cu2—o7' 2.515(4) 03'—Cu2—N?2' 83.41(11)
05—Cul—O01 177.23(10) N2—Cu2—N2' 180
05—Cul—N1 100.23(11) 01—Cul—N3 87.07(11)
01—Cul—N1 82.54(11)

Compound 3°
Cul—N1' 1.933(4) N1—Cul—N2 99.17(18)
Cul—N1 1.933(4) 01—Cul—N2 99.83(17)
Cul—o01 2.024(4) 01'—Cul—N2 99.83(17)
Cul—o1' 2.024(4) N3"—Cu2—N3 180
Cul—N2 2.195(6) N3"—Cu2—03" 90
Cu2—N3" 2.007(8) N3—Cu2—O03" 90
Cu2—N3 2.007(8) N3"—Cu2—03" 90
Cu2—o3" 2.201(8) N3—Cu2—03" 90
Cu2—03" 2.201(9) 03"—Cu2—03" 86.1(4)
Cu2—03" 2.201(9) N3"—Cu2—03" 90
Cu2—03 2.201(9) N3—Cu2—03" 90
N1'—Cul—N1 92.3(2) 03"—Cu2—03" 93.9(4)
N1'—Cul—O1 160.47(17) 03"—Cu2—03" 180
N1—Cul—O1 80.21(17) N3"—Cu2—O03 90
MRG5980237 Y8y 2561
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N1'—Cul—oO1'
N1—Cul—O1'
01—Cu1—o01'
N1'—Cul—N2

Cul—010
Cul—O1
Cul—N1
Cul—N5
Cul--04
Cul—O09
Cu2—03
Cu2—05
Cu2—N3
Cu2—N2
Cu2—O011
Cu3—012
Cu3—O07
Cu3—N4
Cu3—N§6'
Cu3—013
010—Cul—O01
010—Cul—N1
01—Cul—N1
010—Cul—N5
01—Cul—N5

80.21(17)
160.47(17)
100.9(2)
99.17(18)

1.931(4)
1.949(4)
1.989(4)
2.019(4)
2.800(3)
2.472(5)
1.938(3)
1.945(4)
1.982(4)
1.996(4)
2.346(5)
1.940(4)
1.960(4)
2.005(4)
2.043(4)
2.199(4)
175.2(2)
97.74(17)
83.14(15)
88.62(18)
90.09(16)

Compound 4°

N3—Cu2—O03
03"—Cu2—03
03"—Cu2—03
03"—Cu2—03

N1—Cul—N5
03—Cu2—05
03—Cu2—N3
05—Cu2—N3
03—Cu2—N2
05—Cu2—N2
N3—Cu2—N?2
03—Cu2—011
05—Cu2—O011
N3—Cu2—O011
N2—Cu2—O011
012—Cu3—O07
012—Cu3—N4
O7—Cu3—N4
012—Cu3—N§'
0O7—Cu3—N§6'
N4—Cu3—NS6'
012—Cu3—013
07—Cu3—013
N4—Cu3—013
N6'—Cu3—013

90
180

93.9(4)
86.1(4)

171.65(17)
173.30(17)
96.46(16)
82.39(16)
82.21(15)
98.02(15)
172.12(18)
97.28(16)
89.34(16)
90.73(16)
97.14(16)
166.92(19)
99.55(17)
82.66(15)
88.70(17)
86.52(16)
164.89(18)
92.50(19)
100.18(16)
100.18(16)
97.44(17)

2Symmetry codes for 1: (i) 1-x, 2-y, 2-z. °For 2: (i) 2-x, 1-y, 1-z. °For 3: (i) 1-X, Y, z; (ii) 1-x, 1-y, -Z;
(iii) x, 1-y, z; (iv) 1-x, y, -z. °For 4: (i) x, -1+y, -1+z.
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Table S2. Intermolecular hydrogen bond length/A angles/® in compounds 1-4

Compound 1°

D-H-A d(D-H)/A d(H--A)/A d(D--A)/A <(DHA)/°
O05-H1--08' 0.84 1.84 2.635(4) 157
05-H3--07" 0.83 1.92 2.741(2) 170
06-H5--04" 0.84 2.00 2.823(2) 168
O7-H8:+-04" 0.85 1.92 2.7489(2) 167
07-H9--02" 0.84 1.96 2.780(2) 169
08-H10--02" 0.85 2.21 2.920(5) 141
08-H11--02" 0.85 2.04 2.785(5) 147
C2-H2:--04" 0.91 2.42 3.284(2) 160
C6—H6--08" 0.93 2.44 3.301(5) 155

Compound 2°

D-H-A d(D-H)/A d(H--A)/A d(D--A)/A <(DHA)/°
06-H4--04' 0.84 1.89 2.720(4) 168
06-H5--010" 0.85 1.92 2.747(4) 165
07-H8:--02" 0.85 1.96 2.796(4) 167

O7-H11--011" 0.85 1.92 2.744(6) 162
09-H14--01" 0.85 2.07 2.903(4) 167
09-H15--04" 0.84 2.01 2.839(4) 167
010-H16--02 0.84 1.88 2.696(4) 163
010-H17--05" 1.00 1.89 2.690(5) 135
O11-H18--06" 0.85 1.99 2.827(6) 168
O11-H19--08" 0.85 2.03 2.884(8) 175
C9-H9--011" 0.93 2.35 3.240(6) 159
Compound 3°

D-H-A d(D-H)/A d(H--A)/A d(D--A)/A <(DHA)/°
03-H6--01 0.85 1.99 2.808(4) 161
C4-H4--02' 0.93 2.54 3.179(7) 127
02-H2--04" 0.82 2.00 2.685(9) 141

Compound 4°

D-H-A d(D-H) /A d(H--A) /A d(D--A)/A <(DHA) /°
09-H1--06' 0.86 2.03 2.852(6) 159
09-H3--09" 0.87 2.35 2.856(5) 117

010-H4--015" 0.86 1.87 2.716(8) 170

O11-H6:-08" 0.86 1.90 2.744(6) 170
N7-H7A--013" 0.86 2.04 2.829(8) 153
N7-H7B:--016" 0.86 2.13 2.974(8) 165
012-H10--016" 0.86 1.91 2.715(7) 155
O13-H15--04" 0.86 1.86 2.718(6) 173
014-H16--016" 0.86 2.45 2.873(12) 111
014-H17--011 0.86 2.55 2.996(10) 113
015-H20--01 0.86 2.37 2.818(7) 113
O15-H20--N7"" 0.86 2.52 3.089(11) 124
015-H21--014" 0.86 2.56 3.226(11) 135
016-H22--07™ 0.87 2.13 2.904(6) 149
016-H23--014" 0.86 2.02 2.873(12) 172

C2-H2--02" 0.93 2.49 3.418(6) 178

4Symmetry codes for 1: (i) 1-x, 1-y, 1-z; (i) 1-x, 1-y, 2-z; (iii) 1-x, 2-y, 1-z; (V) X, ¥, -1+2Z; (V) -X, 2-y, 2-
z; (Vi) 1+, -1+y, -1+2; (vii) 2-X, 1-y, 1-z. "For 2: (i) X, 1.5-y, 0.5+z; (ii) -1+X, y, z; (iii) 1-x, 1-y, 1-z; (iv)
1-X, 0.5+y, 0.5-z; (V) 1-X, -y, 1-z; (vi) 1-x, 0.5-y, 0.5+z. °For 3: (i) 1.5-x, 1.5-y, z; (ii) X, y, -z. °For 4: (i)
1+x, y, z; (i) 1-x, 1-y, 2-z; (iii) -1+X, y, Z; (iv) X, -1+y, -1+z; (V) 1-x, 2-y, 1-z; (Vi) X, 1+y, z; (vii) 1-x, 1-
y,1-z; (viii) 1-x, 2-y, 2-z; (iX) 1+x, -1+y, z;  (X) -x, 1-y, 1-zZ.
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Ha- nZNa()’ I]ZN‘»O‘ H3- nloa 'IZN‘,O‘, nZN"’O“
(type I) (type II)

Figure S1. Coordination modes of pyrazole-3,5-dicarboxylate in 1-4.

K —{08

Figure S2. 3D supramolecular structure of 1 built by various interchain hydrogen bonding
(dash lines).
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Figure S3.3D supramolecular network of 2 built by hydrogen bonding interactions.

Figure S4. 3D packing diagram of 4 formed by various weak interchain hydrogen bonding
interactions.
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Figure S5. The electronic spectra of 1-4.
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Figure S6. XRPD patterns of simulated from single-crystal X-ray data and as-synthesized of
1.
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Figure S7. XRPD patterns of simulated from single-crystal X-ray data and as-synthesized of
2.
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Figure S8. XRPD patterns of simulated from single-crystal X-ray data and as-synthesized of
3.
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Figure S9. XRPD patterns of simulated from single-crystal X-ray data and as-synthesized of
4,
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Figure S10. Experimental values of yuT, per Cus, (open circles) versus temperature (K) plot
for compound 1. The solid lines is the best fit using the linear S = % trimer model described in
the text that includes an inter-trimer term, 6. Best-fit parameters: g = 2.19; J = -14.0 cm™; 6 =
-4.3 K; No.= 100 x 10 cm® mol™,
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Figure S11. Experimental values of yuT, per Cus, (open circles) versus temperature (K) plot
for compound 2. The solid lines is the best fit using the linear S = % trimer model described in
the text that includes an inter-trimer term, 6. Best-fit parameters: g = 2.16; J = -16.5 cm™; 4 =
0.2 K; No.= 60 x 10° cm® mol™.
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PART Il
Anion-dependent self-assembly of copper coordination polymers based on
pyrazole-3,5-dicarboxylate and 1,2-di(4-pyridyl) ethylene

Introduction

Self-assembled coordination polymers (CPs) have gained extensive attention for not
only their fascinating structural diversities but also their applications in many fields, such gas
storage, catalysis, magnetism, luminescence, and ion exchange." The structural assemblies
can be influenced by many factors, such as ligand, source of metal ion, counterion,
stoichiometry, temperature, and the pH of the solution.*™® Consequently, several architectures
of CPs have been remarkably constructed. In the case of the anion, it can act as either
coordination ligand or counterion balancing the framework charge depending on its
coordination ability.*" ** The use of different anions in the reaction may affect the self-
assembly of coordination polymers. Notably, the study of cationic host frameworks for
anionic guest exchange has become a significant research area because the traditional ion
exchange resin has the limitation of its thermal and chemical stability. Nowadays, many
porous CPs with anion exchange properties have been widely reported.”® ** The anion
exchange process in CPs generally involves either a solid-state diffusion mechanism or
solvent-mediated exchange process.™ *°

The organic bridging ligand is a primary factor that controls and facilitates the
formation of CPs. Pyrazole-3,5-dicarboxylic acid (Hzpzdc) is a multifunctional ligand which
exhibits various coordination ability (Figure S1).2"*° H,pzdc has potential six coordination
sites including four carboxylate oxygen and two pyrazole nitrogen atoms. Thus, Hspzdc can
coordinate as a mono- to the hexadentate ligand. A variety of complexes based on Hspzdc
containing transition and lanthanide metal ions have been documented.”>?* The diversified
CPs containing Cu(ll) ion have been known, in contrast to other transition metals, because
Cu(ll) center exhibits diverse coordination geometries in one compound owing to Jahn-Teller
distortion. The pyrazole-3,5-dicarboxylato Cu(ll) complexes frequently provide dinuclear or
trinuclear Cu(ll) building unit.*® * Apart from the Hpzdc ligand, the flexible N,N “ditopic
spacer is used as an ancillary ligand for a dimensional extension. They can rotate or bend to
adopt the proper conformation and hold the energetic minimum when coordinating to the
metal centers, which cause a great structural diversity. In this work, 1,2-di(4-pyridyl)ethylene
(dpe) was used as flexible N,N[I-ditopic co-ligand for increasing dimensionality of Cu(ll)
pyrazole-3,5-dicarboxylate.

Herein a novel series of pyrazole-3,5-dicarboxylato Cu(ll) coordination polymers
with 1,2-di(4-pyridyl)ethylene have been synthesized by using various starting copper(ll)
salts, including NO3 , ClO, , BF, , SCN , SO,%, and PO,* anions, the structural diversity of
all compounds indicates the role of anion on the structural assemblies. The anion exchange
properties of 1-4 have been studied. Also, the luminescent properties of 1-6 and exchanged
products were investigated.
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Experimental section
Physical measurements

All chemicals and solvents were received from commercial sources and were used
without further purification. FT-IR spectra were obtained by using the standard Pike ATR cell
on a Bruker Tensor 27 FT-IR spectrophotometer in 4000—600 cm " spectral range. Solid-state
electronic spectra were measured on a PerkinElmer Lambda2S spectrophotometer (400—1100
nm). Elemental analyses (C, H, N) were carried out with a PerkinElmer PE 2400CHNS
analyzer. Thermogravimetric analyses (TGA) were done by using a Hitachi STA7200 thermal
analyzer between 35 and 750 °C in N, atmosphere with a heating rate of 10 °C min*. The X-
ray powder di firacti aolIPSREPDAt datmm temperature by using a
PANalytical EMPYREAN with monochromatic CuKa, and the recording speed was 0.5
s/step in the 20 range of 5—50°. The K" ion was detected by PerkinElmer atomic absorption
spectrometer (AAS). The solid-state fluorescent spectra of ligands Hspzdc, dpe, compounds
1-6, 1-4-SCN and 1-4-N; were measured by SHIMADZU RF-5301PC Spectrofluoro
photometer.

Preparation of compounds 1-6

{[Cu,(pzdc)(dpe),]NOz}, (1). The mixture solution of Cu(NO3),:3H,0 (0.5 mmol,
0.1208 g), 1,20-di(4-pyridylethylene (0.5 mmol, 0.0911 g) and pyrazole-3,5-dicarboxylic
acid (0.5 mmol, 0.0871 g) in ethanol (2 mL), DMF (2 mL) and H,O (13 mL) was sealed in a
25 mL glass vial. The mixture was heated at 120 °C for 1 day and then slowly cooled down to
room temperature. The blue crystals of 1 were obtained. Yield: 66 mg (37%) based on copper
salt Anal. Calcd. for Cu,C,9H,;N;O+: C, 49.29; H, 3.00; N, 13.88. Found: C, 48.96; H, 3.10;
N, 13.55%. ATR-FT-IR peaks (v(cm™)): 1613s (v(C=N)), 1558s (v,5(OCO)), 1505s, 1431w,
1395m (v5(OCO)), 1338s (V(NOj3 )), 1219m, 1114w, 1055m, 1026m, 977m, 832s, 792m. UV-
vis (diffuse reflectance, cm™): 15015.

{[Cu,(pzdc)(dpe),]CIO4}, (2). The preparation of 2 was similar to that of 1, except
Cu(ClOy4),-nH,0 (0.5 mmol, 0.1853 g) replaced Cu(NO3),-3H,0. The blue crystals of 2 were
obtained. Yield: 112 mg (60%) based on copper salt. Anal.Calcd. for Cu,C,3Cl H»;NgQOg: C,
46.81; H, 2.84; N, 11.29. Found: C, 46.74; H, 2.62; N, 11.22%. ATR-FT-IR peaks (v(cm'l)):
1610s (v(C=N)), 1549s (v45(OCO)), 1501s, 1432m, 1388m (vs(OCQ)), 1335s, 1287w, 1206m,
1089s (v(ClO[)), 1029m, 972m, 831s, 828w,792m. UV-vis (diffuse reflectance, cm'l):
14881.

Caution: Perchlorate salts are highly explosive and must be handled with care.

{[Cu,(pzdc)(dpe),]BF4}, (3). The preparation of 3 was similar to that of 1, except
Cu(BF4),-nH,0 (0.5 mmol, 0.1186 g) replaced Cu(NO3),-3H,0. The blue crystals of 3 were
obtained. Yield: 33 mg (18%) based on copper salt. Anal.Calcd. for Cu,CoBF;H»NgO4: C,
47.62; H, 2.89; N, 11.49. Found: C, 47.38; H, 2.76; N, 11.65%. ATR-FT-IR peaks (v(cm™)):
1611s (v(C=N)), 1550s (v45(OCO)), 1502s, 1432m, 1389m (vs(OCQ)), 1337s, 1289w, 1208m,
1053s (v(BF, )), 1026s, 970s, 832s, 790m. UV-vis (diffuse reflectance, cm™): 14970,

{[Cu,(pzdc)(dpe),]SCN}, (4). The mixture solution of CuCl,-2H,0 (0.5 mmol,
0.0824 g), 1,21 -di(4-pyridyl)ethylene (0.5 mmol, 0.0911 g), pyrazole-3,5-dicarboxylic acid
(0.5 mmol, 0.0871 g) and KSCN (0.5 mmol, 0.0486 g) in ethanol (2 mL), DMF (2 mL) and
H,0 (13 mL) was sealed in a 25 mL glass vial. The mixture was heated at 120 °C for 1 day
and then slowly cooled down to room temperature. The blue crystals of 4 were obtained.
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Yield: 114 mg (65%) based on copper salt Anal. Calcd. for Cu,C3H,N;0,4S: C, 51.28; H,
3.01; N, 13.95. Found: C, 50.94; H, 3.09; N, 13.97%. ATR-FT-IR peaks (v(cm™)): 2050m
(V(SCN ), 1612s (V(C=N)), 15525 (v4(0CO)), 1504s, 1430m, 1392m (vs(OCO)), 1338s,
1209m, 1112w, 1052m, 1011m, 968m, 829s, 793m. UV-vis (diffuse reflectance, cm™):
15020.

{[Cu,Cu'4(pzdc).(dpe)s](H20)4}2n (5). The preparation of 5 was similar to that of
1, except CuSO4-5H,0 (0.5 mmol, 0.1248 g) replaced Cu(NOs),-3H,0O. The green crystals of
5 were obtained. Yield: 14 mg (10%) based on copper salt. Anal.Calcd. for
CugCgH72N»O40: C, 48.34; H, 3.17; N, 12.25. Found: C, 48.22; H, 3.28; N, 12.55%. ATR-
FT-IR peaks (v(cm™)): 3274br (v(OH)), 1595br ((v(C=N)) and v,(OCO)), 1500w, 1478m,
1413w, 1381m (vs(OCQ)), 1292s, 1230m, 1064m, 1000m, 828s, 768(m). UV-vis (diffuse
reflectance, cm™): 14925,

{[Cus5(HPO,),(pzdc),(dpe)s](H,O)s}, (6). The preparation of 6 was similar to that
of 1, except Cus(PQO,),:2H,0 (0.5 mmol, 0.2080 g) replaced Cu(NO3),-3H,0. The purple
crystals of 6 were obtained. Yield: 75 mg (52%) based on copper salt. Anal.Calcd. for
CusCysHasN100,1P,: C, 38.04; H, 3.05; N, 9.64. Found: C, 37.72; H, 2.86; N, 9.70%. ATR-
FT-IR peaks (v(cm™)): 3381br (v(OH)), 1636br (v(C=N)), 1609br (v,(OCO)), 1504m,
1427m, 1393m (v5(OCO)), 1327m, 1297m, 1208w, 1065br (v(HPO,*)), 1000br (v(HPO,*)),
921s, 833s, 781s. UV-vis (diffuse reflectance, cm'l): 14327.

X-ray crystallography

The single-crystal X-ray data of 1-6 were collected at 298 K (except 1 was collected
at 100 K) by using a Bruker D8 Quest PHOTON100 with graphite-monochromated MoKa.
radiation with the APEX2 program.”* The data integration was done by SAINT?® and the
absorption correction was perfomed by the SADABS?. The structure solution was solved by
intrinsic phasing®” and refined by the least-squares method on F? with anisotropic thermal
parameters for non-H atoms using the SHELXTL program.” The H atoms were assigned in
calculated positions and isotropically refined. The disordered counteranions in 1-4 (NO; for
1, Clo, for 2, BF, for 3, and SCN for 4) locate on a crystallographic inversion center, so
the occupancies of entire counteranions were refined to 0.5. The highly disordered SCN in 4
was isotropically refined. The disordered lattice water molecules were removed from the
diffraction data for compounds 5 and 6 using the SQUEEZE instruction of PLATON
software.”®! The total electron count removed per unit cell by SQUEEZE was 344 for 5 and
47 for 6. The number of electrons per molecule was 86 (Z’ = 2, Z=4) and 47 (Z = 1), which
were assigned to eight and five water molecules in the formulas, respectively. The actual
water molecules in the unit cell are further determined by the elemental analyses and
thermogravimetric analyses (TGA). The crystal data, selected bond lengths, and angles for
compounds 1-6 are shown in Tables 1 and S1.
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Table 1. Crystallographic data for compounds 1-6.

Compound 1 2 3
formula Cu,CyH,N;O;  CuyCxCIH,1NgOs  CuyBCoF4H21 NGOy
molecular weight 706.61 744.05 731.41

T (K) 100(2) 298(2) 298(2)
crystal system Orthorhombic orthorhombic orthorhombic
space group P nma P nma P nma
a(A) 12.4115(7) 12.8632(8) 12.7573(6)
b (A) 26.8057(16) 26.6997(18) 26.7175(13)
c(A) 8.4121(5) 8.4942(6) 8.4773(3)

a (deg) 90 90 90

/ (deg) 90 90 90

y (deg) 90 90 90

V (A% 2798.7(3) 2917.3(3) 2889.4(2)

z 4 4 4

Peaid (g €M) 1.677 1.694 1.681

u (Mo Ka)) (mm™) 1.582 1.613 1.546
data collected 3145 3055 3659
unique data (Riqy) 2409(0.0612) 2031(0.0846) 2168(0.1181)
R:% /1 WR,” [1> 20(1)] 0.0511/0.0926 0.0769/0.1887 0.0724/0.1431
R;*/ wR," [all data] 0.0810/0.1004 0.1356/ 0.2085 0.1509/0.1683
GOF 1.129 1.189 1.050
max/min electron 0.650/-0.755 0.768/-1.118 0.824/-0.950

density (e A?)
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Table 1. Crystallographic data for compounds 1-6. (Cont.)

Compound 4 5 6
formula CuzCsH21N704S  CuyCigaHi128N40s0  CusCugH3aN10O16P-
molecular weight 702.68 4427.90 1362.67

T (K) 298(2) 298(2) 298(2)
crystal system orthorhombic Monoclinic triclinic
space group P nma P 21/n P-1

a (A) 12.7346(9) 16.3570(7) 9.8788(4)

b (A) 26.731(2) 26.4808(12) 11.1243(4)
c(A) 8.4383(6) 21.4340(9) 13.8420(6)
a (deg) 90 90 69.7760(10)
S (deg) 90 93.7730(10) 79.7190(10)
y (deg) 90 90 64.4060(10)
V (A% 2872.4(4) 9263.9(7) 1286.56(9)
z 4 VALY 1

peaid (@ M) 1.625 1.587 1.759

u (Mo Ka) (mm™) 1.604 1.876 2.175
data collected 2886 18998 5294
unigue data (Rin) 1755(0.0905) 10197 (0.1063) 3845(0.0470)
R:*/WR," [1> 20(1)] 0.0687/0.1630 0.0634/0.1152 0.0416/0.0801
R.*/ WR," [all data] 0.1394/0.1944 0.1516/0.1417 0.0728/0.0903
GOF 1.055 1.002 1.011
max/min electron 1.578/-0.883 1.513/-0.853 0.711/-0.560
density (e A®)

Anion exchange experiments

The anion-exchange experiments were performed with compounds 1-4. A 20 mg of
powder sample was placed into saturated aqueous solution (5 mL) of NaNO;, NaClO,,
NaBF,;, NaNs, or KSCN and constantly stirred at ambient temperature for 1 day. Then, the
solid sample was collected by filtration, washed with 50 mL of deionized water, and dried in
air for 1 day. The solid product was characterized by IR and UV-Vis spectroscopy, and
PXRD. The occurrence of anion exchange was verified by comparison of the characterization
data with those of 1-4. For 1-SCN, IR (cm™): v(CN) 2105; v(NO3) 1338. UV-vis (cm™):
15060. For 2-SCN, IR (cm™): v(CN) 2102; v(Cl0,) 1089. UV-vis (cm™): 14970. For 3-SCN,
IR (cm™): v(CN) 2103; v(BF,) 1051. UV-vis (cm™): 15015. For 4-SCN, IR (cm™): v(CN)
2050 and 2106. UV-vis (cm™): 15037. For 1-Ng, IR (cm™): v(Nj): 2069. UV-vis (cm™):
16260 and 13072. For 2-N3, IR (cm™): v(N3): 2069. UV-vis (cm™): 16367 and 13458. For 3-
N3, IR (cm™): v(N3): 2064. UV-vis (cm™): 16077 and 13123. For 4-N;, IR (cm™): v(N3):
2069. UV-vis (cm™): 15870.
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Results and discussion
General observations and spectroscopic techniques

Compounds 1-6 were obtained by the solvothermal reactions of Hspzdc, dpe and
many copper(ll) salts under the same conditions. Compounds 1-4 are isostructural and exhibit
3D npillar-layered cationic frameworks, interspersed with lattice monoanions within the
channels. Each lattice anions is surrounded by four p,-dpe pillar-linkers with a variety of
torsion angles, depending on a kind of counteranion. Compound 5 shows a neutral mixed-
valence Cu(l, 1) 2D interpenetrated network without the sulfate anion in the lattice. In
contrast, compound 6 shows 3D coordination framework containing coordinated -
hydrogenphosphate anion. The different structural frameworks of all compounds indicate the
significant role of anions on the self-assembly.

The ATR-IR spectra of 1-6 (Figure S2 and S3) reveal the strong intensity peak
around 1610 cm™ which can be assigned to the stretching vibrations of the pyridine ring. The
peaks around approximately 1600-1400 cm™correspond to the asymmetric and symmetric
stretching vibrations of the carboxylate group for the pzdc ligand.*® The IR spectra of 1-4
show a characteristic strong peak for each counteranion at 1338 cm™ (W(NO3 ) in 1),** 1089
cm™(W(ClO4 ) in 2),** 1053 cm™ (W(BF, ) in 3)** and 2050 cm™ (W(SCN ) in 4)*. The IR
spectrum of 6 shows medium peaks in the range of 1100-1000 cm™ corresponding to the
vibration of phosphate anion. The broad peaks around 3600-3200 cm™ in 5 and 6 are assigned
to v(OH) from the water molecules. The solid-state UV-Vis spectra of 1-6 were studied at
room temperature (Figure S5). All compounds exhibit a single broad absorption band around
15200-14300 cm* which correspond to distorted octahedral and square pyramidal geometries
for Cu(I1).% 3¢

Description of crystal structures
Crystal structures of {[Cu,(pzdc)(dpe),]X}.(X = NO; (1), ClO, (2), BF, (3), SCN (4))

Single-crystal analysis revealed that compounds 1-4 are isostructural and they crystallize in
the orthorhombic Pnma space group. The crystal structure of 1 is described detail herein.
There are two crystallographically independent Cu(ll) centers (Cul and Cu2) located on a
crystallographic mirror plane. The Cul ion is five-coordinated, adopting a square pyramidal
geometry (1 =0.01 for 1, t=0.12 for 2, 1= 0.09 for 3, t = 0.08 for 4, Addison’s parameter 1 =
0 for square pyramid and T = 1 for trigonal bipyramid).*” Each Cul center is coordinated by
two carboxylate oxygen atoms (01, 03) from two different pzdc® ligands and two pyridine
nitrogen atoms from two p,-dpe in the equatorial plane. The axial position is occupied by a
pyrazole nitrogen atom (N4). The central Cu2 is six-coordinated adopting an elongated
octahedral geometry. The basal plane is occupied by one carboxylate oxygen atom from
pzdc¥, one pyrazole nitrogen atom from another pzdc® and two pyridyl nitrogen atoms from
two W,-dpe. The apical position is located by two carboxylate oxygen atoms from two distinct
pzdc® (01, 02) (Figure 1). The Cu-N and Cu-O distances are in the range of 1.949(4)-
2.173(4) A, while the elongated axial Cu2-O distances are 2.305(4) and 2.425(4) A,
indicating the presence of a common Jahn-Teller effect in the Cu(ll) ion.*® *® The CulN,O,
plane is not totally planar with tetrahedral distortion between the planes of 20.71° (26.88° for
2, 25.62° for 3, 24.94° for 4). The Cul is shifted by 0.259(1) A (0.324(2) A for 2, 0.316(2) A
for 3, 0.306(2) A for 4) from the mean equatorial plane toward the axial position. Pzdc*
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connects the Cul and Cu2 ions in a ps-n"O, n°N",0", n°N"",0”, n*0”", n'O0”" coordination
mode (Figure S1) to form two-dimensional (2D) cationic Cu(ll) layered coordination polymer
in ac crystallographic plane. The layer consists of 13-membered macrocycle enclosed by
three Cu(ll) ions and four pzdc® with the closest Cu--Cu distance of 3.914 (1) A (Figure 2).
Also, the p,-dpe spacers connect adjacent layers along b crystallographic axis constructing a
3D cationic pillar-layer coordination framework (Figure 4). The two pyridine rings of
bipyridyl moieties are not coplanar with the dihedral angle between the two planar pyridine
rings of 5.06° (3.20° for 2, 2.23° for 3, 2.00° for 4). The C—-CH=CH—C torsion angle of [,-
dpe is 178.25-179.62° for 1-4. The Cu---Cu separation via p,-dpe is 13.418(1) A for 1 (13.388
(1) A for 2, 13.391(1) A for 3, and 13.400(1) A for 4). The 3D cationic framework of 1
contains a 1D open-channel along ¢ axis which is occupied by disordered NO; lattice anion
(Figure3). The dimension of the channel in ab plane is about 3.95 x 13.42 A? (4.65 x 13.39 A?
for 2, 4.49 x 13.39 A? for 3, and 4.45 x 13.40 A? for 4). Besides electrostatic interaction
between the cationic framework and anionic guest, the weak intermolecular hydrogen bonds
involving C—H of H,-dpe linker and lattice anion also stabilize an entire supramolecular
frameworks of 1-3 (Figure 4, Table S2).

N2B NI1A 54
L 01
‘ N3 Cur N
ll2 03
02 04 N1

Figure 1. Crystal structure and atom labeling scheme of 1. All hydrogen atoms and lattice
nitrate anion are omitted for clarity (symmetry code: A = x, 0.5-y, z; B = 1-x, -0.5+y, 1-2).
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Figure 3. The space-filling model of disordered NO; anions incorporated into the 1D open-
channel of the 3D cationic framework of 1 in different views.

Crystal structure of {[Cu4(DCu(ll)4(pzdc)4(dpe)s](H20)4}2n (5)

Single-crystal analysis revealed that compound 5 crystallizes in the monoclinic, P2;/n
space group. The asymmetric unit of 5 contains four Cu(ll) ions (Cul-Cu4), four Cu(l) ions
(Cu5-Cu8), four pzdc®, six dpe ligands and four lattice water molecules. All monovalent
copper atoms are three-coordination completed by one carboxylate oxygen atom from pzdc*
and two pyridyl nitrogen atoms from two different p,-dpe. The Cu(l)-N and Cu(l)-O
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distances are in the ordinary range among 1.901(4)-2.345(4) A.>* “° While all divalent copper
atoms display square pyramidal geometry (t = 0.02-0.05) which are coordinated by two
carboxylate oxygen atoms and two pyrazoyl nitrogen atoms from two pzdc® in the basal
plane, the axial position is occupied by one nitrogen atom from p,-dpe. The Cu(ll)-N and
Cu(I)-O distances are in the range of 1.921(4)- 2.264(4) A.?* * The CuN,O, square base is
not totally planar with tetrahedral twist between the planes of 23.29°, 22.83°, 24.77°, and
23.60° for Cul-Cu4, respectively. The Cu(ll) is shifted by 0.306(1) A, 0.298(1) A, 0.324(1)
A, and 0.310(1) A from the mean equatorial plane toward the axial site for Cul-Cué,
respectively. The calculation of the bond valence sum (BVS) for copper centers in 5 was also
performed using the Cu—X bond constants derived previously (see the Supporting
Information).**** The BVS analysis resulted in the values of 2.10, 2.14, 2.11, 2.11 for Cul-
Cud, respectively, and 0.93, 0.94, 0.94, and 0.93 for Cu5-Cus8, respectively, thus confirming
the formal oxidation states of +2 for Cul-Cu4 and +1 for Cu5-Cu8 ions. Two pzdc® ligands
bind two Cu(ll) ions, giving dinuclear Cu(ll) unit with Cu---Cu separations of 3.957(1) and
3.950(1) A. Each dinuclear Cu(ll) unit is connected via double p,-dpe spacers with Cu---Cu
separation of 13.876(1) and 13.891(1) A, forming tetranuclear Cu(ll) unit. Each tetranuclear
Cu(l1) unit consists of two [Cu(ll),(pzdc),]* conformations as A and B forms (Figure 5). In
the case of A form, the dinuclear Cu(ll) unit adopts cis-conformation for two carboxylate
bridges which are connected to two Cu(l) centers in p3-n2N,0, n°N",0”", n*O”"-pzdc® bridging
mode (Figure S1). For B form, the dinuclear Cu(ll) unit adopts trans-conformation for two
carboxylate bridges which is linked two Cu(l) centers through two pzdc® in ps-n°N,O,
n°N",0", n'0"and pz-n°N,0, n’°N",0", n'O" modes (Figure S1). Moreover, each 3-connected
Cu(l) center links with two neighboring Cu(l) centers via two p,-dpe and also connects with a
tetranuclear Cu(ll) unit giving rise to mixed-valence Cu(l)-Cu(ll) two-dimensional
coordination layer (Figure 6a). The C—-CH=CH—-C torsion angle of W,-dpe spacers is in the
range of 176.29-179.30°. Furthermore, two adjacent layers are interpenetrated to form a two-
fold 2D — 2D parallel interpenetrating network as shown in Figure 6b.
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| |

Figure 4. The 3D porous cationic frameworks in ab plane containing NO; for 1 (a), ClO,
for 2 (b), BF, for 3 (c), and SCN for 4 (d) in the pores. The insets present the weak
hydrogen bonds between C—H of dpe linker and lattice anions. The disordered positions of all

anions are omitted for clarity.
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Figure 5. View of the coordination environments of Cu(l) and Cu(ll) ions in 5 with atom
labels. All hydrogen atoms are omitted for clarity.

(a) b ® =cCul)
@ = Dinuclear Cu(Il)
— = pzdc
— = dpe
(b)
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Figure 6. (a) The mixed-valence Cu(l, 1) 2D coordination polymer of 5 in bc plane. (b) The
two-fold 2D — 2D parallel interpenetrated network of 5.
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Crystal structure of {[Cus(HPO,),(pzdc),(dpe)s](H,0)s}, (6)

Compound 6 crystallizes in the triclinic P-1 space group. The asymmetric unit
contains three crystallographically independent Cu(ll) ions, one Hpzdc®, one-half of dpe
ligands, one hydrogenphosphate, five lattice water molecules. The coordination environment
of Cu(lIl) centers is shown in Figure 7. The Cul center exhibits a square pyramidal geometry
(t = 0.15), coordinated by one carboxylate oxygen, one pyrazoly nitrogen atom from pzdc®,
one hydrogenphosphate oxygen (O5), and one pyridyl nitrogen from p,-dpe in a basal
position. The axial site is occupied by an oxygen from another HPO,%. The CulN,O, square
plane is not totally planar with tetrahedral distortion between the planes of 9.87°. The Cul is
shifted by 0.010(1) A from the mean equatorial plane toward the axial position. The Cu2 is
four-coordinated with a square planar geometry (t4 = 0.20, four-coordinate geometry index 14
= 0 for a perfect square planar and 7, = 1 for a perfect tetrahedron).** *° The copper(ll) center
is completed by one carboxylate oxygen and one pyrozoly nitrogen atom from pzdc®, oxygen
from HPO,* and one pyridyl nitrogen from p,-dpe. The Cu2N,O, square base is not
completely planar with tetrahedral distortion between the planes of 16.69°. The Cu3 center
lies on a crystallographic inversion center and adopts perfect square planar geometry which is
bonded with two pyridyl nitrogen from p,-dpe and two oxygen atoms from two different
HPO,%. The Cu-N and Cu-O distances are in the range of 1.890(3)-2.382(2) A. The Cul and
Cu2 ions are connected by p,-n°N,0, n?N",0"-pzdc® (Figure S1) forming a Cu(ll) dimer with
Cu---Cu separation of 4.315(1) A. Then, two hydrogenphosphate anions connect two adjacent
dinuclear Cu(ll) units and two Cu3 centers generating a 1D chain of Cu3-HPO,4—[CulCu2],-
HPQO, along crystallographic b axis (Figure 8a). Moreover, each 1D chain of 6 is linked
together by six u,-dpe spacers in a different direction to generate 3D framework as shown in
Figure 8b (Figure S4).

Figure 7. The coordination environments of Cu(ll) ions in 6. All hydrogen atoms are omitted
for clarity (symmetry code: A = -x, 1-y, 1-z; B = -x, 2-y, 1-2).
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Figure 8. (a) View of a 2D layer of 6 in bc plane. (b) The 3D framework of 6. The yellow and
blue polygons represent HPO,* and Cu(ll) centers, respectively.

Thermal analyses

Thermogravimetric analysis (TGA) of all compounds except compound 2 were performed in
the N, atmosphere from 30-750 °C. Compound 2 contains perchlorate anion which may be
the potential for an explosion at high temperature. The isostructures of 1-4 are stable up to
about 300 °C. Then the structures are collapsed. Compounds 5 shows a gradual weight loss of
3.2% from 30-260 °C corresponding to the escape of eight water molecules (calcd. 3.2%).
Then the structure is decomposed. Compound 6 reveals gradual weight loss of 6.0% in the
range of 30-280 °C corresponding to the release of five water molecules (calcd. 6.2%). Then
the structures decompose to [Cuz(PO4),], (found, 54.0%, calcd. 52.4%) (Figure S6).

Anion exchange studies and SCN sorption of 1-4

As demonstrated by the X-ray structures, the counteranions (NO; (1), ClO, (2), BF, (3)
and SCN (4)) are occupied within the 1D channel of the 3D pillar-layered cationic
frameworks of 1-4. In addition, compounds 1-4 are insoluble in common organic solvents and
water. Consequently, these metal organic frameworks are potentially expected to exhibit
anion exchange properties. The anion exchange of 1-4 were verified by IR and UV-Vis
reflectance spectra and X-ray powder diffraction (PXRD). When a suspension of crystalline
powder of 1 in a saturated aqueous solution of KSCN was stirred continuously for 1 day at
room temperature, the blue color of crystalline solid was changed to greenish blue. The IR
spectrum of 1-SCN (Figure 9) shows the identical intensity and position of original v(NO; )
at 1338 cm™ along with increasing peak intensity at 2105 cm™, that is an indication of v(CN)
of thiocyanate. The UV-Vis reflectance spectrum of 1-SCN shows broad absorption band
around 15060 cm™ which is slightly blue-shifted in comparison to those of 1 implying that the
coordination environment around Cu(ll) ions are varied (Figure S8). The PXRD pattern of 1-
SCN (Figure 10) is identical to that of 1 which could be evidence for nonstructural
transformation during the exchange process. In contrast, the NO5; in 1 could not be
exchanged by ClO, and BF, anions that were confirmed by IR spectra.
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Figure 9. IR spectra of the anion exchange products with SCN anion.

The above anion exchange procedure can be extended to other anions. When the blue
crystalline solids of 2-3 were continuously stirred in a saturated aqueous solution of KSCN
for 1 day, their colors of were also changed to greenish blue. The IR spectra (Figure 9) for the
products of exchange also show the original peaks of v(ClO, ) at 1089 cm™ for 2, and v(BF, )
at 1051 cm™ for 3 and the appearance of new peaks at 2100 cm™, being as same as 1-SCN.
The UV-Vis reflectance spectra of 2-3-SCN exhibit blue-shifted absorption bands around
14970-15015 cm™ (Figure S8). The PXRD patterns of 2-3-SCN confirm that their
crystallinities are still the same as original crystalline phase during anion exchange process
(Figure 10). In contrast, the CIO, in 2 is not exchanged by both NO; and BF, anions, as
well as the BF, in 3 is not exchanged by NO; and CIO, . Inversely, crystalline solids 1-3-
SCN, and compound 4 cannot be replaced by other anions. According to the IR spectroscopic
data that is used widely to monitor anion exchange, they reveal that the intensity of the
vibrational peak of original counteranion within the framework is not decreased after anion
exchange process, but the new peak of V(CN) around 2100 cm™ appears. It indicates that
isostructures 1-3 exhibit the sorption properties of SCN anion without any anion exchange
process. To confirm the sorption of thiocyanate anion in these isostructural series, compound
4 which contains lattice SCN within the porous, was constantly stirred in a saturated aqueous
solution of KSCN under the same condition. Interestingly, the IR spectrum of 4-SCN exhibits
two characteristic peaks of v(CN). The new one appears at 2100 cm™ and the original one is
at 2053 cm™ (Figure S7). The first peak of v(CN) that is identically found in those of 1-3-
SCN indicates Cu—SCN, thiocyanato complexes (2100-2120 cm™)*® *" whereas those peaks
of lattice SCN anions exhibit v(CN) at 2053 cm™.3**" The crystalline phase of 4-SCN is
identical to that of 4 which is verified by PXRD. The above results imply that isostructures 1-
4 display chemisorption of thiocyanate without destruction of their crystalline framework.
Moreover, to balance the charge of overall frameworks during chemisorption of thiocyanate
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anion, we used the atomic absorption spectroscopy (AAS) for detection of K* ions in 1-4-
SCN. The observed K" amount in analytes is 0.13-0.16 mol K* per mol 1-4. The observed
small amount of K" in 1-4-SCN suggests that the chemisorption of SCN may occur on the
surface of 3D frameworks of 1-4 which agree with no observed solvent accessible voids for
1-4, calculated by PLATON program. The chemisorption of SCN may be attributed to the
unsaturated 5-coordination Cu(ll) center in 1-4 may play a crucial role on chemisorption of
SCN  without the collapse of their crystalline frameworks.

i A A A l | B VN AAAN A 4_SCN
i A J.. b ALAA A 4
>
'é J.A_A_L__Lkll_.- LR TN A 3-SCN
Y I .L.;_l Y . . 2-SCN
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Figure 10. PXRD patterns of the anion exchange products with SCN anion.

To further study the effect of the stronger coordinating ability of the anion, the N5
was used to examine anion exchange properties in 1-4. The IR spectra for 1-4-N; show the
disappearance of an intense peaks of v(NOgi), v(ClO47), v(BF47) and v(CNi) for 1-4,
respectively, and exhibit the growth of a new N; peak at 2070 cm™ (Figure $9).***® The UV-
Vis reflectance spectra of 1-4-N3 show blue-shifted absorption bands around 16367-15870
cm™ which is agreement with the alteration of color from blue to green (Figure S10).
Moreover, none of 1-4-Nj3 contains any number of Na* ions that was verified by AAS,
confirming that the exchange process undergoes in the samples. The PXRD patterns of 1-4-
N; are different to those of the original 1-4 implying the anion-induced structural
transformation (Figure S11). The resulting IR spectra and PXRD of exchanged products differ
significantly from that of the original compounds, suggesting that it is not only the original
ions quantitatively displaced by the N3 but also the solid-state topology fully changes. It
seems that the variation of their structures upon anion exchange may be related to the
coordinating ability of the different anions. Therefore, the exchange of lattice anion by strong
coordinating anion can produce the structural change. Notably, both the sorption of SCN and
anion-exchange of N; mentioned above are an irreversible process which may involve the
dissociation of Cu(I)~SCN or Cu(I)-N; bonds. Therefore, they cannot be easily exchanged
by other weak coordinating anions.
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Fluorescent properties

The solid-state emission spectra at room temperature of compounds 1-6,
chemisorption samples 1-4-SCN, exchanged samples 1-4-N3, Hspzdc, and dpe ligands have
been investigated. The free ligand dpe displays the strong emission peak at 368 nm and the
small one at 509 nm (A = 320 nm) whereas the Hzpzdc displays two insignificant emission
peaks at 368 and 472 nm (A, = 285 nm) (Figure S12). The emission behavior of the ligands
can be assigned to n* —n and n* — n transitions. Upon excitation of solid samples 1-6 and
1-4-SCN at 320 nm, they exhibit two emission bands with the main peak at 468 nm and the
minor peak at about 362-370 nm (Figure S12). In comparison with the dpe ligand, the
emission intensity of all compounds shows quenching phenomena at 368 nm. However, the
enhancement of the intensity around 468 nm was observed. The luminescent behavior may
probably ascribe to the ligand-to-ligand charge transfer (LLCT) and/or ligand-to-metal charge
transfer (LMCT).**** Some differences in the emission intensity in 1-6 may relate to the
distinct structures, coordination environments, and the counteranions. The emission intensity
of chemisorption samples 1-4-SCN are slightly increased comparing with 1-4 (Figure S13),
that may be attributed from the distinct copper(ll) geometry and the adsorption of KSCN. In
contrast to the emission spectra of exchanged samples 1-4-N3, they exhibited slightly shifted
and quenching emission peaks which also confirm the structural transformation when
exchanging by an azide anion.

Conclusions

By the solvothermal reaction of different starting Cu(ll) salts, Hzpzdc and dpe
coligands, three unique distinct structures of ternary coordination networks were
obtained. In the case of monoanion, 1-4 are isostructural and exhibit 3D porous pillar-
layered cationic coordination framework stabilizing by counteranions within their
channels. The various sizes and shapes of anions somewhat affect the torsion angles of
M,-dpe spacer and the channel’s dimension. When using sulfate dianion, compound 5
shows mixed-valence Cu(l, II) 2D+2D — 2D parallel interpenetrated layer without the
incorporation of SO,% in the structure. At vigorous reaction temperature, the species
arising from SO,> may play a key role in the reduction of Cu(ll) ion. Finally,
compound 6 exhibits 3D coordination framework including coordinated HPO,* bridge
which is generated by starting PO,*. The distinct coordination modes of pzdc® also
play a fundamental role on structural assemblies of these CPs. The anion exchange
between weak coordinating anions, NO3 , CIO, and BF, were not observed, but the
chemisorption of SCN on frameworks 1-4 balancing by K* with color change was
found instead. The unsaturated 5-coordination Cu(ll) center in 1-4 may play a crucial
role on chemisorption of SCN  without the collapse of their crystalline frameworks.
In addition, the anion-induced structural transformation was observed when
exchanging by a powerful coordinating ability of Nj .
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Figure S1. Diverse coordination modes of pyrazole-3,5-dicarboxylate.
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Table S1. The selected bond lengths (A) and angles (°) for compounds 1-6.
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Compound 1% (100 K)

Cul—O01 1.949(4) N1'—Cu1—N4" 96.71(9)
Cul—N1' 2.019(3) N1—Cu1l—N4" 96.71(9)
Cul—N1 2.019(3) 03"—Cul—N4" 79.75(15)
Cul—o3" 2.043(4) N3—Cu2—04" 156.89(15)
Cul—N4" 2.173(4) N3—Cu2—N2" 92.44(9)
Cu2—N3 1.981(5) 04" —Cu2—N2" 89.23(9)
Cu2—04™ 1.990(4) N3—Cu2—N2" 92.44(9)
Cu2—N2" 2.025(3) 04" —Cu2—N2" 89.23(9)
Cu2—N2" 2.025(3) N2"—Cu2—N2" 171.00(18)
Cu2—02" 2.305(4) N3—Cu2—02" 88.30(16)
Cu2—01 2.425(4) 04" —Ccu2—02" 114.81(14)
01—Cul—N1' 90.44(9) N2"—Cu2—02" 86.30(9)
01—Cul—N1 90.44(9) N2'—Cu2—02" 86.30(9)
N1'—Cul—N1 164.79(18) N3—Cu2—O01 74.38(15)
01—Cul—03" 165.54(14) 04""_—Ccu2—o01 82.51(13)
N1'—Cu1—03" 87.68(9) N2"“—Cu2—O01 94.30(9)
N1—Cu1—O03" 87.68(9) N2'—Cu2—01 94.30(9)
01—Cul—N4" 114.71(16) 02"—Cu2—01 162.68(14)
Compound 2° 7
Cul—O01 1.957(7) N4'—Cu1—N2" 96.7(2)
Cul—N4' 2.003(6) N4"—Cul—N2" 96.7(2)
Cul—N4" 2.003(6) 03" —Cu1—N2" 78.7(3)
Cul—03" 2.121(8) N1—Cu2—N3. 93.87(19)
Cul—N2" 2.157(9) N1—Cu2—N3" 93.87(19)
Cu2—N1 2.008(8) N3—Cu2—N3" 165.9(4)
Cu2—N3 2.008(6) N1—Cu2—04" 156.4(3)
Cu2—N3" 2.008(6) N3—Cu2—04" 88.79(19)
Cu2—O01 2.492(8) N3"—Cu2—04" 88.79(19)
Cu2—O02 2.504(8) N3"—Cu2—02 84.29(19)
Cu—o4" 2.030(8) N3—Cu2—02 84.29(19)
01—Cul—N4' 89.2(2) N3"—Cu2—O01 96.74(18)
01—Cul—N4" 89.2(2) N3—Cu2—O01 96.74(18)
N4'—Cu1—N4" 164.8(4) 01—Cu2—02 160.76(26)
01—Cu1—03" 157.6(3) 01—Cu2—N1 72.83(28)
N4'—Cul—03" 87.9(2) 02—Cu2—N1 87.93(30)
N4"—cu1—03™ 87.9(2) 01—Cu2—04" 83.61(27)
01—Cul—N2" 123.7(3) 02—Cu2—04" 115.63(29)
Compound 3° )
Cul—O01 1.954(5) N1—Cul—N4" 96.82(15)
Cul—N1 2.008(4) N1'—Cul—N4" 96.82(15)
Cul—N1' 2.008(4) 04'—Cu1—N4" 78.9(2)
Cul—o4" 2.094(5) N3"—Cu2—N2" 93.64(13)
Cul—N4" 2.167(6) N3"—Cu2—N2" 93.64(13)
Cu2—N3" 1.996(6) N2"—Cu2—N2" 167.4(3)
Cu2—N2" 2.014(4) N3"—Cu2—O03 156.6(2)
Cu2—N2" 2.014(4) N2"—Cu2—03 88.70(13)
Cu2—O01 2.473(5) N2'—Cu2—O03 88.70(13)
Cu2—O02 2.464(5) N2'—Cu2—01 95.95(15)
Cu2—O03 2.027(5) N2"—Cu2—O01 95.95(15)
01—Cul—N1 89.32(14) N2'—Cu2—02 84.99(14)
01—Cul—N1' 89.32(14) N2"—Cu2—02 84.99(14)
N1—Cul—N1' 164.7(3) N3"—Cu2—O01 73.24(19)
01—Cul—04" 159.2(2) N3"—Cu2—02 88.31(20)
N1—Cul—04" 87.93(14) 01—Cu2—O03 83.32(19)
N1'—Cul—o04" 87.93(14) 02—Cu2—O03 115.12(20)
N1'—Cul—N2 99.13(15) 01—Cu2—02 161.55(17)
01—Cul—N4" 121.9(2)
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Table S1. The selected bond lengths (A) and angles (°) for compounds 1-6. (Cont.)

Compound 4° 7
Cul—O1 1.959(6) N1'—Cul—N4" 96.80(18)
Cul—N1' 2.002(5) N1—Cul—N4" 96.80(18)
Cul—N1 2.002(5) 04" —Cul—N4" 78.6(3)
Cul—o4" 2.073(7) 03—Cu2—N3" 157.6(3)
Cul—N4" 2.163(8) 03—Cu2—N2" 88.55(16)
Cu2—01 2.462(6) N3"—Cu2—N2" 93.42(16)
Cu2—O02 2.452(6) 03—Cu2—N2" 88.55(16)
Cu2—O03 1.984(6) N3"—Cu2—N2" 93.42(16)
Cu2—N3" 2.003(7) N2"—Cu2—N2" 168.7(3)
Cu2—N2" 2.017(5) 01—Cu2—N2" 95.27(18)
Cu—N2' 2.017(5) 01—Cu2—N2" 95.27(18)
01—Cul—N1' 89.32(17) 02—Cu2—N2" 85.60(18)
01—Cul—N1 89.32(17) 02—Cu2—N2" 85.60(18)
N1'—Cul—N1 164.8(4) 01—Cu2—02 162.22(22)
01—Cul—04" 159.9(3) 01—Cu2— N3" 73.45(26)
N1'—Cu1—04" 88.05(17) 02—Cu2— N3" 88.77(28)
N1—Cu1—O04" 88.05(17) 01—Cu2—O03 84.11(23)
01—Cul—N4" 121.4(3) 02—Cu2—03 113.67(25)

Compound 5°
Cul—N1 1.929(4) N1—Cul—05 162.55(16)
Cul—N3 1.921(4) 01—Cul—O05 101.38(15)
Cul—N9 2.250(4) N3—Cul—N9 97.46(16)
Cul—o01 2.010(3) N1—Cul—N9 96.56(17)
Cul—O05 2.030(3) 01—Cul—N9 100.99(15)
Cu2—N2 1.934(4) 05—Cul—N9 100.32(15)
Cu2—N4 1.931(4) N2—Cu2—N4 93.22(18)
Cu2—N11 2.264(4) N2—Cu2—03 80.03(16)
Cu2—O03 1.997(3) N4—Cu2—O03 163.56(16)
Cu2—O07 2.012(4) N2—Cu2—O07 160.62(16)
Cu3—Ns5 1.923(4) N4—Cu2—07 79.80(17)
Cu3—N7 1.938(4) 03—Cu2—O07 101.69(15)
Cu3—N12 2.246(4) N2—Cu2—N11 95.72(17)
Cu3—09 2.048(4) N4—Cu2—N11 97.09(17)
Cu3—013 1.974(4) 03—Cu2—N11 98.48(15)
Cud—N6 1.934(4) O7—Cu2—N11 103.04(16)
Cu4—N8 1.931(4) N5—Cu3—N7 93.37(19)
Cud—N10 2.246(4) N5—Cu3—013 161.58(16)
Cu4—O011 2.006(4) N7—Cu3—O013 80.59(17)
Cu4—O015 2.016(4) N5—Cu3—09 79.57(17)
Cu5—N13 1.930(4) N7—Cu3—O09 159.98(15)
Cu5—N14' 1.926(4) 013—Cu3—09 100.23(15)
Cu5—02 2.227(4) N5—Cu3—N12 96.49(17)
Cu6—N15 1.912(4) N7—Cu3—N12 96.80(17)
Cu6—N16" 1.911(4) 013—Cu3—N12 101.48(16)
Cu6—06 2.293(4) 09—Cu3—N12 102.57(15)
Cu7—N17 1.923(4) N8—Cu4—N6 93.29(19)
Cu7—N18' 1.935(4) N8—Cu4—O011 161.98(16)
Cu7—O016 2.201(4) N6—Cu4—O011 80.08(17)
Cus—N19 1.905(4) N8—Cu4—015 79.55(16)
Cu8—N20" 1.901(4) N6—Cu4—O015 160.97(16)
Cu8—09 2.345(4) 011—Cu4—O015 101.36(15)
N3—Cul—N1 93.62(18) N8—Cu4—N10 97.52(17)
N3—Cul—O01 160.93(16) N6—Cu4—N10 98.42(17)
N1—Cul—O1 79.56(16) 011—Cu4—N10 100.01(16)
N3—Cul—05 79.87(16) 015—Cu4—N10 99.98(15)
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Table S1. The selected bond lengths (A) and angles (°) for compounds 1-6. (Cont.)

Compound 5°

N14'—Cu5—N13 150.46(19) N17—Cu7—N18' 150.51(19)
N14'—Cu5—02 106.54(16) N17—Cu7—O016 106.83(16)
N13—Cu5—02 102.73(17) N18'—Cu7—016 102.36(16)
N15—Cu6—N16" 155.1(2) N20"—Cu8—N19 156.7(2)
N15—Cu6—O06 99.57(17) N20"—Cu8—09 99.66(16)
N16"—Cu6—O06 104.70(17) N19—Cu8—09 103.40(16)
Compound 6'
Cul—O5 1.957(2) 01—Cul—N3 88.78(12)
Cul—N1 1.968(3) 05—Cul—O5' 79.52(10)
Cul—oO01 1.991(3) N1—Cul—O5' 101.82(11)
Cul—N3 2.010(3) 01—Cul—O5' 103.29(11)
Cul—O5' 2.382(2) N3—Cul—O5' 89.64(11)
Cu2—O06 1.898(3) 06—Cu2—03 164.58(12)
Cu2—03 1.944(3) 06—Cu2—N2 95.87(12)
Cu2—N2 1.948(3) 03—Cu2—N2 82.49(12)
Cu2—N5 2.011(3) 06—Cu2—N5 94.75(15)
Cu3—o7" 1.890(3) 03—Cu2—N5 88.87(15)
Cu3—O7 1.890(3) N2—Cu2—N5 167.75(15)
Cu3—N4 2.029(3) 07"—Cu3—07 180
Cu3—N4" 2.029(3) 07"—Cu3—N4 92.79(12)
05—Cul—N1 95.01(10) O7—Cu3—N4 87.21(12)
05—Cul—O01 175.05(11) 07"—Cu3—N4" 87.21(12)
N1—Cul—O1 80.46(11) O7—Cu3—N4" 92.79(12)
05—Cul—N3 95.35(12) N4—Cu3—N4" 180
N1—Cul—N3 165.77(12)

4Symmetry codes for 1: (i) x, 0.5-y, z; (ii) -0.5+X, y, 0.5-z; (iii) X, y, 1+z; (iv) 1-x, 1-y, 1-z; (V) 1-X, -
0.5+y, 1-z; (vi) 0.5+, y, 0.5-z. °For 2: (i) 1-x, -0.5+y, -z; (ii) 1-x, 1-y, -z; (iii) -0.5+x, y, 0.5-z; (iv) X, 0.5-
Y, Z, (V) X, Y, -1+z. “For 3: (i) x, 1.5-y, z; (i) 0.5+x, y, 0.5-z; (iii) x, y, 1+z; (iv) 1-x, 1-y, 1-z;
(v) 1-x, 0.5+y, 1-z. %For 4: (i) x, 0.5-y, z; (i) -0.5+x, y, 1.5-z; (iii) X, y, 1+z; (iv) 2-x, 1-y, 2-z
(V) 2-x, -0.5+y, 2-z. °For 5: (i) -0.5+x, 0.5-y, -0.5+z; (ii) 0.5+x, 0.5-y, 0.5+z; (iii) 0.5+x, 1.5-y,
0.5+z. For 6: (i)  -x, 2-y, 1-z; (ii) -x, 1-y, 1-z.
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Table S2. Intermolecular hydrogen bond length/A angles/® in compounds 1-4.

Compound 1°

D-H+A d(D-H)/A d(H--A)/A d(D--A)/A <(DHA)/°
C2-H2--06 0.95 2.56 3.279(16) 133
C2-H2--07' 0.95 2.59 3.406(17) 144
C6—H6-05 0.95 2.30 3.241(9) 169
C7-H7--05" 0.95 2.35 2.943(9) 120
C9-H9--05 0.95 2.44 3.383(10) 173
C9-H9--0¢' 0.95 2.49 3.269(16) 140

Compound 2°

D-H+A d(D-H)/A d(H--A)/A d(D--A)/A <(DHA)/°

C9-H9--05' 0.93 2.49 3.22(4) 135
Cl1-H11--06" 0.93 2.04 2.93(2) 160
C12-H12--07 0.93 2.33 3.25(2) 169
Cl4-H14--06" 0.93 2.53 3.35(4) 147
C16-H16--08' 0.93 2.55 3.26(4) 133

Compound 3°

D-H+A d(D-H)/A d(H--A)/A d(D--A)/A <(DHA)/°
C2-H2-F2' 0.93 2.52 3.364(18) 151
C6—H6"F4 0.93 2.22 3.134(14) 169
C6—H6:-F2" 0.93 2.38 2.846(14) 111
C7-H7--F2" 0.93 2.12 3.009(15) 159

C11-H11-F4 0.93 2.50 3.421(14) 169
Compound 4°

D-H-A d(D-H)/A d(H--A)/A d(D--A)/A <(DHA)/°

C6—H6S1 0.93 2.78 3.610(19) 150

aSymmetry codes for 1: (i) 1-x, 1-y, 2-z; (ii) -0.5+x, y, 1.5-z. °For 2: (i) 1-x, 1-y, 1-z; (ii) 1.5-x, 1-y, -
0.5+z. °For 3: (i) 0.5+, y, 0.5-z; (ii) 1-x, 1-y, -z; (iii) 0.5+X, y, 0.5-z.

Bond Valence Sum (BVS) Studies.
The BVS analysis was performed according to the following equations:
BVS = Z?=1 Si
si = exp[(ro —r)/0.37]

Where r is the experimentally derived bond length for ligand, i and ro is a parameter
characteristic of the bond, which is a calculated value depending on the geometry and
coordination number of the complex. The r, values were taken from the literature.”® The
values used for ry include the Cu(l)-N = 1.571, Cu(l)-O = 1.567, Cu(ll)-N = 1.713, and
Cu(l)-0 =1.655 A.

1. I. D. Brown and D. Altermatt, Acta Cryst., 1985, B41, 244-247.
2. I. D. Brown, Acta Cryst., 1992, B48, 553-572.
3. G. P. Shields, P. R. Raithby, F. H. Allen and W. D. S. Motherwell, Acta Crystallogr.,

2000, B56, 455-465.
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Anion-dependent self-assembly of copper
coordination polymers based on pyrazole-
3,5-dicarboxylate and 1,2-di(4-pyridyl)ethylenef

Fatima Klongdee, Jaursup Boonmak © * and Sujittra Youngme

By utilizing a pyrazole-3,5-dicarboxylic acid (Hspzdc) and flexible 1,2-di(4-pyridyl)ethylene (dpe) with
various copper(i) salts under the same solvothermal synthetic conditions, six novel coordination
polymers, namely, {[Cux(pzdc)(dpe):lX}, (X = NOz~ (1), ClO4~ (2), BF4,~ (3), SCN™ (4)),
{[Cu4Cul)4(pzdc)4(dpe)sl(H20) 4}, (5), and {[Cus(HPO,), (pzdc),(dpe)sl(H,0)s}, (6) were obtained. The
structural diversity of compounds 1-6 depends on the starting Cu(i) salts. Compounds 1—4 are isostruc-
tural and exhibit a 3D porous cationic pillar-layered coordination framework with lattice monoanions
incorporated into the channels of the framework. When using copper(i) sulfate as a reagent, a neutral
mixed-valence Cu(i,) 2D + 2D — 2D parallel interpenetrated layer of 5 was obtained. In the case of a
phosphate trianion, compound 6 shows a 3D coordination framework which contains p4—HPO42‘ linking
between Cu(i) centers. The anion-exchange properties of 1-4 were studied. Interestingly, compounds
1-4 exhibit the irreversible chemisorption of the thiocyanate anion instead of anion exchange without the
destruction of their structural framework as confirmed by PXRD, IR, UV-Vis, and AA spectroscopy.
Moreover, the anion-induced structural transformation of 1-4 was observed when exchanging with an

rsc.li/dalton

Introduction

Self-assembled coordination polymers (CPs) have gained exten-
sive attention for not only their fascinating structural diversi-
ties but also their applications in many fields, such as gas
storage, catalysis, magnetism, luminescence, and ion
exchange.'™ The structural assemblies can be influenced by
many factors, such as the ligand, source of metal ion, counter-
ion, stoichiometry, temperature, and the pH of the
solution.®® Consequently, several architectures of CPs have
been remarkably constructed. In the case of an anion, it can
act as either a coordination ligand or counterion balancing the
framework charge depending on its coordination ability.'**>
The use of different anions in the reaction may affect the self-
assembly of coordination polymers. Notably, the study of cat-
ionic host frameworks for anionic guest exchange has become

Materials Chemistry Research Center, Department of Chemistry and Center of
Excellence for Innovation in Chemistry, Faculty of Science, Khon Kaen University,
Khon Kaen, 40002, Thailand. E-mail: Jaursup@kku.ac.th

tElectronic supplementary information (ESI) available: X-ray crystallographic
data 1-6 in CIF format. Figures for the diffuse-reflectance absorption spectra,
PXRD patterns, packing structures, FTIR spectra, and tables for X-ray data collec-
tion. CCDC 1522622-1522627 for 1-6. For ESI and crystallographic data in CIF
or other electronic format see DOI: 10.1039/c7dt00406k
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azide anion. The luminescent properties of 1-6 and exchanged products were also investigated.

a significant research area because the traditional ion
exchange resin has the limitation of its thermal and chemical
stability. Nowadays, many porous CPs with anion exchange
properties have been widely reported.'*** The anion exchange
process in CPs generally involves either a solid-state diffusion
mechanism or solvent-mediated exchange process.">*®

The organic bridging ligand is a primary factor that con-
trols and facilitates the formation of CPs. Pyrazole-3,5-di-
carboxylic acid (Hspzdc) is a multifunctional ligand which
exhibits various coordination abilities (Fig. S1t)."”° Hzpzdc
has six potential coordination sites including four carboxylate
oxygen and two pyrazole nitrogen atoms. Thus, Hzpzdc can
coordinate as a mono- to hexadentate ligand. A variety of com-
plexes based on H;pzdc containing transition and lanthanide
metal ions have been documented.”*** The diversified CPs
containing the Cu(u) ion have been known, in contrast to other
transition metals, because the Cu(u) center exhibits diverse
coordination geometries in one compound owing to Jahn-
Teller distortion. The pyrazole-3,5-dicarboxylato Cu(n) com-
plexes frequently provide a dinuclear or trinuclear Cu(u) build-
ing unit."®** Apart from the Hzpzdc ligand, the flexible N,N'-
ditopic spacer is used as an ancillary ligand for a dimensional
extension. They can rotate or bend to adopt the appropriate
conformation and hold the energetic minimum when coordi-
nating to the metal centers, which causes a great structural

This journal is © The Royal Society of Chemistry 2017
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diversity. In this work, 1,2-di(4-pyridyl)ethylene (dpe) was used
as a flexible N,N'-ditopic co-ligand for increasing the dimen-
sionality of Cu(u) pyrazole-3,5-dicarboxylate.

Herein a novel series of pyrazole-3,5-dicarboxylato Cuf(n)
coordination polymers with 1,2-di(4-pyridyl)ethylene have
been synthesized by using various starting copper(u) salts,
including NO;~, ClO,~, BF,~, SCN™, 0,7, and PO,*>~ anions;
the structural diversity of all compounds indicates the role of
the anion in the structural assemblies. The anion exchange
properties of 1-4 have been studied. Also, the luminescent pro-
perties of 1-6 and exchanged products were investigated.

Experimental section
Physical measurements

All chemicals and solvents were received from commercial
sources and were used without further purification. FT-IR
spectra were obtained by using the standard Pike ATR cell on a
Bruker Tensor 27 FT-IR spectrophotometer in the
4000-600 cm™" spectral range. Solid-state electronic spectra
were measured on a PerkinElmer Lambda2S spectrophoto-
meter (400-1100 nm). Elemental analyses (C, H, N) were
carried out with a PerkinElmer PE 2400CHNS analyzer.
Thermogravimetric analyses (TGA) were done by using a
Hitachi STA7200 thermal analyzer between 35 and 750 °C
under an N, atmosphere with a heating rate of 10 °C min™".
The X-ray powder diffraction (XRPD) data were collected at
room temperature by using a PANalytical EMPYREAN with
monochromatic CuKa, and the recording speed was 0.5 s per
step in the 260 range of 5-50°. The K' ion was detected by a
PerkinElmer atomic absorption spectrometer (AAS). The solid-
state fluorescent spectra of ligands Hzpzdc, dpe, compounds
1-6, 1-4-SCN and 1-4-N; were measured using a SHIMADZU
RF-5301PC Spectrofluorophotometer.

Preparation of compounds 1-6

{[Cuy(pzdc)(dpe),[NOs}, (1). The mixture solution of
Cu(NO3),-3H,0 (0.5 mmol, 0.1208 g), 1,2-di(4-pyridyl)ethylene
(0.5 mmol, 0.0911 g) and pyrazole-3,5-dicarboxylic acid
(0.5 mmol, 0.0871 g) in ethanol (2 mL), DMF (2 mL) and H,O
(13 mL) was sealed in a 25 mL glass vial. The mixture solution
was heated at 120 °C for 1 day and then slowly cooled down to
room temperature. Blue crystals of 1 were obtained. Yield:
66 mg (37%) based on copper salt. Anal. Caled for
Cu,CroH,1N,0,: C, 49.29; H, 3.00; N, 13.88. Found: C, 48.96;
H, 3.10; N, 13.55%. ATR-FT-IR peaks (v(cm™')): 1613s
(L(C=N)), 15585 (vas(OCO)), 15055, 1431w, 1395m (v5(OCO)),
1338s (¢(NO37)), 1219m, 1114w, 1055m, 1026m, 977m, 832s,
792m. UV-vis (diffuse reflectance, cm™): 15 015.

{[Cuy(pzdc)(dpe),]ClO,},, (2). The preparation of 2 was
similar to that of 1, except that Cu(ClO,),-6H,O (0.5 mmol,
0.1853 g) replaced Cu(NO;),-3H,0. Blue crystals of 2 were
obtained. Yield: 112 mg (60%) based on copper salt. Anal.
Caled for Cu,C,oClH,,N¢Og: C, 46.81; H, 2.84; N, 11.29. Found:
C, 46.74; H, 2.62; N, 11.22%. ATR-FT-IR peaks (v(cm™)): 1610s

This journal is © The Royal Society of Chemistry 2017

Paper

(1(C=N)), 15495 (14s(0OCO)), 1501s, 1432m, 1388m (v5(OCO)),
1335s, 1287w, 1206m, 1089s (1(Cl0,7)), 1029m, 972m, 831s,
828w, 792m. UV-vis (diffuse reflectance, cm™"): 14 881.

Caution: Perchlorate salts are highly explosive and must be
handled with care.

{[Cu,(pzdc)(dpe),]|BF,}, (3). The preparation of 3 was similar
to that of 1, except that Cu(BF,),-nH,0 (0.5 mmol, 0.1186 g)
replaced Cu(NOj3),-3H,0. Blue crystals of 3 were obtained.
Yield: 33 mg (18%) based on copper salt. Anal. Calcd for
Cu,CpoBF,H,NeO,: C, 47.62; H, 2.89; N, 11.49. Found: C,
47.38; H, 2.76; N, 11.65%. ATR-FT-IR peaks (v(cm™)): 1611s
(1(C=N)), 1550s (14s(0OCO)), 15025, 1432m, 1389m (v5(OCO)),
1337s, 1289w, 1208m, 1053s (v(BF,”)), 1026s, 970s, 832s,
790m. UV-vis (diffuse reflectance, cm™): 14 970.

{[Cu,(pzdc)(dpe),]SCN},, (4). The mixture solution of
CuCl,-2H,0 (0.5 mmol, 0.0824 g), 1,2"-di(4-pyridyl)ethylene
(0.5 mmol, 0.0911 g), pyrazole-3,5-dicarboxylic acid (0.5 mmol,
0.0871 g) and KSCN (0.5 mmol, 0.0486 g) in ethanol (2 mL),
DMF (2 mL) and H,O (13 mL) was sealed in a 25 mL glass vial.
The mixture solution was heated at 120 °C for 1 day and then
slowly cooled down to room temperature. Blue crystals of 4
were obtained. Yield: 114 mg (65%) based on copper salt.
Anal. Caled for Cu,C;0H,;N;0,S: C, 51.28; H, 3.01; N, 13.95.
Found: C, 50.94; H, 3.09; N, 13.97%. ATR-FT-IR peaks
(v(em™)): 2050m (¥(SCN)), 1612s (1(C=N)), 15525 (r45(OCO)),
1504s, 1430m, 1392m (15(0CO)), 1338s, 1209m, 1112w, 1052m,
1011m, 968m, 829s, 793m. UV-vis (diffuse reflectance, cm™):
15 020.

{[Cu,Cu}(pzdc),(dpe)s](H20)a}2n (5)- The preparation of 5
was similar to that of 1, except that CuSO,-5H,0 (0.5 mmol,
0.1248 g) replaced Cu(NOj3),-3H,0. Green crystals of 5 were
obtained. Yield: 14 mg (10%) based on copper salt. Anal.
Calcd for CugCo,H7,N,00,0: C, 48.34; H, 3.17; N, 12.25. Found:
C, 48.22; H, 3.28; N, 12.55%. ATR-FT-IR peaks (v(cm™)):
3274br (¥(OH)), 1595br ((Y(C=N)) and v,(OCO)), 1500w,
1478m, 1413w, 1381m (15(OCO)), 1292s, 1230m, 1064m,
1000m, 828s, 768(m). UV-vis (diffuse reflectance, cm™"):
14 925.

{[Cu5(HPO,),( pzdc),(dpe);](H,O)s}. (6). The preparation of 6
was similar to that of 1, except that Cuz(PO,),-2H,0 (0.5 mmol,
0.2080 g) replaced Cu(NOj3),-3H,0. Purple crystals of 6 were
obtained. Yield: 75 mg (52%) based on copper salt. Anal.
Caled for CusCaeH,iN100,:P,: C, 38.04; H, 3.05; N, 9.64.
Found: C, 37.72; H, 2.86; N, 9.70%. ATR-FT-IR peaks (v(cm)):
3381br (¥(OH)), 1636br (1(C=N)), 1609br (14s(OCO)), 1504m,
1427m, 1393m (y(OCO)), 1327m, 1297m, 1208w, 1065br
(v(HPO,>7)), 1000br (y(HPO,>")), 921s, 833s, 781s. UV-vis
(diffuse reflectance, cm™): 14 327.

X-ray crystallography

The single-crystal X-ray data of 1-6 were collected at 298 K
(except for 1 which was collected at 100 K) by using a Bruker
D8 Quest PHOTON100 with graphite-monochromated MoKa
radiation using the APEX2 program.*! Data integration was
done by SAINT*® and absorption correction was perfomed by
SADABS.>® The structure solution was solved by intrinsic
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phasing®” and refined by the least-squares method on F* with
anisotropic thermal parameters for non-H atoms using the
SHELXTL program.”® The H atoms were assigned to the calcu-
lated positions and isotropically refined. The disordered coun-
teranions in 1-4 (NO;~ for 1, ClO,™ for 2, BF,~ for 3, and SCN™
for 4) locate on a crystallographic inversion center, so the occu-
pancies of all counteranions were refined to 0.5. The highly
disordered SCN™ in 4 was isotropically refined. The disordered
lattice water molecules were removed from the diffraction data
for compounds 5 and 6 using the SQUEEZE instruction of
PLATON software.> ! The total electron count removed per
unit cell by SQUEEZE was 344 for 5 and 47 for 6. The number
of electrons per molecule was 86 (Z' = 2, Z = 4) and 47 (Z = 1),
which were assigned to eight and five water molecules in the
formulas, respectively. The actual water molecules in the unit
cell are further determined by the elemental analyses and
thermogravimetric analyses (TGA). The crystal data, selected
bond lengths, and angles for compounds 1-6 are shown in
Tables 1 and S1.7

Anion exchange experiments

The anion-exchange experiments were performed with com-
pounds 1-4. 20 mg of the powder sample was added into a
saturated aqueous solution (5 mL) of NaNOj;, NaClO,, NaBF,,
NaNj;, or KSCN and constantly stirred at ambient temperature
for 1 day. Then, the solid sample was collected by filtration,
washed with 50 mL of deionized water, and dried in air for 1
day. The solid product was characterized by IR and UV-Vis
spectroscopy, and PXRD. The occurrence of anion exchange
was verified by comparison of the characterization data with
those for 1-4. For 1-SCN, IR (cm™): 4(CN) 2105; v(NO5) 1338.
UV-vis (em™): 15060. For 2-SCN, IR (cm™'): y(CN) 2102;

Table 1 Crystallographic data for compounds 1-6
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1(ClO,) 1089. UV-vis (ecm™"): 14970. For 3-SCN, IR (cm™):
Y(CN) 2103; v(BF,) 1051. UV-vis (cm™): 15 015. For 4-SCN, IR
(em™): »(CN) 2050 and 2106. UV-vis (cm™'): 15 037. For 1-Nj,
IR (em™): y(N3): 2069. UV-vis (cm™"): 16 260 and 13 072. For
2-N3, IR (em™): 1(N;): 2069. UV-vis (cm™): 16 367 and 13 458.
For 3-Nj, IR (cm™): y(Nj): 2064. UV-vis (cm™"): 16 077 and
13 123. For 4-Nj3, IR (em™): 1(N3): 2069. UV-vis (cm™"): 15 870.

Results and discussion
General observations and spectroscopic techniques

Compounds 1-6 were obtained by the solvothermal reactions
of Hspzdc, dpe and many copper(u) salts under the same con-
ditions. Compounds 1-4 are isostructural and exhibit 3D
pillar-layered cationic frameworks, interspersed with lattice
monoanions within the channels. Each lattice anion is sur-
rounded by four p,-dpe pillar-linkers with a variety of torsion
angles, depending on the kind of counteranion. Compound 5
shows a neutral mixed-valence Cu(i,un) 2D interpenetrated
network without the sulfate anion in the lattice. In contrast,
compound 6 shows a 3D coordination framework containing a
coordinated p,-hydrogen phosphate anion. The different struc-
tural frameworks of all compounds indicate the significant
role of anions in the self-assembly.

The ATR-IR spectra of 1-6 (Fig. S2 and S3f) reveal the
strong intensity peak around 1610 cm™" which can be assigned
to the stretching vibrations of the pyridine ring. The peaks
around approximately 1600-1400 cm™' correspond to the
asymmetric and symmetric stretching vibrations of the carb-
oxylate group for the pzdc ligand.** The IR spectra of 1-4 show
a characteristic strong peak for each counteranion at 1338 cm™"
(¥(NO;7) in 1), 1089 ecm™" (¢(ClO47) in 2),"* 1053 cm™

Compound 1 2 3 4 5 6

Formula Cu,CroHp1N;0;  CuyCroClHpiNgOg  CupBCyoF HpiNgOy  CupCipHaiN704S  Cui6Ci8aH126N40040  CusCueH3aN10016P2
Molecular weight 706.61 744.05 731.41 702.68 4427.90 1362.67

T (K) 100(2) 298(2) 298(2) 298(2) 298(2) 298(2)
Crystal system Orthorhombic ~ Orthorhombic Orthorhombic Orthorhombic Monoclinic Triclinic
Space group Prnma Pnma Prnma Pnma P21/n P1

a(A) 12.4115(7) 12.8632(8) 12.7573(6) 12.7346(9) 16.3570(7) 9.8788(4)

b (A) 26.8057(16) 26.6997(18) 26.7175(13) 26.731(2) 26.4808(12) 11.1243(4)
c(A) 8.4121(5) 8.4942(6) 8.4773(3) 8.4383(6) 21.4340(9) 13.8420(6)
a(°) 90 90 90 90 90 69.7760(10)
B 90 90 90 90 93.7730(10) 79.7190(10)
r(©) 90 90 90 90 90 64.4060(10)
V(A% 2798.7(3) 2917.3(3) 2889.4(2) 2872.4(4) 9263.9(7) 1286.56(9)
zZ 4 4 4 4 Z'=2 1

Peald (g cm™) 1.677 1.694 1.681 1.625 1.587 1.759

u (Mo Ka) (mm™") 1.582 1.613 1.546 1.604 1.876 2.175

Data collected 3145 3055 3659 2886 18998 5294

Unique data (Ryp)
Ry “IWR, " [I> 20(I)]
R, “/WR, " [all data]
GOF

Max/min electron
density (e A™)

2409(0.0612)
0.0511/0.0926
0.0810/0.1004
1.129
0.650/—0.755

2031(0.0846)
0.0769/0.1887
0.1356/0.2085
1.189
0.768/—1.118

2168(0.1181)
0.0724/0.1431
0.1509/0.1683
1.050
0.824/—0.950

“R=X|[Fo| = Fel[/ZIFol. * Ry = {ZIW(IFol — [Fe )T E[wWIFo |},
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1755(0.0905)
0.0687/0.1630
0.1394/0.1944
1.055
1.578/-0.883

10197 (0.1063)
0.0634/0.1152
0.1516/0.1417
1.002
1.513/-0.853

3845(0.0470)
0.0416/0.0801
0.0728/0.0903
1.011
0.711/-0.560

This journal is © The Royal Society of Chemistry 2017



Dalton Transactions

(v(BF,7) in 3)** and 2050 em™" (¢(SCN™) in 4).** The IR spec-
trum of 6 shows medium peaks in the range of
1100-1000 cm™" corresponding to the vibration of the phos-
phate anion. The broad peaks around 3600-3200 cm™" in 5
and 6 are assigned to y(OH) from the water molecules. The
solid-state UV-Vis spectra of 1-6 were studied at room tempera-
ture (Fig. S5). All compounds exhibit a single broad absorp-
tion band around 15200-14300 cm™" which corresponds to
distorted octahedral and square pyramidal geometries for
Cu(n).*>?°

Description of crystal structures

Crystal structures of {[Cu,(pzdc)(dpe),]X}, (X = NO;~ (1),
ClO,™ (2), BF,~ (3), SCN™ (4)). Single-crystal analysis revealed
that compounds 1-4 are isostructural and they crystallize in
the orthorhombic Pnma space group. The crystal structure of 1
is described in detail herein. There are two crystallographically
independent Cu(u) centers (Cul and Cu2) located on a crystal-
lographic mirror plane. The Cu1l ion is five-coordinated, adopt-
ing a square pyramidal geometry (z = 0.01 for 1, z = 0.12 for 2,
7 = 0.09 for 3, v = 0.08 for 4, Addison’s parameter 7 = 0 for
square pyramid and 7 = 1 for trigonal bipyramid).>” Each Cu1l
center is coordinated by two carboxylate oxygen atoms
(01, 03) from two different pzdc®~ ligands and two pyridine
nitrogen atoms from two p,-dpe in the equatorial plane. The
axial position is occupied by a pyrazole nitrogen atom (N4).
The central Cu2 is six-coordinated adopting an elongated octa-
hedral geometry. The basal plane is occupied by one carboxy-
late oxygen atom from pzdc®”, one pyrazole nitrogen atom
from another pzdc®™ and two pyridyl nitrogen atoms from two
po-dpe. The apical position is located by two carboxylate
oxygen atoms from two distinct pzdc®~ (01, 02) (Fig. 1). The
Cu-N and Cu-O distances are in the range of 1.949(4)-2.173(4)
A, while the elongated axial Cu2-O distances are 2.305(4) and
2.425(4) A, indicating the presence of a common Jahn-Teller
effect in the Cu(u) ion.>**® The CulN,0, plane is not totally

Fig. 1 Crystal structure and atom labeling scheme of 1. All hydrogen
atoms and lattice nitrate anions are omitted for clarity (symmetry code:
A=x,05-y,z,B=1-x,-05+y,1-2).

This journal is © The Royal Society of Chemistry 2017
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planar with tetrahedral distortion between the planes of 20.71°
(26.88° for 2, 25.62° for 3, 24.94° for 4). Cul is shifted by
0.259(1) A (0.324(2) A for 2, 0.316(2) A for 3, 0.306(2) A for 4)
from the mean equatorial plane toward the axial position.
Pzdc®~ connects the Cul and Cu2 ions in a ps—'0, 1°N',0/,
n°N",0", 1'0", n'0" coordination mode (Fig. S11) to form a
two-dimensional (2D) cationic Cu(u) layered coordination
polymer in the ac crystallographic plane. The layer consists of
a 13-membered macrocycle enclosed by three Cu(u) ions and
four pzdc®~ with the closest Cu---Cu distance of 3.914 (1) A
(Fig. 2). Also, the p,-dpe spacers connect adjacent layers along
the b crystallographic axis constructing a 3D cationic pillar-
layer coordination framework (Fig. 4). The two pyridine rings
of bipyridyl moieties are not coplanar with the dihedral angle
between the two planar pyridine rings of 5.06° (3.20° for 2,
2.23° for 3, 2.00° for 4). The C-CH=CH-C torsion angle of
po-dpe is 178.25-179.62° for 1-4. The Cu---Cu separation via
w,-dpe is 13.418(1) A for 1 (13.388 (1) A for 2, 13.391(1) A for 3,
and 13.400(1) A for 4). The 3D cationic framework of 1 con-
tains a 1D open-channel along the ¢ axis which is occupied by
a disordered NO;™ lattice anion (Fig. 3). The dimension of the
channel in the ab plane is about 3.95 x 13.42 A” (4.65 x
13.39 A% for 2, 4.49 x 13.39 A? for 3, and 4.45 x 13.40 A for 4).
Besides electrostatic interaction between the cationic frame-
work and anionic guest, the weak intermolecular hydrogen
bonds involving the C-H of the p,-dpe linker and lattice anion
also stabilize the entire supramolecular frameworks of 1-3
(Fig. 4, Table S27).

Crystal structure of {[Cuy(1)Cu(m)y( pzdc),(dpe)s](H20)a} 2 (5)-
Single-crystal analysis revealed that compound 5 crystallizes in
the monoclinic, P2,/n space group. The asymmetric unit of 5
contains four Cu(u) ions (Cul-Cu4), four Cu(i) ions (Cu5-Cu8),
four pzdc®~, six dpe ligands and four lattice water molecules.
All monovalent copper atoms are three-coordination com-
pleted by one carboxylate oxygen atom from pzdc®~ and two
pyridyl nitrogen atoms from two different p,-dpe. The Cu(1)-N
and Cu(1)-O distances are in the ordinary range of 1.901(4)-

© © o

Fig. 2 The 2D layer of 1 in the ac plane constructed by Cu(i) ions and
ps-pzdc®™.

Dalton Trans., 2017, 46, 4806-4815 | 4809
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Fig. 3 The space-filling model of disordered NO3z™ anions incorporated into the 1D open-channel of the 3D cationic framework of 1 in different

views.

2.345(4) A*%* While all divalent copper atoms display a
square pyramidal geometry (z = 0.02-0.05) and are coordinated
by two carboxylate oxygen atoms and two pyrazoyl
nitrogen atoms from two pzdc®~ in the basal plane, the axial
position is occupied by one nitrogen atom from p,-dpe. The
Cu(n)-N and Cu(u)-O distances are in the range of 1.921(4)-
2.264(4) A.2°?% The CuN,O, square base is not totally planar
with a tetrahedral twist between the planes of 23.29°, 22.83°,
24.77°, and 23.60° for Cul-Cu4, respectively. Cu(u) is shifted
by 0.306(1) A, 0.298(1) A, 0.324(1) A, and 0.310(1) A from the
mean equatorial plane toward the axial site for Cul-Cu4,
respectively. The calculation of the bond valence sum (BVS) for
copper centers in 5 was also performed using the Cu-X bond
constants derived previously (see the ESI{).*'* The BVS ana-
lysis resulted in the values of 2.10, 2.14, 2.11, 2.11 for
Cul-Cu4, respectively, and 0.93, 0.94, 0.94, and 0.93 for
Cu5-Cu8, respectively, thus confirming the formal oxidation
states of +2 for Cu1-Cu4 and +1 for Cu5-Cu8 ions. Two pzdc>~
ligands bind two Cu(u) ions, giving a dinuclear Cu(u) unit with
Cu---Cu separations of 3.957(1) and 3.950(1) A. Each dinuclear
Cu(n) unit is connected via double p,-dpe spacers with a
Cu---Cu separation of 13.876(1) and 13.891(1) A, forming a
tetranuclear Cu(u) unit. Each tetranuclear Cu(u) unit consists of
two [Cu(u),(pzdc),]*~ conformations as A and B forms (Fig. 5).
In the case of the A form, the dinuclear Cu(n) unit adopts the
cis-conformation for two carboxylate bridges which are con-
nected to two Cu(1) centers in p;—n’°N,0, 1°N’,0’, n'0"-pzdc?~
bridging mode (Fig. S17). For the B form, the dinuclear Cu(u)
unit adopts the trans-conformation for two carboxylate bridges
which are linked to two Cu(i) centers through two pzdc®~ in
Hz—n°N,0, 1°N,0', 1’0" and p3;—1°N,0, 1°N,0’, 'O’ modes
(Fig. S171). Moreover, each 3-connected Cu(i) center links with
two neighboring Cu(i) centers via two p,-dpe and also connects
with a tetranuclear Cu(u) unit giving rise to a mixed-valence
Cu(1)-Cu(u) two-dimensional coordination layer (Fig. 6a). The
C-CH=CH-C torsion angle of p,-dpe spacers is in the range of

4810 | Dalton Trans., 2017, 46, 4806-4815

176.29-179.30°. Furthermore, two adjacent layers are inter-
penetrated to form a two-fold 2D — 2D parallel interpenetrating
network as shown in Fig. 6b.

Crystal structure of {[Cus(HPO,),(pzdc),(dpe)s;](H,O)s}. (6).
Compound 6 crystallizes in the triclinic P1 space group. The
asymmetric unit contains three crystallographically indepen-
dent Cu(n) ions, one Hpzdc®", one-half of dpe ligands, one
hydrogen phosphate, and five lattice water molecules. The
coordination environment of Cu(u) centers is shown in Fig. 7.
The Cul center exhibits a square pyramidal geometry (z =
0.15), coordinated by one carboxylate oxygen, one pyrazole
nitrogen atom from pzdc®~, one hydrogen phosphate oxygen
(05), and one pyridyl nitrogen from p,-dpe in a basal position.
The axial site is occupied by an oxygen from another HPO,>".
The CulN,0O, square plane is not totally planar with tetra-
hedral distortion between the planes of 9.87°. Cul is shifted
by 0.010(1) A from the mean equatorial plane toward the axial
position. Cu2 is four-coordinated with a square planar geo-
metry (z, = 0.20, four-coordinate geometry index 7z, = 0 for a
perfect square planar and 7, = 1 for a perfect tetrahedron).***>
The copper(n) center is completed by one carboxylate oxygen
and one pyrozole nitrogen atom from pzdc®~, oxygen from
HPO,>” and one pyridyl nitrogen from p,-dpe. The Cu2N,O,
square base is not completely planar with tetrahedral distor-
tion between the planes of 16.69°. The Cu3 center lies on a
crystallographic inversion center and adopts a perfect square
planar geometry which is bonded with two pyridyl nitrogen
from p,-dpe and two oxygen atoms from two different HPO,>".
The Cu-N and Cu-O distances are in the range of 1.890(3)-
2.382(2) A. The Cul and Cu2 ions are connected by p,-1°N,0,
n°N’,0"-pzdc®~ (Fig. S1t) forming a Cu(u) dimer with a Cu---Cu
separation of 4.315(1) A. Then, two hydrogen phosphate
anions connect two adjacent dinuclear Cu(u) units and two
Cu3 centers generating a 1D chain of Cu3-HPO,-[CulCu2],~
HPO, along the crystallographic b axis (Fig. 8a). Moreover,
each 1D chain of 6 is linked together by six p,-dpe spacers in a

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The 3D porous cationic frameworks in the ab plane containing NOz™ for 1 (a), ClO4~ for 2 (b), BF;~ for 3 (c), and SCN™~ for 4 (d) in the pores.
The insets present the weak hydrogen bonds between C—H of the dpe linker and lattice anions. The disordered positions of all anions are omitted

for clarity.

different direction to generate a 3D framework as shown in
Fig. 8b (Fig. S4+).

Thermal analyses

Thermogravimetric analysis (TGA) of all compounds except
compound 2 was performed under a N, atmosphere from
30-750 °C. Compound 2 contains a perchlorate anion which
may be potentially explosive at high temperature. The isostruc-

This journal is © The Royal Society of Chemistry 2017

tures of 1-4 are stable up to about 300 °C. Then the structures
collapsed. Compound 5 shows a gradual weight loss of 3.2%
from 30-260 °C corresponding to the escape of eight water
molecules (caled 3.2%). Then the structure is decomposed.
Compound 6 reveals a gradual weight loss of 6.0% in the
range of 30-280 °C corresponding to the release of five water
molecules (caled 6.2%). Then the structures decompose to
[Cu;3(PO,),), (found, 54.0%, caled 52.4%) (Fig. S67).

Dalton Trans., 2017, 46, 4806-4815 | 4811
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Fig. 5 View of the coordination environments of Cu() and Cu(u) ions in
5 with atom labels. All hydrogen atoms are omitted for clarity.
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Fig. 7 The coordination environments of Cuf(i) ions in 6. All hydrogen

atoms are omitted for clarity (symmetry code: A= —x,1-y,1 -2z B =

-x,2-y,1-2).
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Anion exchange studies and SCN™ sorption of 1-4

As demonstrated by the X-ray structures, the counteranions
(NOs™ (1), ClO,™ (2), BF,~ (3) and SCN™ (4)) occupy the 1D
channel of the 3D pillar-layered cationic frameworks of 1-4. In
addition, compounds 1-4 are insoluble in common organic
solvents and water. Consequently, these metal organic frame-
works are potentially expected to exhibit anion exchange pro-
perties. The anion exchange of 1-4 was verified by IR and
UV-Vis reflectance spectra and X-ray powder diffraction

4812 | Dalton Trans., 2017, 46, 4806-4815
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(a) The mixed-valence Cu(i,) 2D coordination polymer of 5 in the bc plane. (b) The two-fold 2D — 2D parallel interpenetrated network of 5.

(PXRD). When a suspension of crystalline powder of 1 in a
saturated aqueous solution of KSCN was stirred continuously
for 1 day at room temperature, the blue color of the crystalline
solid changed to greenish blue. The IR spectrum of 1-SCN
(Fig. 9) shows the identical intensity and position of the
original ©(NO;™) at 1338 cm ' along with increasing peak
intensity at 2105 em™ ", which is an indication of the (CN) of
thiocyanate. The UV-Vis reflectance spectrum of 1-SCN shows
a broad absorption band around 15 060 cm™" which is slightly
blue-shifted in comparison with those of 1 implying that the

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) View of a 2D layer of 6 in the bc plane. (b) The 3D framework of 6. The yellow and blue polygons represent HPO,2~ and Cul(i) centers,

respectively.
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Fig. 9 IR spectra of the anion exchange products with the SCN™ anion.

coordination environment around Cu(u) ions is varied
(Fig. S87). The PXRD pattern of 1-SCN (Fig. 10) is identical to
that of 1 which could be evidence for nonstructural transform-
ation during the exchange process. In contrast, the NO;™ in 1
could not be exchanged by ClO,~ and BF,” anions which was
confirmed by IR spectra.
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Fig. 10 PXRD patterns of the anion exchange products with the SCN™
anion.
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The above anion exchange procedure can be extended to
other anions. When the blue crystalline solids of 2-3 were con-
tinuously stirred in a saturated aqueous solution of KSCN for 1
day, their colors were also changed to greenish blue. The IR
spectra (Fig. 9) of the products of exchange also show the orig-
inal peaks of 1(ClO,”) at 1089 cm™" for 2, and y(BF,”) at
1051 ecm™" for 3 and the appearance of new peaks at
2100 em ™', being the same as 1-SCN. The UV-Vis reflectance
spectra of 2-3-SCN exhibit blue-shifted absorption bands
around 14 970-15015 cm™~" (Fig. S81). The PXRD patterns of
2-3-SCN confirm that their crystallinities are still the same as
the original crystalline phase during the anion exchange
process (Fig. 10). In contrast, the ClO, in 2 is not exchanged
by either NO;™ or BF,” anions, and also the BF,” in 3 is not
exchanged by NO;™ and ClO,". Inversely, crystalline solids 1-3-
SCN, and compound 4 cannot be replaced by other anions.
According to the IR spectroscopic data that are used widely to
monitor anion exchange, they reveal that the intensity of the
vibrational peak of the original counteranion within the frame-
work is not decreased after the anion exchange process, but
the new peak of 2(CN) around 2100 cm™" appears. It indicates
that isostructures 1-3 exhibit the sorption properties of the
SCN™ anion without any anion exchange process. To confirm
the sorption of the thiocyanate anion in these isostructural
series, compound 4, which contains lattice SCN™ within the
pores, was constantly stirred in a saturated aqueous solution
of KSCN under the same conditions. Interestingly, the IR spec-
trum of 4-SCN exhibits two characteristic peaks of »(CN). The
new one appears at 2100 cm™' and the original one is at
2053 cm™" (Fig. S71). The first peak of ©(CN) that is identical
to those of 1-3-SCN indicates Cu-SCN, thiocyanato com-
plexes (2100-2120 cm™"),***” whereas those peaks of lattice
SCN™ anions exhibit z(CN) at 2053 cm™".>***” The crystalline
phase of 4-SCN is identical to that of 4 which is verified by
PXRD. The above results imply that isostructures 1-4 display
chemisorption of thiocyanate without the destruction of their
crystalline framework. Moreover, to balance the charge of the
overall frameworks during chemisorption of the thiocyanate
anion, we used atomic absorption spectroscopy (AAS) for the
detection of K" ions in 1-4-SCN. The observed K" amount in the
analytes is 0.13-0.16 mol K" per mol 1-4. The observed small
amount of K" in 1-4-SCN suggests that the chemisorption of

Dalton Trans., 2017, 46, 4806-4815 | 4813
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SCN™ may occur on the surface of 3D frameworks of 1-4 which
agree with no observed solvent accessible voids for 1-4, calcu-
lated by the PLATON program. The chemisorption of SCN™ may
be attributed to the unsaturated 5-coordination Cu(i) center in
1-4 which may play a crucial role in the chemisorption of SCN™
without the collapse of their crystalline frameworks.

To further study the effect of the stronger coordinating
ability of the anion, N3~ was used to examine the anion
exchange properties of 1-4. The IR spectra of 1-4-N; show the
disappearance of intense peaks of y(NO;™), v(ClO,”), v(BF,")
and »(CN") for 1-4, respectively, and exhibit the growth of a
new N;~ peak at 2070 em™' (Fig. S9t).">*® The UV-Vis reflec-
tance spectra of 1-4-N; show blue-shifted absorption bands
around 16 367-15870 cm™' which are in agreement with the
alteration of color from blue to green (Fig. S10f). Moreover,
1-4-N; do not contain any number of Na' ions and this was veri-
fied by AAS, confirming the exchange process that the samples
undergo. The PXRD patterns of 1-4-N; are different from those
of the original 1-4 implying the anion-induced structural trans-
formation (Fig. S117). The resulting IR spectra and PXRD of the
exchanged products differ significantly from that of the original
compounds, suggesting that it is not only the original ions that
are quantitatively displaced by N;~ but also the solid-state topo-
logy that is fully changed. It seems that the variation of their
structures upon anion exchange may be related to the coordi-
nating ability of the different anions. Therefore, the exchange of
the lattice anion by a strong coordinating anion can produce a
structural change. Notably, both the sorption of SCN™ and
anion-exchange of N3~ mentioned above are irreversible pro-
cesses which may involve the dissociation of Cu(u)-SCN™ or
Cu(u)-N;~ bonds. Therefore, they cannot be easily exchanged by
other weak coordinating anions.

Luminescent properties

The solid-state emission spectra at room temperature of com-
pounds 1-6, chemisorption samples 1-4-SCN, exchanged
samples 1-4-N3, H;pzdc, and dpe ligands have been investi-
gated. The free ligand dpe displays a strong emission peak at
368 nm and a small one at 509 nm (4 = 320 nm) whereas
Hjpzdc displays two insignificant emission peaks at 368 and
472 nm (4 = 285 nm) (Fig. S12t). The emission behavior of
the ligands can be assigned to n* — n and n* — n transitions.
Upon excitation of solid samples 1-6 and 1-4-SCN at 320 nm,
they exhibit two emission bands with the main peak at 468 nm
and the minor peak at about 362-370 nm (Fig. S127). In com-
parison with the dpe ligand, the emission intensity of all com-
pounds shows a quenching phenomenon at 368 nm. However,
an enhancement of the intensity at around 468 nm was
observed. The luminescent behavior may probably be ascribed
to the ligand-to-ligand charge transfer (LLCT) and/or ligand-to-
metal charge transfer (LMCT).*** Some differences in the
emission intensity of 1-6 may relate to the distinct structures,
coordination environments, and counteranions. The emission
intensity of chemisorption samples 1-4-SCN is slightly
increased compared with 1-4 (Fig. S131), which may be attrib-
uted to the distinct copper(n) geometry and the adsorption of
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KSCN. In contrast to the emission spectra of exchanged
samples 1-4-Nj3, they exhibited slightly shifted and quenching
emission peaks which also confirm the structural transform-
ation when exchanged by an azide anion.

Conclusions

By the solvothermal reaction of different starting Cu(u) salts,
Hjpzdc and dpe coligands, three unique distinct structures of
ternary coordination networks were obtained. In the case of
monoanions, 1-4 are isostructural and exhibit a 3D porous
pillar-layered cationic coordination framework stabilized by
counteranions within their channels. The various sizes and
shapes of anions somewhat affect the torsion angles of the
po-dpe spacer and the channel’s dimension. When using a
sulfate dianion, compound 5 shows a mixed-valence Cu(i,u)
2D + 2D — 2D parallel interpenetrated layer without the incorpor-
ation of SO~ in the structure. At a vigorous reaction temperature,
the species arising from SO,*>~ may play a key role in the
reduction of the Cu(u) ion. Finally, compound 6 exhibits a 3D
coordination framework including a coordinated HPO,>~
bridge which is generated by starting with PO,>~. The distinct
coordination modes of pzdc®~ also play a fundamental role in
the structural assemblies of these CPs. The anion exchange
between weak coordinating anions, NO;~, ClO,~ and BF,~ was
not observed, but the chemisorption of SCN™ on frameworks
1-4 balanced by K" with color change was found instead. The
unsaturated 5-coordination Cu(u) center in 1-4 may play a
crucial role in the chemisorption of SCN™ without the collapse
of their crystalline frameworks. In addition, the anion-induced
structural transformation was observed when exchanging by
using the powerful coordinating ability of N;™.
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copper(Il) coordination polymers, namely {[Cus(pzdc)(pyz)(H,0)s](H20)}, (1),
{[Cus(pzdc)x(bpy)(H20)s](H20)6}n (2), {[Cus(Hpzdc)(pzdc)a(bpy)o][Cu(bpy)(H20)4ln(H20)a}n (3), and
{[Cus(pzdc)(ampy)(H20)5](H20)3},  (4) (Hspzdc = pyrazole-3,5-dicarboxylic acid, pyz = pyrazine,
bpy = 4,4’-bipyridine and ampy = 2-aminopyrazine) were synthesized and characterized. Compounds 1,
2 and 4 were synthesized by layering method at room temperature while 3 was prepared under
solvothermal reaction. Compounds 1 and 2 are one-dimensional (1D) chain coordination polymers, while
3 shows 1D cationic chain coordination polymer with anionic tetranuclear Cu(Il) cluster. Compound 4
exhibits 1D ladder-like chain structure. Compounds 1, 2 and 4 consist of neutral trinuclear
[Cus(pzdc),] building unit which is constructed by pu,-pzdc®~ bridging (5-6-5), (6-6-6), and (6-5-5)
sequences of Cu(Il) geometries for 1, 2 and 4, respectively. Each trinuclear unit is extended via N,N'-link-
ers giving polymeric chain structure. In contrast, anionic tetranuclear cluster of 3 is built up from two
anionic dinuclear metallacyclic [Cuy(Hpzdc)(pzdc)]™ building units and double u,-bpy spacers. The mag-
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Pyrazole-3,5-dicarboxylic acid
Secondary building unit
Magnetic properties
Copper(Il)

netic properties of 1, 2 and 4 exhibit weak antiferromagnetic interactions among Cu(II) centers.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In the last few decades, coordination polymers (CPs) have
attracted wide attention due to their diverse structures and many
potential applications in the areas of gas storage, catalysis, ion-
exchange, luminescence, and magnetism [1-10]. CPs have been
constructed by primary building unit, i.e., metal ions and organic
bridging ligands, and it is well known that metal center, ligand,
pH, temperature, and solvent have strongly affected on construc-
tion and versatile structures of CPs [11-16]. CPs with short bridg-
ing ligands such as azide, pyrazole, and carboxylate are especially
favorable for creating new magnetic materials because they are
able to efficiently transfer magnetic interactions between neigh-
boring magnetic centers [17-20]. Pyrazole-3,5-dicarboxylic acid
(Hzpzdc) is a multifunctional ligand and exhibits diverse coordina-
tion modes [21,22]. It has six potential coordination sites consist-
ing of four carboxylate oxygen atoms from two carboxylate
groups and two nitrogen atoms from pyrazole ring when it is fully

* Corresponding author.
E-mail address: Jaursup@kku.ac.th (J. Boonmak).

http://dx.doi.org/10.1016/j.poly.2017.01.015
0277-5387/© 2017 Elsevier Ltd. All rights reserved.

deprotonated. A variety of coordination compounds based on Hs-
pzdc have been reported [23-26]. Generally, incorporation of Cu
(I) ions with Hspzdc ligands can generate metallacyclic dinuclear
[23,27] and trinuclear secondary building units [28,29] (Fig. 1),
such as (EtsNH),[Cu,(pzdc),(H;0),], [23] [Cus(pzdc),(MeOH)g(Hs-
0)4] [28] and [Cus(2,2’-bipy),(pzdc),(H,0),](H,0), [29] complexes.
In addition, the pyrazole-3,5-dicarboxylic acid can also provide the
extended structures, such as, 3D frameworks of {[Nay(u-H,0),]
[Cuyx(pzdc): ]}, [23] and [Cus(pzdc),(H;0)4], [30]. However the
structures and properties of the ternary Cu(Il)-CPs containing both
Hspzdc and organic coligands have been less documented [31]. In
this work, N,N'-ditopic coligands were used to build the extended
structures of Cu(ll) pyrazole-3,5-dicarboxylate based on tri- and
dinuclear secondary building units.

Based on above consideration, we synthesized four novel tern-
ary copper(II) coordination polymers with H3pzdc and N,N'-ditopic
ligands (Scheme 1), namely {[Cus(pzdc),(pyz)(H20)s](H20)}, (1),
{[Cus(pzdc)y(bpy)(H20)8](H20)6}n  (2), {[Cus(Hpzdc), (pzdc),
(bpy)2][Cu(bpy)(H20)a]n(H20)a}n  (3), and  {Cus(pzdc)(ampy)
(H;0)5](H20)3}: (4) (pyz = pyrazine, bpy =4,4'-bipyridine, and
ampy = 2-aminopyrazine). Combining Cu(ll) ions and Hspzdc


http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2017.01.015&domain=pdf
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Fig. 1. (a) Metallacyclic dinuclear Cu(Il) secondary building unit (b) trinuclear Cu(Il) secondary building unit.
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Scheme 1. A series of Cu(Il) coordination polymers 1-4.

ligands can generate neutral trinuclear [Cus(pzdc),] secondary
building unit for 1, 2 and 4 and anionic dinuclear metallacyclic
[Cuy(Hpzdc),]~ building unit for 3. A variety of coordination
geometries and distinct sequences of Cu(ll) geometries in each
building unit has been demonstrated. Moreover, each building unit
was extended by N,N'-ditopic coligands, giving rise to 1D chain CPs
for 1 and 2, tetranuclear anionic cluster for 3, and ladder-like chain
structure for 4. The effects of coligands, geometry of Cu(Il) center,
reaction temperature and various coordination modes of Hspzdc
play an important role in the construction of chain coordination
polymers. In addition the magnetic properties of 1, 2 and 4 con-
taining trinuclear Cu(II) building unit have been studied.

2. Experimental
2.1. General

All chemicals and solvents used for synthesis were obtained
from commercial sources and were used without further purifica-
tion. 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 Lambda2S
spectrophotometer, within the range 400-1100 nm. Elemental
analyses (C, H, N) were carried out with a PerkinElmer PE

2400CHNS analyzer. The X-ray powder diffraction (XRPD) data
were collected on a PANalytical EMPYREAN using monochromatic
CuKo radiation, and the recording speed was 0.5 s/step over the 20
range of 5-50° at room temperature. Thermogravimetric analyses
(TGA) were performed using a TG-DTA 2010S MAC apparatus
between 35 and 750 °C in N, atmosphere with heating rate of 10 °-
Cmin~!. Magnetic susceptibility measurements (2-300K) were
carried out using a Quantum design MPMS-5S SQUID magnetome-
ter. 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.

2.2. Synthesis

2.2.1. Synthesis of {[Cus(pzdc)(pyz)(H20)s](H20)}, (1)

The deionized water (3 mL) was slowly dropped over the mix-
ture solution containing Cu(NOs);-3H,0 (0.2 mmol, 48 mg) and
pyrazine (0.2 mmol, 16 mg) in water and DMF (4 mL, 1:1 v/v) in
15 mL of glass vial. Then, the solution of pyrazole-3,5-dicarboxylic
acid (0.2 mmol, 35 mg) in deionized water and ethanol (5 mL,
1:1 v/v) was carefully layered over the mixture layer. Then, the vial
was sealed and allowed to stand undisturbed at room temperature.
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The blue crystals of 1 were obtained after 2 days. Yield: 16 mg
(34%) based on copper salt. Anal. Calcd for CusCy4H50NgOq5s: C,
23.92; H, 2.87; N, 11.95. Found: C, 24.40; H, 2.80; N, 11.73%. FT-
IR peaks (KBr, cm™'): 3367br (v(OH)), 1622s (v,5(0CO)), 1609s (v
(C=N)), 1509m, 1423w, 1395m (v4(0CO)), 1341s, 1330s, 1297s,
1157w, 1127w, 1100w, 1063w, 1028w, 1017w, 930w, 828w,
797w. UV-vis (diffuse reflectance, cm™'): 14049.

2.2.2. Synthesis of {[Cus(pzdc)>(bpy)(H20)s](H20)6}n (2)

The preparation of 2 was similar to that of 1, except 4, 4-bipyr-
idine (0.2 mmol, 31 mg) replaced pyrazine. After 2 days, light blue
crystals of 2 were obtained. Yield: 14 mg (23%) based on copper
salt. Anal. Calcd for CuzCyoH3gNgO22: C, 26.54; H, 4.23; N, 9.28.
Found: C, 26.37; H, 4.00; N, 9.30%. FT-IR peaks (KBr, cm™'):
3405br (v(OH)), 1620s (va(OCO)), 1615s (v(C=N)), 1520m,
1415w, 1390m (v{(0CO)), 1339s, 1293m, 1223m, 1127w, 1060w,
1028w, 1015w, 828w, 781m, 643w. UV-Vis (diffuse reflectance,
cm'): 14384.

2.2.3. Synthesis of {[Cuy(Hpzdc)s(pzdc)s(bpy)-][Cu(bpy)
(H20)4]n(H20)4}n (3)

The mixture solution of Cu(NOs3),-3H,0 (0.2 mmol, 48 mg), 4,4'-
bipyridine (0.2 mmol, 31 mg) and pyrazole-3,5-dicarboxylic acid
(0.2 mmol, 35 mg) in the deionized water (7 mL), DMF (2 mL)
and ethanol (3 mL) was sealed in a 20 mL glass vial. Then, the mix-
ture was heated at 120 °C for 1 day and then slowly cooled down to
room temperature. The blue crystals of 3 were obtained. Yield:
10 mg (16%) based on copper salt Anal. Calcd for CusCsgH46N14024:
C, 38.88; H, 3.00; N, 12.69. Found: C, 38.79; H, 2.85; N, 13.00%. FT-
IR peaks (KBr, cm~'): 3368br (v(OH)), 1646s (v.s(0CO)), 1599s (v
(C=N)), 1533w, 1481w, 1407w, 1387m (v4(0CO)), 1288s, 1224m,
1065w, 1020w, 817w, 806w, 778 m. UV-vis (diffuse reflectance,
cm™'): 14407.

2.2.4. Synthesis of {[Cus(pzdc),(ampy)(H20)s](H20)s},, (4)

The preparation of 4 was similar to that of 1, except aminopy-
razine (0.2 mmol, 19 mg) replaced pyrazine. The dark green crys-
tals of 4 were obtained after 2 days. Yield: 17 mg (35%) based on
copper salt. Anal. Calcd for CuzCy4H23N;046: C, 22.97; H, 3.17; N,
13.39. Found: C, 23.10; H, 3.11; N, 13.10%. FT-IR peaks (KBr,
cm™!): 3336br (v(OH)), 1635s (v,(0OCO0)), 1607s (V(C=N)),
1541m, 1511m, 1383m (v5(OCO)), 1327s, 1314s, 1282s, 1229m,
1078w, 1028w, 1012w, 850w, 785m. UV-Vis (diffuse reflectance,
cm™'): 14389.

2.3. X-ray structure determination for 1-4

The X-ray 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 [32]. Raw data frame
integration was performed with saint, [33] which also applied cor-
rection for Lorentz and polarization effects. An empirical absorp-
tion correction by using the sapass program [34] 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
[35]. All hydrogen atoms were placed in calculated positions and
refined isotropically, with the exception of the hydrogen atoms
of all water molecules in 1-4 were found via difference Fourier
maps, then restrained at fixed positions and refined isotropically.
The hydrogen atoms on the disordered lattice water molecules in
2(08), and 3 (04) could not be located. The highly disordered lat-
tice water molecules in 3 (04) and 4 (014) could not be resolved.
The pzdc/Hpzdc ligand in 3 lies across a mirror plane so the disor-
dered hydrogen atom (H2) on carboxylic oxygen was refined with

quarter occupancy. The details of crystal data, selected bond
lengths and angles for compounds 1-4 are listed in Tables 1 and S1.

3. Results and discussion
3.1. Structural description of {[Cus(pzdc)x(pyz)(H20)s](H20)},, (1)

X-ray crystallographic analysis reveals that 1 crystalizes in the
triclinic system with P1 space group. Asymmetric unit of 1 consists
of two independent Cu(ll) centers (Cul and Cu2), one pzdc>~
ligand, a half of pyz ligand, three coordination water molecules
and one lattice water molecule. Each Cul ion lies on a crystallo-
graphic inversion center adopting an elongated octahedral CuN,O4
geometry which is coordinated by two oxygen atoms and two
nitrogen atoms from two different pzdc®~ ligands in the equatorial
plane. The axial position is occupied by two oxygen atoms from
two coordination water molecules. Whereas the terminal Cu2 cen-
ter is five-coordinated showing distorted square pyramidal CuN,05
geometry (7 =0.33, Addison’s parameter 7 =0 for square pyramid
and t=1 for trigonal bipyramid) [36]. The basal plane is sur-
rounded by carboxylic oxygen and pyrazoyl nitrogen atoms from
pzdc®~ ligand, one pyrazine nitrogen atom and one oxygen atom
from coordination water molecule, while the apical position is
occupied by oxygen atom from another coordination water mole-
cule (05). The Cu-N and Cu-O distances are in the range of
1.9619(11)-2.1734(15) A, while the axial Cul-O distance of
2.4957(14) A is significantly longer, indicating the presence of a
common Jahn-Teller effect in the Cu(Il) ion [30]. The Cu2N,0,
square plane is not completely planar with tetrahedral twist
between the planes of 29.64°. The Cu2 is shifted by 0.3268(2) A
from the mean equatorial plane toward the apical position. The
Cul and two Cu2 ions are connected by pzdc®~ in a u;-n°N,0,
1n?N',0’ coordination mode (type I, Fig. S1) to form a neutral trinu-
clear Cu(Il) unit containing (5-6-5) sequences of Cu(Il) geometries
with the Cul---Cu2 distance of 4.4102(2) A (Fig. 2a). Each trinu-
clear Cu(Il) unit is linked by p,-pyrazine spacer to form a 1D chain
structure of 1 with the Cu2- - -Cu2 distance of 6.8462(3) A (Fig. 2b).
Furthermore, the 3D packing motif of 1 is stabilized by various
interchain hydrogen bonding interactions between pzdc®~, pyz,
coordination and lattice water molecules (Fig. S2 and Table S2).

3.2. Structural description of {[Cus(pzdc)s(bpy)(H20)s](H20)s}, (2)

Compound 2 crystallizes in monoclinic system and P24/c space
group. The asymmetric unit contains two independent Cu(Il) ions
(Cul and Cu2), one pzdc®~, one-half of bpy, four coordination
water molecules and three lattice water molecules. Both Cu(II) ions
reveal an elongated octahedral geometry, Cul is six-coordinated
surrounded by O and N atoms from pzdc®~ ligand, one pyridine
nitrogen atom and one oxygen atom from coordination water
molecule in the basal plane. The axial position is located by two
oxygen atoms from two coordination water molecules. While the
Cu2 is located in crystallographic inversion center and occupied
by two N atoms and two O atoms from two different pzdc®~
ligands in the equatorial plane. The apical site is occupied by two
oxygen atoms from two coordination water molecules. The Cu-N
and Cu-O0 distances are in the range of 1.959(3)-2.6715(3) A which
are within the range of those reported for elongated octahedral
geometry of Cu(ll) complexes containing pzdc®~ [28,30]. The
CulN,0, square base is not completely planar with tetrahedral
twist between the planes of 5.35°. The pzdc®~ ligand acting as a
1-n2-N,0, n?-N,0’ fashion (type I, Fig. S1) link between two
Cul and Cu2 ions forming a neutral trinuclear Cu(Il) unit with
(6-6-6) sequences of Cu(Il) geometries. The Cul---Cu2 distance is
4.5207(5) A (Fig. 3a). In addition, each trinuclear Cu(Il) unit is con-
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Table 1

Crystallographic data for compounds 1-4.
Compound 1 2 3 4
Formula Cu3Cy4H20N6015 Cu3CoH3sN6022 CusCs0Ha6N14024 Cu3Ci4H23N7046
Molecular weight 702.98 905.18 1544.71 736.01
T (K) 293(2) 293(2) 293(2) 293(2)
Crystal system triclinic monoclinic orthorhombic triclinic
Space group P1 P24/c Cmmm P1
a(A) 7.1902(2) 8.8968(7) 15.6847(5) 7.8991(3)
b (A) 8.8370(2) 10.1970(8) 18.6369(7) 12.9067(5)
c(A) 9.5076(2) 18.2364(14) 11.1125(4) 13.6852(5)
o (°) 72.1460(10) 90 90 110.648(1)
B(°) 75.8720(10) 93.682(2) 90 97.878(1)
y () 82.1560(10) 90 90 100.755(1)
Vv (A3) 556.38(2) 1651.0(2) 3248.3(2) 1251.0(1)
z 1 2 2 2
Peaid (g cm3) 2.098 1.813 1.571 1.954
1 (Mo Ko) (mm™") 2.933 2.014 1.696 2.617
Data collected 3895 4119 1879 5540
Unique data (Rint) 3433(0.0172) 3350(0.0480) 1530(0.0228) 3802(0.0634)
Ry [wRy[1> 25(1)] 0.0252/0.0659 0.0504/0.1365 0.0606/0.1885 0.0530/ 0.1249
Ry?/WR," [all data] 0.0315/0.0684 0.0649/0.1460 0.0754/ 0.1994 0.0941/ 0.1408
GOF 1.102 0.994 1.115 1.059
Maximum/minimum electron density (e A~3) 0.525/-0.307 1.392/-1.305 1.623/-0.843 2.290/-0.518

* R=YlIFol — |Fell/3_1Fol.
® Rw= {3 IW(IFol — IFDP [ [wlFol*1}'.

(a)

N3A
Cu2

(b)

O7A

Fig. 2. (a) A trinuclear Cu(Il) building unit and atom labeling scheme of 1. The ellipsoids are shown at 50% probability level. All hydrogen atoms and lattice water molecules
are omitted for clarity (symmetry code: A=1—-x, 2 -y, 2 — z). (b) The 1D coordination polymer of 1. The blue and red polygons represent five- and six-coordination

geometries of Cu(ll) centers, respectively. (Colour online.)

nected by u,-bpy ligands to generate a 1D chain (Fig. 3b) with
Cul---Cul distance of 11.1146(9)A. The two pyridine rings of
bipyridyl moieties are perfectly coplanar, being located on a crys-
tallographic center of symmetry. The 3D supramolecular structure
of 2 is generated via various hydrogen bonding interactions
between pzdc®~, bpy, coordination and lattice water molecules
(Fig. S3 and Table S2).

3.3. Structural description of {[Cuy(Hpzdc)y(pzdc)x(bpy)2][Cu(bpy)
(H20)4]n(H20)4}n (3)

Compound 3 crystallizes the orthorhombic, Cmmm space group
which consists of cationic [Cu(bpy)(H0)4].2" chain coordination
polymer and anionic [Cu,(Hpzdc)y(pzdc),(bpy),]?~ units. The anio-

nic tetranuclear Cu(Il) unit contains four Cu(II) centers (Cul), two
Hpzdc?~, two pzdc®~ and two bpy ligands. Each Cul is located in
crystallographic mirror plane adopting a distorted square pyrami-
dal geometry. The Cu(ll) center is coordinated by two carboxylate
0 and two pyrazoyl N atoms from two different pyrazole-3,5-dicar-
boxylates in equatorial plane and one N atom from p,-bpy in the
axial site (Fig. 4a). The Cu1N,0, square base is not completely pla-
nar with tetrahedral twist between the planes of 24.98°. The Cul is
shift by 0.3277(7) A from the mean equatorial plane toward the
axial position. The calculation of the bond valence sum (BVS)
[37,38] for Cul was performed. The analysis resulted in the value
of 2.11, thus confirming the formal oxidation states of +2 for cop-
per center. Two Cul centers are connected by Hpzdc?~ and pzdc®~
ligands in u,-1?N,0, n?N',0’ coordination modes (type I, Fig. S1),
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(b)

Fig. 3. (a) A trinuclear Cu(II) building unit and atom labeling scheme of 2. The ellipsoids are shown at 50% probability level. All hydrogen atoms and lattice water molecules
are omitted for clarity (symmetry code: A=2 — x,1 —y, 1 — z). (b) The 1D coordination polymer of 2. The red polygon represents six-coordination geometries of Cu(II) centers.

(Colour online.)

resulting to metallacyclic dinuclear Cu(II) unit with Cu.--Cu dis-
tance of 3.995(1)A. Moreover, these two dinuclear Cu(ll) units
are linked by two p,-bpy linkers, forming tetranuclear anionic
cluster (Fig. 4a). The metallacyclic anionic dinuclear Cu(Il) building
unit containing pzdc®~ has been found in the literature, such as,
(EtsNH)>[Cup(pzdc)a(Ha0)],  [23]  [{Nax(u-Ha0)2H{Cux(pzdc)s}n
[23] and {[Cuy(pzdc),] (Ci0H10N2)}, [31] While a neutral [Cuy(-
Hpzdc),] building unit is less reported [39]. In this work, we show
the first example of metallacyclic anionic dinuclear Cu(Il) building
unit containing both Hpzdc?~ and pzdc®~ ligands. In the cationic
1D coordination polymer, the Cu2 is surrounded by four O atoms
from four coordination water molecules in basal plane and two N
atoms from two different u,-bpy linkers in apical position, adopt-
ing elongated octahedral geometry (Fig. 4b). Each Cu2 is connected
by u»-bpy to generate a 1D cationic linear chain (Fig. 4c). The Cu-N
and Cu-O distances are in the normal range between 1.933(4)-
2.201(9) A [23]. The two pyridine rings of all bipyridyl moieties
are perfectly coplanar, being located on a crystallographic mirror
plane. In the 3D packing diagram of 3, besides electronic interac-
tion between cationic chain and anionic tetranuclear unit of 3,
the molecular structure hydrogen bonding interaction between
bpy, pyrazole-dicarboxylate and coordination water molecule sta-
bilize entire 3D supramolecular structure (Fig. 5 and Table S2).

3.4. Structural description of {[Cus(pzdc),(ampy)(H>0)s](H,0)s3}, (4)

Single crystal X-ray analysis reveals that compound 4 crystal-
lizes in triclinic crystal system, P1 space group. Asymmetric unit
of 4 contains three independent Cu(Il) ions, two pzdc®~, one ampy
ligand, five coordination water molecules and three lattice water
molecules. Each Cul center is occupied by O and N atoms from
pzdc®~, one pyrazine nitrogen atom from ampy ligand and one
oxygen from coordination water molecule in the basal plane, while
the apical positions are occupied by an O atom from coordination
water molecule giving rise to square pyramidal CuN,O geometry.
In addition, the semi-coordinated 04 atom from pzdc®~ weakly
interacts to copper center with the longest Cul---04 distance of
2.800(3) A, forming an elongated octahedral geometry. The Cu2
and Cu3 centers show distorted square pyramidal geometries
(7 =0.02 and 0.03 for Cu2 and Cu3, respectively). Each Cu2 center

is coordinated by two carboxylate oxygen and two nitrogen atoms
from two different pzdc®~ ligands at equatorial plane. The axial site
is occupied by one oxygen from coordination water molecule. The
basal plane around the Cu3 center is composed of O and N atoms
from pzdc3~, one pyrazine nitrogen from ampy and one oxygen
from coordination water molecule. The apical site is taken by oxy-
gen from coordination water molecule. The Cu-N and Cu-O dis-
tances are in the range of 1.931(4)-2.472(5)A which are well
within their normal ranges for pyrazolato-bridged trinuclear Cu
(II) complexes.[30] While the longest Cul-04 distance of 2.800
(3) A shows very weak coordination bond [31,40]. The CuN,O,
square base shows tetrahedral twists between the planes of
7.19°, 11.01°, and 17.76° for Cul-Cu3, respectively. The pzdc®~
ligand exhibits u3-n2N,0, n?N,0', !0 bridging mode (type II,
Fig. S1) connecting three Cu(II) centers to form a neutral trinuclear
Cu(II) unit containing (6-5-5) sequences of Cu(Il) geometries with
the Cul---Cu2, Cu2.--Cu3 distances of 4.4634(5) and 4.4765(6) A,
respectively (Fig. 6a). In addition, each trinuclear Cu(Il) building
unit is linked together by weak us-syn,anti-pzdc®~ bridging mode
(Cu1-04) forming hexanuclear Cu(Il) cluster (Fig. 6b). Moreover,
the adjacent hexanuclear Cu(Il) units are connected by double
Up-ampy spacers to generate 1D ladder-like chain structure with
the shortest Cu---Cu distance of 6.8089(2) A (Fig. 6¢). In addition,
the intramolecular hydrogen bond between NH, group of p,-ampy
and coordination water molecules stabilizes the ladder-like chain
structure of 4. The 3D packing structure of 4 is assembled by var-
ious weak interchain hydrogen bonding interactions between
pzdc®~, ampy, coordination and lattice water molecules (Fig. S4
and Table S2).

3.5. Thermal analyses

Thermogravimetric analysis (TGA) of 1-4 were performed in N,
atmosphere from 35-750 °C. Compound 1 shows a weight loss of
15.50% in the range of 70-110 °C, which is due to the loss of six
water molecules (calcd. 15.36%). After 250 °C, the sample gradually
starts to lose the remaining water molecule and decompose to the
unidentified species. Compounds 2 and 4 show the first weight loss
of 17.85% and 4.66% varying from 35 to 80 °C for 2 and 35-60 °C for
4 corresponding to the loss of nine water molecules for 2 (calcd.
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Fig. 4. (a) Anionic tetranuclear Cu(ll) unit of {[Cus(Hpzdc)y(pzdc),(bpy).]*>~, (b)
Cationic chain coordination polymer of [Cu(bpy)(H,0)4],2* with atom labeling
scheme of 3. All hydrogen atoms and lattice water molecules are omitted for clarity
(symmetry codes: A= —x,y,z;B=1-x,1-y,-z;,C=x,1-y,z;D=1-x,y, —z.(c)
Anionic tetranuclear Cu(Il) units stabilizing with cationic 1D chain coordination
polymers. The blue and red polygons represent five- and six-coordination geome-
tries of Cu(ll) centers, respectively. (Colour online).

17.91%) and two water molecules for 4 (calcd. 4.89%). Subse-
quently, the second weight loss process of 9.91% and 14.74% varies
from 80 to 295 °C and 60-290 °C for 2 and 4, respectively, corre-
sponding to the removal of all remaining water molecules (calcd.
9.95% for 2 and 14.69% for 4). Then the samples start to decompose
after about 290 °C. Finally, compound 3 shows gradual weight loss
of 9.51% in the range of 35-250 °C, corresponding to the escape of
all coordination and lattice water molecules (calcd. 9.33%). Then
the structures decompose to some unidentified species (Fig. 7).

3.6. XRPD patterns

To confirm whether the crystal structures of 1-4 are truly rep-
resentative of the bulk materials, X-ray powder diffraction experi-
ments have been performed at room temperature. The
experimental and simulated (from the single crystal data) patterns
are identical confirming the phase purity of the bulk samples
(Figs. S6-S9).

3.7. Structural discussion

By the combination of Cu(NOs),-3H,0 with Hspzdc and N,N'-
ditopic coligands in a 1:1:1 molar ratio in the mixture solution of
H,O/DMF/EtOH, the ternary Cu(Il) coordination polymers 1-4 were
obtained. Compounds 1, 2 and 4 were synthesized by layering
method at room temperature. They exhibit 1D chain coordination
polymers comprised of pyrazolato-bridged trinuclear Cu(Il) build-
ing unit with the unique (5-6-5), (6-6-6) and (6-5-5) sequences
of Cu(ll) coordination number for 1, 2 and 4, respectively. While
3 was synthesized by solvothermal method at 120 °C that contains
both anionic tetranuclear Cu(Il) cluster and cationic 1D coordina-
tion polymer. The p,-N,N'-bridges link Cu; secondary building unit
in compounds 1 and 2 giving rise to 1D chain structure. While each
trinuclear unit in 4 is assembled to hexanuclear cluster by weak
syn, anti-bridging mode of pzdc®>~ and further extended by p,-
ampy forming 1D ladder-like chain structure. The neutral trinu-
clear [Cus(pzdc),] building unit with various sequences of Cu(Il)
coordination numbers have been reported, such as, [Cus(pzdc),(-
Mezﬁn)z(Hzo)zl(Hzo)g, [28] [CU3(dieﬂ)z(pzdc)chg,OH]z(CH3OH)5,
[41] [Cus(pzdc)y(H20)4]0,[30] with (5-4-5), (5-5-5), and (5-6-5)
sequences of Cu(Il) coordination numbers, respectively. It can be
seen that 5-coordinated Cu(Il) geometry is more favorable in the
neutral Cusz system, however, 6-coordinated octahedral geometry
may be adopted by using long rigid bpy spacer in 2 where is less
steric hindrance between neighboring Cus units. Besides versatile
of distorted coordination geometries of Cu(Il) centers, and various
coordination modes of Hspzdc play a key role on the construction
of Cu(ll) secondary building unit, the reaction temperature also
have a significant influence on the structural assembly. When
using the bpy as a coligand, compound 3 was synthesized at high
temperature, giving the cationic 1D chain CPs with the unique
anionic tetranuclear Cu(Il) cluster constructed from metallacyclic
dinuclear Cu(Il) building unit while 2 was prepared at room tem-
perature, generating a simple 1D chain structure. The coordination
geometries of Cu(Il) centers were also confirmed by electronic dif-
fuse reflectance spectra which agree with the %E, to °T,, (parent)
transition for distorted octahedral and square pyramidal geometry
(Fig. S5) [7,40].

3.8. Magnetic properties

The temperature dependent magnetic susceptibilities for the 1D
coordination polymers 1, 2 and 4 are all very similar and indicative
of the neutral trinuclear, pyrazolato-bridged moieties showing
weak antiferromagnetic coupling with little or no coupling across
the N,N’-ditopic linkers in the 1D species. Taking compound 4 as
a typical example (Fig. 8, the other plots are in Fis. S10-S11),
ymT, per Cus, is ~1.25cm>mol 'K at room temperature, as
expected for three weakly coupled Cu(Il) ions, with g on each Cu
(1) of 2.1. The ymT values decrease gradually between 300 K and
100 K, then more rapidly reaching a plateau at 0.4 cm® mol~! K at
10K, indicative of a S = ground state for the Cus species. Below
5K, there is a further decrease that is possible indicative of weak
antiferromagnetic inter-trinuclear coupling, across the linking N,
N'-ditopic coligands.

Focusing, first, on the 5-300 K data, we have used a linear trin-
uclear S = > model with spin Hamiltonian containing exchange and
Zeeman terms: [30,42].

H= —ZJ{S] S+ 8 S’Z} +g‘uBSTZHZ

where the Cu(II) centers are arranged Cu2-Cul(center)-Cu2'. J is the
exchange interaction between adjacent Cu(ll) ions in the trimer, S;
the spin operator for each S=1/2 Cu(ll), St the total spin operator
of the trimer with S;=S; +S;+8, and Sy, is the z component of
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Fig. 5. 3D packing diagram of 3 formed by intermolecular hydrogen bonding.

Fig. 6. (a) A trinuclear Cu(II) building unit and atom labeling scheme of 4. The ellipsoids are shown at 50% probability level. All hydrogen atoms and lattice water molecules
are omitted for clarity (symmetry code: A=x, —1+y, —1 +z). (b) A hexanuclear Cu(Il) building unit composed of weak Cu1—-04 bond. (c) The 1D ladder-like chain of 4. The
blue and red polygons represent five- and six-coordination geometries of Cu(Il) centers, respectively. (Colour online).

the St operator. This leads to three energy levels S = ' (energy zero);
S=% (E=-2J) and S=3/2 (E=-3]). We have also included a J
(Cu2-Cu2’) term in the fitting but it is insensitive compared to
setting it at zero (Table 2).

In Fig. 8 it can be seen that the best fit line (solid line)
reproduces the y\T values extremely well, the plateau at low tem-
peratures indicative of population of the S = !4 state. Perusal of the
literature of pyrazolate-bridged Cu(Il) compounds reveals few sin-
gly-pyrazolate bridged examples for comparison. The 3D complex
[Cus(pzdc),(H0)4],, [30] obtained hydrothermally, shows similar

trinuclear core units to the present 1D CPs, but forms a 3D array
via bridging through the carboxylate O atoms. The J value obtained
in fitting the 50-300K data to the present trinuclear model is
—22 cm™}, alittle higher than those found here which is agree with
the shorter. Cu---Cu separation in the trinuclear moiety of
[Cus(pzdc),(H,0)4], (4356 A) comparing to 4.4102(2)-4.5207
(2)A for 1, 2 and 4. A singly-bridged complex, K[Cu,L,(pz)]H,0
(H,L = 6-amino-1,3-dimethyl-5-(2’-carboxy phenyl)azouracil and
pz = pyrazole), with pseudotetrahedral geometry around the Cu
(II) centers, showed J=—2.7cm™! and g=2.1, [43] J being much
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Fig. 8. Experimental values of yyT, per Cus, (open circles) versus temperature (K)
plot for compound 4. The solid lines is the best fit using the linear S =1 trimer
model described in the text that does not include an inter-trimer term, 0.

Table 2
Best fit J values. A constant No (temperature independent susceptibility) of
65 x 107% cm® mol~! was fixed in the susceptibility expression.

CPs J(cm™) g

1 -16.4 2.10
2 -16.5 2.14
4 —-18.0 2.17

lower in magnitude than those in Table 2. In contrast, double-pyra-
zolate bridging, in (BugN),[Cu,(pzdc),], with Cu- - -Cu separation of
3.98 A, [44] or mixed {pyrazolate/alkoxide} [45] or {pyrazolate/
azide} [46] bridging leads to much stronger antiferromagnetic cou-
pling and larger negative J values (>—100 cm™!) than those found
here, no doubt because of the extra bridging contribution and
smaller Cu---Cu separation. A marked difference is observed in
the ymT plots for 1, 2 and 4 compared to that of [Cus(pzdc),(H,0)4]
n, [30] at very low temperatures. In the latter, the yuT values are
similar to the present ones above ~50K, but increase sharply
below ~20 K due to long-range magnetic order of the S = ' ground
states (J(2D =+1.9 cm™'; J(3D) = —0.06 cm™') brought about by the
carboxylate bridging that forms the 3D array. We do not see such
behaviour here, the linking pyrazine and bipyridine that form the
1D chains, do not provide strong enough superexchange pathways
between the Cus units to induce long range order. Indeed, the small
decrease in yuT at very low temperatures is indicative of weak
inter-trinuclear coupling.

4. Conclusions

Four new copper(Il) coordination polymers constructed by self-
assembly of dinuclear or trinuclear building units based on pzdc
ligand and auxiliary N,N'-ditopic spacers have been structurally
characterized. Compounds 1 and 2 exhibit 1D chains while 3 shows
1D chain cationic coordination polymer and anionic tetranuclear
Cu(II) cluster. Compound 4 exhibits 1D ladder-like chain structure.
Compounds 1 and 2 consist of trinuclear Cu(Il) building units con-
structed by Cu(ll) ions and pzdc®~ ligands with (5-6-5), (6-6-6)
sequences of Cu(ll) geometries, respectively. These Cus units are
extended via pyz or bpy linkers giving 1D chain structures. In 4,
the hexanuclear Cu(ll) cluster is generated by the combination of
two Cus units based on pzdc®~ and ampy spacer extend the hex-
anuclear unit to 1D ladder-like chain structure. In contrast, anionic
tetranuclear Cu(Il) cluster of 3 is built up from two [Cux(Hpzdc)
(pzdc)]™ units and two bpy linkers, stabilizing with 1D chain of
[Cu(bpy)(H20)4]2*. This result demonstrated that various dis-
torted geometries of Cu(ll) centers, diverse coordination modes
of H3pzdc and, N,N'-ditopic coligands play a key role on their struc-
tural diversity. Furthermore the reaction temperature also have a
great influence on the structural assembly of 2 and 3. The magnetic
studies of 1, 2 and 4 revealed weak antiferromagnetic coupling
interactions within Cu(Il) trimer.
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