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Perspective view of the 3-D cage-like network of {[Cu(C404)(H,0),]-0.33H,0},, (2). View of voids
in the framework with van der Waals spheres (mean diameters 1.5 nm) inside.

Three new copper(Il)-squarate coordination polymers, 1-D double-chain {Cu(C404)(H,0),(DMF)},
1) (C4O§’ =dianion of 3,4-dihydroxy-3-cyclobuten-1,2-dione), 3-D network {[Cu(C4O.)
(H,0),]-0.33H,0}, (2), and 3-D network {[Cu(C404)(H,0),]-0.33CH30H},, (3), have been synthe-
sized and characterized structurally. The complexes show altered assembly behavior in different sol-
vent systems, which can further affect the physical properties of the frameworks. Cyclic
voltammetry experiments show that 1, 2, and 3 have rich redox activities and both Cu(Il) ions and
squaric acid ligands are involved in redox process. Magnetic characterization on 3 shows the effect
of weak antiferromagnetic exchange.

Keywords: Squaric acid; Copper; Crystal structure; Redox properties; Magnetism

1. Introduction

Coordination polymers, also known as metal organic frameworks (MOFs), have flexible
structures and functional applications [1]. However, controllable synthesis of MOFs is a
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challenge since many factors affect self-assembly, such as the chemical structure of the
ligands chosen, the coordination geometry preferred by the metal, reaction temperature,
counter ions, solvent system, pH, metal-to-ligand ratio, and methods of crystallization [2].
Solvent is a crucial parameter in influencing the formation of the MOFs, leading to their
structural and dimensional variations [3], supra-molecular isomerism [4], and new topolo-
gies based on variation of the conformations of ligands [5]. Systematic investigation of the
effect of solvent on self-assembly of complexes with the highly symmetrical multi-topic
ligands still remains unexplored.

The present study constructs a series of complexes from highly symmetrical polyfunc-
tional units such as squarate dianion. The squarate possesses a four-membered cyclic aro-
matic structure characterized by extensive x electron delocalization over the carbons and
oxygens, which has been widely used as a bridging ligand with various coordination modes
(1* to p® bridges shown in scheme 1) to build up coordination polymers with novel
extended networks [6]. The planar Dy, structures of squarate have been well established.
By changing the counter ions in the polyoxothioanion system with squarate template, a ser-
ies of new clusters such as chiral [(M0,0,S,)3;(OH)4(C404)] and [(M02,0,S5,),(OH)»(C404)]
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Scheme 1. Coordination modes of squarate on the construction of coordination polymers.
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polyoxothiometalate building blocks are isolated [7]. Herein, we focus on assembly of
copper(Il)-squarate complexes. By varying the reaction solvent, three new copper(Il)—
squarate coordination polymers, 1-D double-chain {Cu(C404)(H,0),(DMF)}, (1), 3-D
cage-like network {[Cu(C404)(H,0),]-0.33H,0}, (2), and 3-D network {[Cu(C40,4)
(H,0),]-0.33CH50H},, (3), are isolated, in which the coordinated solvent molecules in the
framework decrease from two water molecules and one DMF molecule in 1 to two water
molecules in 2 and 3. Variation of coordination and guest solvent molecules affects the
structures of the complexes, as well as the electrochemical, thermodynamic, and magnetic
properties. Unexpectedly, the guest solvent molecules in the frameworks can also influence
the electrochemical properties.

2. Experimental section

2.1. Materials and instruments

All reagents were commercially available and used without purification. IR spectra were
recorded on a Perkin-Elmer 16 PC FT-IR spectrophotometer with KBr pellets from 4000 to
400 cm™'. Elemental analyses were performed on a Perkin-Elmer 240C Elemental Analyzer.
UV spectra were recorded on a UV-2450 ultraviolet spectrophotometer from 200 to
700 nm. Powder X-ray diffraction measurements were performed on a Rigaku D/max 2500
X-ray diffractometer. Crystal structure determination was carried out on a Bruker SMART-
APEX 1000 area-detector diffractometer. Thermogravimetric analyses were performed from
20 to 800 K at a heating rate of 10 Kmin~" under Ar. Electrochemical experiments were
carried out at room temperature using a CHI 660/700E Electrochemical workstation. Mag-
netic susceptibility data were obtained on polycrystalline samples using a Quantum Design
MPMS-XL7 SQUID magnetometer. Data were recorded in 1000 Oe field while warming
the samples from 1.8 to 300 K. Diamagnetic corrections were made for both the sample
holder and the compound estimated from Pascal’s constants [8].

2.2. Synthesis

2.2.1. Preparation of {Cu(C,04)(H,0),(DMF)}, (1). A mixture of CuCl,-2H,0
(17.4 mg, 0.1 mM) and squaric acid (12.2 mg, 0.1 mM) were taken in DMF and stirred for
6 h at ambient temperature. The mixture was filtered immediately and the filtrate was placed
at room temperature until dark green crystals with needle-like morphology of 1 suitable for
X-ray crystallographic analysis were collected after 1 week and washed with methanol and
Et,0, yield 47.5% (based on Cu). Anal. Calcd for 1 (C;H;;CuNO,) (%): C, 29.5; H, 3.86;
N, 4.91. Found (%): C, 30.19; H, 3.89; N, 5.02. FT-IR (KBr, cm™'): 3427(w), 2892(m),
1498(vs), 1100(s), 948(s), 762(s), 469(w), 421(w).

2.2.2. Preparation of {Cu(C40,4)(H,0),-0.33H,0}, (2). A mixture of CuCl,-2H,0
(120 mg, 0.70 mM) and squaric acid (90 mg, 0.80 mM) was added to solution of 60 mL
CH;0H/H,O (10: 1, v/v). The solution was stirred thoroughly 6 h at ambient temperature
and the solution turned from light green to greenish yellow. The mixture was filtered, and
the filtrate evaporated at room temperature until green square plate crystals were obtained
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after 3 days with an yield of approximate 62.4% (based on Cu). Anal. Calcd for 2
(C4H466Cu0g33) (%): C, 22.05; H, 2.12. Found (%): C, 22.02; H, 2.14. FT-IR (KBr,
em ™ ): 3083(s), 2237(w), 1605(vw), 1799(vs), 1100(s), 857(w), 743(w), 654(w), 471(w).

2.2.3. Preparation of {{Cu(C404)(H,0),]-0.33CH30OH}, (3). A mixture of CuCl,-2H,0
(174 mg, 1 mM) and squaric acid (114 mg, 1 mM) were taken in 50 mL methanol to give a
green solution. The mixture was stirred for 12 h at room temperature. Dark green square
plate crystals of 3 suited for single crystal X-ray diffraction were obtained after 3 days with
an yield of approximate 68% (based on Cu). Anal. Calcd for 3 (C433H;53,CuQg33) (%): C,
23.37; H, 2.35. Found (%): C, 23.35; H, 2.39. FT-IR (KBr, cm'): 3060(s), 2242(w), 1804
(m), 1499(vs), 1097(s), 990(w), 961(m), 785(w), 685(w), 469(m), 430(w), 408(w).

2.3. X-ray crystallography

A selected crystal of 1-3 was mounted on a glass fiber capillary which was put on a Bruker
SMART-APEX 1000 area-detector diffractometer with a CCD detector using graphite-
monochromated Mo-Ka radiation (4 = 0.71073 A) at room temperature. Absorption correc-
tions were applied using multiscan program SADABS [9]. The structures were solved by

Table 1. Details of the crystallographic data collection, structural determination, and refinements for

1-3.

Compound 1 2 3

Emplrlcal formula C7H11CUNO7 C4H4CUO6 C4CU05

Formula weight 284.71 211.61 207.58

Temperature (K) 293(2) 293(2) 293(2)

Crystal system Monoclinic Trigonal trigonal

Space group P2l/c R-3 R-3

a(A) 11.187(2) 11.7555(3) 22.9554(5)

b (A) 7.7450(13) 11.7555(3) 22.9554(5)

c(A) 12.060(2) 14.8987(7) 14.0645(4)

a(°) 90.00 90.00 90.00

£ 103.960(10) 90.00 90.00

y(°) 90.00 120.00 120.00

V(A% 1014.0(3) 1783.04(11) 6418.4(3)

VA 4 9 36

Calculated density (Mg m ™) 1.865 1.774 1.933

u (mm™h 2.175 2.738 3.041

0 (°) 3.15-25.99 4.85-25.98 2.8-25.97

F(000) 580 945 3636

Index ranges -12<h <13 —14<h <14 —28<h <28
-9<k<8 -14<k<14 —28 <k <28
-14</<9 -18</<18 -17<1<17

Reflections collected 6501 6679 35,176

Independent reflections 1987 753 2796

Rint 0.0281 0.0411 0.0974

Data/restraints/parameters 1987/0/167 753/42/58 2796/491/234

Goodness-of-fit on 1.049 1.359 1.064

Final R indices [I>20(/)]*® R, =0.0296 R, =0.0429 R, =0.1315
wR, = 0.0679 wR, = 0.1218 wR, = 0.3226

R indices (all data) R; = 0.0460 R, =0.0444 R, =0.1320
wR, = 0.0757 wR, = 0.1238 wR, = 0.3231

R = SlIF] — Fell/ SIFol. s = 3 [w(e2 — 22 S [w(r2)?]]
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direct methods and refined with a full-matrix least-squares technique using SHELXTL-97
[10]. All non-hydrogen atoms were refined with anisotropic displacement parameters;
Carbon-bonded hydrogens were included in calculated positions and refined in the riding
mode. Crystallographic data and details of data collections and structure refinements of 1-3
are listed in table 1.

3. Result and discussion
3.1. Structural description

3.1.1. Structure of {Cu(C404)(DMF)(H,0),}, (1). The X-ray analysis of 1 shows that it
crystallized in the monoclinic space group P2,/c and each Cu(Il) coordinated with two
squarate ligands, three water molecules, and one DMF. The squarate ligands are
1-1,3-bridging and are trans coordinated to form a polymer chain unit. This Cu(Il) complex
exhibits the expected Jahn—Teller distortion with four equatorial Cu—O distances from 1.970
(2) to 1.994(2) A, and the axial bond length to DMF of 2.345(2) A and to the water ligand
of 2.569(2) A. The equivalent bond lengths within the squarate ligand are comparable to
those previously reported in the literature [11]. However, the chain unit is further condensed
to form a double-chain structure by sharing two coordination waters, forming the
{Cuy(H,0)4(DMF),} linker, as shown in figure 1, which is different from Cu(C40,)
(DMF),(H,0), isolated in the similar system with the existence of organic cations
(tetracthylammonium aminosquarate) [12]. The chain propagation occurs along the crys-
tallographic ¢ direction with a Cu...Cu separation of 7.745(1) A and an associated contrac-
tion of the Cu—O-C (squarate) angle of 132.0(1)°, as well as the Cu...Cu separations in
{Cu,(H,0)4(DMF),} is 3.527(1) A. Further, the polymer chain conformation is stabilized
via pairs of inter- /intra-molecular O—H...O hydrogen bonds between one hydrogen of
coordinated water and the non-coordinated oxygen on squarate with O...O distance of
2.645(1) A. The TGA data analysis shows 1 contains no additional guest molecules in the

Figure 1. Structural view of the 1-D double-chain of 1. The DMF and squarate ligands are shown in ball and
stick mode, and the {CuOg} units are presented in green polyhedron (Atom color codes: green, Cu; black, C; blue,
N; red, O; gray, H) (see http://dx.doi.org/10.1080/00958972.2015.1024113 for color version).
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crystal structure. The first weight loss of 17.91% from 171 to 206 °C is attributed to the
loss of coordinated H,O. Dehydration occurs at temperature higher than the boiling point of
water due to the coordination of water to metal centers and strong hydrogen bonding
interactions. The weight loss of the second stage is 27.53%, due to loss of DMF or
decomposition of the framework (see supplemental data).

3.1.2. Structure of {Cu(C404)(H,0),-0.33H,0}, (2). Attempts to synthesize the analo-
gous complexes under conditions similar to those used in the synthesis of 1 but replacing
the DMF with 1:10 methanol/water solvent resulted in the formation of 2, Cu(C404)
(H;0),°0.33H,0. The X-ray analysis of 2 shows that it crystallized in the trigonal space
group R-3 and each Cu(Il) coordinated with four squarate ligands and two water molecules.
The squarate is u-1,2,3,4-bridging and is trans coordinated to form a 3-D network. This
pseudo-cubic cage network is similar but differs significantly from those reported by Hall
and Robl et al. [13]. The differences between the present trigonal structure and the tetrago-
nal structures lie in the relative orientation of the squarate rings on the three pairs of oppo-
site faces of the cubes. Herein, they are all eclipsed in 2, as shown in figure 2. By contrast
in the tetragonal structures of Hall, two of these have eclipsed relationships, while the third
is staggered. The coordination mode of CuC404-2H,0 reported by Robl is Cu(ll) coordi-
nated with two squarate ligands and four water molecules which is different from 2. The
coordination geometry of 2 at copper is slightly distorted octahedral. There are four long
[to the squarate ligands, ranging from 2.142(5) to 2.169(5) A] and two short Cu—O dis-
tances [to the aqua ligands, 1.949(4) and 1.963(4) A]. The basic building unit of the net-
work is the cage-like {(Cu;,(C404)¢} with diameter of 1.5 nm, which is structurally similar
to the Keggin-type cluster in polyoxometalate chemistry and contains a water guest. The
guest molecules are highly disordered and their positions cannot be precisely located by

Figure 2. Perspective view of the 3-D cage-like network of 2. The squarate ligands are shown in ball and stick
mode, and the {CuOg} units are presented in green polyhedron. The guest water molecules and hydrogens are
omitted for clarity (Atom color codes: green, Cu; black, C; red, O) (see http://dx.doi.org/10.1080/00958972.2015.
1024113 for color version).
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X-ray diffraction. The TGA data analysis of 2 shows weight loss begins from 195 to
238 °C with 13.14%, which is attributed to the loss of guest water molecules and a portion
of coordinated water. The second stage from 276 to 347 °C with 32.56% corresponds to a
continuous phase transition. It is reported that dehydration results in a four-coordinate
geometry of the metal center which is evidently more stable upon loss of coordinated water
molecules and the presence of the coordinated unsaturated metal centers may enable the
material to act as a solvent-inclusion compound [14].

3.1.3. Structure of [Cu(C,04)(H,0),]-0.33(CH30H) (3). When Cu(Il) reacted with squa-
ric acid in pure methanol, 3 formed as cubic crystals and was isolated. Similar to 2, single
X-ray diffraction analysis shows that 3 forms a 3-D copper—squarate network. However,
due to the disordered squarate in the structure, obtaining the detail structural information is
not successful yet. As shown in figure 3, the powder X-ray diffraction analyses on this
framework confirm its highly crystalline nature, but the pattern data do not well correlate
with incorporation of squarate ligands in either pure “staggered” or “eclipsed” orientation.
Further, the TGA data analysis shows that 3 contains two coordinated water molecules and
methanol guest molecules in the framework with a weight loss of 22.12% between 149 and
202 °C. The second stage of weight loss at 350 °C is missing in the case of 3, consist with
previous reported data on squarate complex with other transition metal ions [15]. Addition-
ally, changing the ratio of squarate and copper ions does not affect the assembly of the
complex. When excess squaric acid was added, it crystallized with pure squaric acid with-
out solvent in the structure.

3.2. IR and UV-vis spectroscopy

Compounds 1-3 were synthesized by direct mixing of copper(Il) salts and squaric acid with
different solvents, DMF for 1, CH;0H/H,O for 2, and pure CH30H for 3, respectively. The
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Figure 3. Powder XRD pattern of 3 (a) which is the combination of simulated pure “staggered” (b) and “eclipsed”
(c) orientation frameworks.
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most relevant IR features are those associated with the different structures of three
compounds. The broad absorption peaks at 3000-3400 cm ™' are caused by v(N-H) for 1
and v(O—H) for 2 and 3. A quite strong absorption at 1485, 1527, and 1527 cm™! for 1, 2,
and 3, respectively, which are attributed to v(C=0) exhibit blueshift compared with the
absorption spectrum of squaric acid, due to coordination with copper. The absorption peaks
of W(C—0) which around 1100 cm™" of the three compounds exhibit redshift compared with
some other squarate coordination polymers [16]. The IR assignments are consistent with the
structural determination. Moreover, the UV—vis spectroscopies of 1 in DMF, 2 in CH30H/
H,O (10:1, v/v), and 3 in methanol solution show that 1 and 3 have similar absorption
peaks, while the A.,.x of 2 is very weak. This result may be caused by solvation of water
and methanol, so that the effect of vibration and rotation in 2 is restricted. The medium
intensity absorption around 271 nm of conjugated carbonyl of squaric acid indicates that
these compounds have z—7z* electron transitions (see supplemental data).

3.3. Cyclic voltammetry (CV)

Cyclic voltammetry measurements were performed at room temperature to characterize the
redox activities of these three compounds. A three-electrode cell with a magnetic glass car-
bon electrode, a platinum wire auxiliary electrode, and a Ag/AgCl reference electrode was
used for electrochemical measurements. The electrolyte solution was acetonitrile with
TBAPF¢ as supporting electrolyte. The solution was bubbled with highly pure nitrogen for
15 min before measurements. During the electrochemical processes, charge balance was
maintained by migration of PF; into the pores during oxidation and TBA™ counter-cations
into the pores during reduction. The scan rate was at 100 mV s~ '. The concentration of the
three compounds was kept at 0.01 M in all measurements.

Comparison of the cyclic voltammograms of these three compounds with squaric acid
shows that there are oxidation peaks at 0.68 V attributed to squaric acid, while the corre-
sponding reduction peak is —1.09 V (see supplemental data). The squaric acid displays
observable irreversible Faradaic redox processes which are sophisticated with three stepwise
oxidation processes and one reduction process. In the case of these three compounds, there
are all exited Cu(Il) — Cu(I) processes with E;, = 0.7, 0.76, and 0.75 V (figure 4). Both 1

10
5 -
< of
-
c
® -51
5 —— compound 1
o 104 —— compound 2
" —— compound 3
-15 4

1.5 1.0 0.5 0.0 -0.5
Potential / V vs. Ag/AgCI

Figure 4. Cyclic voltammogram of 1-3. The scan rate was at 100 mV s~
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and 2 are characterized by one reversible redox process with Ey, =0.86 V, 0.93 V and
E,.=0.54'V, 0.57 V, respectively. The anodic and cathodic regions are similar to corre-
sponding copper complexes, demonstrating that the electronic properties have a significant
influence on the electronic communication among redox metal centers [17]. Compound 3 is
characterized by two reduction processes at 0.818 and 0.118 V versus Ag/Ag" and a sharp
oxidation at —1.12 V. One plausible reason may be that the guest methanol molecules in
this compound also participate in the redox processes.

3.4. Magnetic properties

The magnetic susceptibility data of 3 were collected from 1.8 to 300 K (figure 5). The y\T
value is 0.435 cm® KM~ at 300 K for 3, which is higher than the spin only value of
0.375 cm® KM ™! (g = 2.0) expected for a total spin S = 1/2 [18], owing to mixing of angu-
lar momentum from excited states via spin—orbit coupling [19]. As expected, from the Cu
(1) d° configuration, these data are consistent with the Cu(II) one-spin electron configura-
tion. The T decreases continuously with decreasing temperature and when the tempera-
ture is below 27.6 K, the yy7T decreases rapidly and then reaches a minimum of
0.1268 cm® K M™' near 2.7 K. The magnetic susceptibility data fit the Curie-Weiss law
with #=-1.559 K and a Curie constant C of 0.4695 cm® KM ™' (s = 1/2, gue = 2.24),
which corresponds to an effective magnetic moment (ug) per copper ion of 1.92 BM.
These values which are calculated from the slope of 1/x, versus T have some differences
with ger=1.76 BM of [Cu(OH),(C404),]°” due to the various coordination modes of
squaric acid [20]. Curie constant C of 3 is similar with those expected for a S = 1/2 ion of
Cu(Il)-containing compounds with average g,,.. ca. ~2.2 [21]. The linear relationship
between 1/, and T indicates that the susceptibility is temperature-independent. This result
also shows that there is no strong evidence indicating the metal-metal interaction behavior
within the frameworks. Consequently, the negative € value is indicative of antiferromag-
netic interactions among copper centers which are logically expected from the geometrical
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. —o—Xu
. CexT - 0.48
*
0.08 - .lr#—l—l*l'.‘.’.\.—.~I*I*I*I~I—I—I—I—I—I—l—l~.;.;.,.;.
}' 600 ’_,/-’
o o - 0.40
of ® § 400 f =
% 0.04 4 _"\. '%, 2001 g
[ ]
T’ % o -~ - 0.32
%, 100 200 300
T e, TIK
0.00 ! 0-0-0000000000000000000
- 0.24
T T T T T T T
0 100 200 300

TIK

Figure 5. Plots of yy, ym7 and yn 'vs. T for 3.
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arrangement of Cu(Il) centers, whereas the magnetic exchange interactions of adjacent
copper ions mediated through squaric acid ligands are weakly antiferromagnetic.

4. Conclusion

Three new copper(Il)-squarate coordination polymers Cu(C404)(H,0),(DMF) (1), Cu
(C404)(H50),°0.33H,0 (2), and Cu(C404)(H,0),-0.33CH30H (3) have been synthesized
and studied by thermogravimetric analysis, optical spectroscopy, electrochemistry, and
magnetism. These compounds coordinating with different solvent molecules have different
structures, which are the main reasons affecting their properties. Cyclic voltammetry
experiments show that both the Cu(Il)ions and squaric acid ligands are involved in redox
processes, and 1, 2, and 3 have different redox activities. Magnetic study reveals that 3
shows weak antiferromagnetic interactions.
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Crystallographic data have been deposited with the Cambridge Crystallographic Data center,
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