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Abstract Presented here are two d'® metal-organic
coordination polymers (CPs), [Zn(C404)¢5(u3-OH)],, (1)
and [Cd(C404)0.5(0X)o.5(H,O)],, (2) (H,OX = oxalic acid)
constructed from squaric acid (H,C40,) tectons. Single-
crystal X-ray diffraction studies indicated that both 1 and 2
show 3D structures. The two 3D CPs are assembled from
1D {[Zn(us-OH)],¥} chains to 3D structure linked through
C,04>" ligands for 1 and 2D {[(Cd1)»(C404)]*"} layers
pillared by OX*~ ligands for 2. The structure of compound
1 can be described as a trinodal (3,6,6)-connected net with
the point symbol of {4},{4*6'°.8}{4°.6'°},, whereas 2
possess a trinodal (4,5,6)-connected (42.8%) {45.6°.8%)
{4%.6%}, topology. Furthermore, the fluorescent and ther-
mal stabilities properties of these two compounds were
investigated.

Keywords Squaric acid - Coordination polymer -
Network topology - Fluorescent property
1 Introduction

The design and construction of new functional coordina-
tion polymers (CPs) have been one of the pioneer fields in
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current crystal engineering due to their intriguing topo-
logical structures and potential applications in diverse areas
(e.g. catalytic, optical, molecular recognition, gas storage/
separation, sensors, drug delivery, etc.) [1-5]. At present,
large numbers of novel CPs have been designed and syn-
thesized, but the reasonable design and controllable syn-
thesis, however, is difficult to control since the final
structure is frequently subject to subtle variation of external
parameters, such as solvent [6], temperature [7], pH [8],
organic ligands [9], metal cations [10], etc. Among these
factors, the organic ligands influence profoundly the spe-
cific structures of synthesized products, and to dictate their
formation with potential applications [11].

In recent years, the symmetrical, planar and rigid squaric
acid has attracted much attention in the preparation of
functional polymeric frameworks. It features extensive
n-electron delocalization over all the oxygen and carbon
atoms, which tends to induce hydrogen-bonding, n—n
interactions for the construction of extended frameworks.
As well as it has versatile coordination modes, so that it is
widely used as a u, to ug bridging ligand bonded with
metal ions in various bridging modes (Scheme 1) to create
numerous amazing metal-squarate frameworks, including
1-, 2-, and 3-D cube and cage-like frameworks [12-18].
Recently, a few investigative examples of squarate-bridged
metal complexes have been reported. For instance, cobalt-
base complexes, Co3(OH),(C404),:3H,O [19] and Cos
(OH)»(C404), [20] have been observed, which show
interesting magnetic properties. Our groups have concen-
trated on utilizing squaric acid ligands and d'° metal ions to
constructing novel topological networks [21], as an
extension of our work, herein, we report the synthesis,
structural characterizations, and fluorescent properties of
two new CPs, namely, [Zn(C404)05(us-OH)], (1) and
[Cd(C404)0.5(0X)0.5(HO)],, (2).

@ Springer


http://dx.doi.org/10.1007/s10904-014-0118-9

570

J Inorg Organomet Polym (2015) 25:569-575

Scheme 1 Coordination modes
of squarate on the construction
of coordination polymers
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2 Experimental
2.1 Materials and General Methods

All solvents and reagents for syntheses were commercially
available and used as received. The infrared spectra
(400-4000 cm™ ") were recorded as KBr pellets a FTIR
Nexus spectrophotometer. Elemental analyses were per-
formed on a Perkin-Elmer 2400 Series II analyzer. X-ray
powder diffraction (XRPD) patterns for microcrystalline
samples were taken on a Rigaku Ultima IV diffractometer
(Cu Ko radiation, 4 = 1.5406 A), with a scan speed of
8° min~' and a step size of 0.02 deg in 20. The calculated
XPRD patterns were simulated by using the single-crystal
X-ray diffraction data. Thermogravimetric (TGA) curves
were recorded on a NETZSCH STA 449C microanalyzer in
air atmosphere at a heating rate of 10 °C min~"'. Fluores-
cence spectra were recorded on a Hitachi F-4500 fluores-
cence spectrophotometer at room temperature.

2.2 Preparation of [Zn(C404)5(1t3-OH)],, (1)

A mixture of HyC404 (11.4 mg, 0.10 mmol), Zn(ClO,4),-6H,O
(37.2 mg, 0.10 mmol), and H,O (6 mL) was stirred at room
temperature for 0.5 h. The reaction mixture was transferred to
a 25 mL stainless steel reactor with Teflon liner and heated at
140 °C for 72 h. The reaction system was cooled to room
temperature and colorless block crystals of 1 were obtained;
yield, 67 % (9.23 mg) based on Zn. Anal. Calcd. (%) for C,
HO;Zn: C, 17.35; 0,34.67; H,0.73; Found: C, 17.29; O, 34.65;
H, 0.78. IR (KBr pellet, cm™'): 3413 (s), 1596 (m), 1560 (m),
1411 (w), 1130 (w), 1095 (s), 848 (w), 799 (W), 714 (w).
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2.3 Preparation of [Cd(C404)¢ 5(0X)o.5(H,0)], (2)

A mixture of H,C404 (11.4 mg, 0.10 mmol), Cd(CIO,4),
-6H,0 (41.9 mg, 0.10 mmol), H,OX (12.61 mg, 0.1 mmol),
and H,O (6 mL) was stirred at room temperature for 0.5 h.
The solution was transferred to a 25 mL stainless steel
reactor with Teflon liner and heated at 140 °C for 72 h. The
reaction system was cooled to room temperature and color-
less block crystals of 2 were obtained with a yield of 73 %
(16.83 mg) based on Cd. Anal. Calcd. (%) for CsH,CdOs: C,
15.64; O, 34.71; H, 0.87; Found: C, 15.59; O, 34.77; H, 0.91.
IR (KBr pellet, cmfl): 3485 (s), 3256 (m), 1617 (m), 14 92
(s), 1311 (s), 133 (s), 1080 (s), 706 (m), 634 (W).

2.4 X-ray Crystallography

Single-crystal X-ray diffraction analysis of 1 and 2 were
carried out on a Rigaku XtalLAB mini diffractometer with
graphite monochromated Mo Ko radiation (4 = 0.71073 A)
by using ¢/ scan technique at 296(2) K. The collected data
were reduced using the program CrystalClear [22] and an
empirical absorption correction was applied. The structures
were solved by direct methods and refined based on F> by the
full matrix least-squares methods using SHELXTL [23]. The
H-atoms were assigned with common isotropic displacement
factors and included in the final refinement by use of geo-
metrical restrains. Generally, the positions of the C-bound
H-atoms were generated by a riding model on idealized
geometries. The crystal qualities of these two compounds
were not good enough as indicated by the high R;,,, value [24,
25]. The crystallographic data and selected bond lengths and
angles for 1 and 2 are listed in Tables 1 and 2.
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Table 1 Crystal data and structure refinement parameters for com-
pounds 1-2

Compounds 1 2
Empirical formula C,HO3Zn C;H,CdOs
Formula weight 138.40 230.46
Temperature (K) 296(2) 296(2)

Crystal system, space Monoclinic, P2;/c  Monoclinic, P2;/n

group

a (A) 3.324(2) 5.995(7)

b A 9.9880(10) 7.454(8)

¢ (A) 8.6440(10) 11.401(2)

o (°) 90 90

B (©) 102.090(3) 100.329(14)

6 90 90

Volume (A ) 280.62(17) 501.2(8)

z 4 4

Calculated density 3.276 3.054
(mg m™?)

Absorption coefficient 8.526 4.292
(mm~")

F(000) 268 432

Reflections collected 2,852 5211

Reflections unique 642 1,169

[R(int) = 0.1583]  [R(int) = 0.1453]

Data/restraints/ 4,140/15/382 1,169/3/89
parameters

Goodness-of-fit F? 1.079 1.009

R, [I > 26(D]* 0.0462 0.0336

wR, [ > 26(D]° 0.0875 0.0820

R, (all data) 0.0475 0.0359

WR, (all data) 0.0883 0.0833

4R = ZlIFyl — IFll/ZIF
> WR, = [Zlw(F; — FEVZIFED?

3 Results and Discussion
3.1 Crystal Structures Analysis of 1 and 2

Single-crystal X-ray analysis reveals that compounds 1 and
2 both crystallize in the monoclinic system, but in different
space group; P2,;/c for 1 and P2;/n for 2. The asymmetric
unit of 1 contains one independent Zn(Il) ion, one OH™
anion, half a C4O42_ anion, while the asymmetric unit of 2
contains one Cd(II) ion, half an OX>~ anion, half a C4O42_
anion and one coordinated water molecule. In 1, the Zn(II)
center shows a distorted octahedral [ZnOg] sphere com-
posed of six oxygen atoms from three hydroxyls and three
C4O427 ligands (Fig. 1). The Zn—O bond lengths are in the
range of 2.024(3)-2.543(3) IOA, and the bond angles O-Zn-
O are vary from 80.14(9)° to 168.28(10)° (Table 2). It
should be mentioned that the Zn(1)-O(1)x41/2, —y+3/2, 2+12
(2.543(3) A) bond distance is slightly longer than normal

Zn—-0 bond distances. But it may be considered normal,
when compared with the values of 2.550-2.711 A cited in
the literatures [26]. And in general, the long Zn—O distance
indicates a relatively weak interaction, which can be con-
sidered to be secondary coordination. While for 2, Cdl is
eight-coordinated by four oxygen atoms from three dif-
ferent C4O42_ anions, three oxygen atoms from two dif-
ferent OX>~ anions, and one oxygen atom from water
molecule (Fig. 2). The disposition of the eight donor atoms
can be adequately described as a distorted dodecahedral
geometry (Fig. S1). The Cd-O bond distances vary from
2.272(3) to 2.652(6) A (Table 2). Observed Cd-donor atom
bonds are in good agreement with values reported previ-
ously for eight-coordinated cadmium complexes [27, 28].

Notably in 1, the hydroxyl adopts p3-bridging coordi-
nation mode to link the adjacent Zn(Il) ions to form 1D
{[Zn1(u5-OH)]f} chain along the a axis (Fig. 3a). Fur-
thermore, through sharing Zn(I[) centers, the C4O42_
anions in a pg-n':n*n':n* coordination mode (Scheme 1p)
connect these 1D chains to produce a 3D network (Fig. 3b).
Besides, in 1, there exists strong hydrogen-bonding inter-
actions from p3-OH group (O3) to O2 from C,0,°7,
(03--02 = 2.880 A, 0O3-H--02 = 162°). These weak
interactions may make a certain contribution to the addi-
tional stability of the whole structure. From a topological
point of view, each C4O42_ anion can be viewed as a
6-connected node, each Zn(II) as 6-connected node, and
each u3-OH as 3-connected node, so the whole framework
can be defined as a rare trinodal (3,6,6)-connected net with
the point symbol of {4°},{4*6'°.8}{4°.6'°}, (Fig. 3c).

While in 2, the C404°  anions with pue-n>:n>:n>:n"
bridging coordination mode (Scheme 1o0) link Cd(II) cen-
ters into a 2D {[(Cdl)z(C4O4)]2+} layer, which contains
two different chains (Fig. 4a). Further examination shows
that the two kinds of chains are consisted of four-member
rings (purple in Fig. 4a) and ten-member rings (green in
Fig. 4a), respectively. And the chains are associated with
each other via edge-sharing the Cd—O bonds and result in
formation of a 2D layer. Furthermore, the small molecule
OX*™ with pu-n':n>n':n* coordination mode serves as
pillar to join the neighboring 2D layers to a 3D framework
(Fig. 4b). Topological analysis shows that this 3D network
can be simplified by considering C404>~ as 6-connected
node, OX?~ as 4-connected node, and Cd(I) as 5-con-
nected node, so the whole framework can be simplified as a
trinodal (4,5,6)-connected network with the point symbol
of {4%-8%} {4°.6°.8°} {4%.6%}, (Fig. 5).

It can be clearly seen that the structures of compounds 1
and 2 are different, although they were synthesized by the
similar hydrothermal conditions except that different small
molecule ligands (OH™ or C2O42_) as well as different d'°
metal ions [Zn(II) or Cd(II)] are employed. As mentioned
above, the structure of compound 1 assembled from 1D
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Table 2 Selected bond lengths (A) and angles (°) for 1 and 2

Compound 1
Zn(1)-0(3)#1 2.024(3)
Zn(1)-0(3)#2 2.039(2)
Zn(1)-0(3) 2.110(3)
O3)#1-Zn(1)-0O(3)#2 109.82(13)
O3)#1-Zn(1)-O(2)#3 102.13(9)
O3)#2-Zn(1)-0(3) 85.88(10)
03)#1-Zn(1)-0(1) 164.19(12)
O(2)}#3-Zn(1)-0(1) 80.14(9)
Compound 2
Cd(1)-0(3) 2.269(3)
Cd(1)-0(1) 2.335(4)
Cd(1)-02)#2 2.45003)
Cd(1)-O4)#4 2.599(3)
0O(3)-Cd(1)-0(5) 97.92(10)
0O(3)-Cd(1)-0(1) 91.72(10)
O(5)-Cd(1)-0(1) 145.65(10)
O(4#1-Cd(1)-0(2)#2 81.59(9)
O(1)-Cd(1)-0(2)#2 68.51(10)
O(4#1-Cd(1)-0(2)#3 81.41(9)
O(1)-Cd(1)-O0(2)#3 134.33(10)
O(3)-Cd(1)-O(4)#4 65.31(12)
O(5)-Cd(1)-O(4)#4 78.44(11)
O2)}#2-Cd(1)-O(4)#4 132.76(9)
O#3-Cd(1)-O(4)#4 136.11(8)

Zn(1)-0(2)#3 2.041(2)
Zn(1)-0(1) 2.161(3)
Zn(1)-0(1 44 2.543(3)
O3)#2-Zn(1)-0(2)#3 102.94(10)
O3)#1-Zn(1)-0(3) 81.70(11)
O2)#3-Zn(1)-0(3) 168.28(10)
03)#2-Zn(1)-0(1) 84.57(11)
0(3)-Zn(1)-0(1) 93.20(8)
Cd(1)-0(5) 2.306(2)
Cd(1)-Od)#1 2.296(3)
Cd(1)-02)#3 2.520(4)
Cd()-O(3)#5 2.652(6)
0(3)-Cd(1)-O(4)#1 160.93(15)
O(4)#1-Cd(1)-0(5) 85.04(10)
O@)#1-Cd(1)-0(1) 96.38(10)
0(3)-Cd(1)-0(2)#2 85.40(8)
O(5)-Cd(1)-0(2)#2 144.85(10)
0(3)-Cd(1)-0(2)#3 80.58(9)
0(5)-Cd(1)-0(2)#3 79.92(11)
OR)#2-Cd(1)-0Q2)#3 66.05(11)
O(A)#1-Cd(1)-O(4)#4 133.48(7)
O(1)-Cd(1)-O(4)#4 75.88(9)

Symmetry codes: for 1, #1 —x — 1, =y + 1, —z; #2 —x, =y + 1, —z; #3 x — 1, —y + 1/2, z — 1/2; #4 x — L.y, z; for 2, #1 —x, —y + 2,
—z4+ L#2 x4+ 1, -y+2,—z+ L;#x—-1,y,z;# x+ 12, =y + 32, z+ U2; #5 x + 112, y + 1/2, —z + 3/2

O1#4

Fig. 1 Coordination environment of the Zn center in compound 1.
Symmetry codes for the generated atoms: #1: —x — 1, —y + 1, —z;
#2: —x, -y + I, —z; #3:x — 1, =y + 112,z — 1/2; #4: x — 1,y, z;
#5: —x + 1, =y + 1, —z + 1 (Color figure online)

{[Zn(u5-OH)]1;} chains to 3D structure linked through
C,40,” ligands for 1, but 2D {[(Cd1)2(C40,)]**} layers to
3D network pillared by OX>~ ligands for 2. The structural

@ Springer

Fig. 2 Coordination environment of the Cd center in compound 2.
Symmetry codes for the generated atoms: #1: —x, —y + 2, —z + 1;
#2:—x+ 1,—-y+2,—z+ L;#3:x — Ly, z;#:x + 1/2, -y + 3/2,
z+ 1/2;#5: —x + 1/2,y + 1/2, —z + 3/2 (Color figure online)
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Fig. 3 a The 1D {[Zn(us-OH)];"} chains along ¢ axis; b view of the
3D structure along the a axis. ¢ Perspective view of the trinodal
(3,6,6)-connected network of 1. Color codes: blue for 6-connected

(a)

Zn(II), pink for 6-connected C,0,4 ligand and red for 3-connected
u3-OH (Color figure online)

Fig. 4 a View of the 2D layer along a axis. Purple 1D chain consists of four-member rings. Green 1D chain consists of ten-member rings;
b view of the 3D structure of 2. Hydrogen atoms and water molecules have been omitted for clarity (Color figure online)

difference could mainly arise from the different coordi-
nated modes of the C,0,%>~ ligand (Scheme 1p for 1 and
Scheme 1o for 2).

3.2 TGA and X-ray Powder Diffraction (XRPD)

The experimental and computer-simulated XRPDs confirm
the purity of 1 and 2 (Fig. S2). The thermal stability of 1
and 2 were performed on single-phase polycrystalline
samples from 20 to 800 °C. The TGA curve (Fig. S3)
shows that 1 is thermally stable up to 370 °C, and there-
after significant weight loss occurs resulting in complete
decomposition of the compound. The final residual weight
is likely attributed to ZnO (calc. 58.8 % and exp. 58.1 %).
While for 2, the TGA demonstrates that 2 shows a two-step

weight loss and the sample is thermally stable up to170 °C.
The first weight loss is 6.7 % from 170 to 210 °C and
corresponds to the loss of coordination water molecules
(caled. 7.8 %). And the anhydrous composition is stable up
to 320 °C. After 320 °C, the framework of 2 rapid col-
lapses until 480 °C, which is attributed to the decomposi-
tion of 2. The total mass loss of 43.9 % corresponds to the
removal of the organic species (calc. 44.3 %). The
remaining weight (56.1 %) corresponds to CdO.

3.3 Fluorescent Property
Taking into account the excellent luminescent properties of

d' metal complexes, the solid-state luminescence of
compounds 1 and 2 at room temperature was investigated

@ Springer
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(Fig. 6). It can be observed that the fluorescence emission
occurs at around 396 nm for 1, under /. = 247 nm,
whereas no detectable emission occurs for 2 under
JAex = 247 nm. To understand the nature of the emission
band, the photoluminescence property of the squaric acid
ligand was also analyzed. It found that two emission bands
at 284 and 396 nm could be observed for free squaric acid
ligand under 4., = 240 nm. For 1, the complete quenching

Fig. 5 Schematic representation of the trinodal (4,5,6)-connected
network of 2. Color codes: blue for 5-connected Cd(Il), golden for
6-connected C40,>~ ligand and purple for 4-connected OX>~ ligand
(Color figure online)

of the emission peak at 286 nm is probably attributed to the
hydroxyl O-H oscillators [29]. And compound 2 does not
exhibit detectable emission probably due to the quenching
effects of the aqua ligands [30, 31].

4 Conclusions

In summary, two new 3D polymeric Zn(Il)/Cd(II)-net-
works have been successfully isolated under hydrothermal
condition by reaction of squaric acid and different d'°
metal salts. The different topological nets of compounds 1
and 2 are mainly caused by the different coordination
modes of squarate. In addition, compared to squaric acid
ligand, compound 1 and 2 have obvious fluorescence
quenching due to the O—H vibrational excitation from the
u-OH and the aqua ligand. Further investigations for the
influence of d'® metal ions on squarate-based coordination
frameworks are ongoing in our lab.

5 Supplementary Materials

CCDC 1010496 and 1010497 for 1 and 2, respectively,
contain the supplementary crystallographic data for this
paper. These CIF data can also be obtained free of charge
from the Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk/data_request/cif, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridges CB2 1EZ, UK; fax: (+ 44) 1223-336-033; or

Fig. 6 Solid-state emission
spectra of squaric acid, 1 and 2
at room temperature

(Color figure online)

Emission Intensity
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email: deposit@ccdc.cam.ac.uk. Addition structural fig-
ures, TG and powder X-ray patterns can be found in the
supporting file. Supplementary data associated with this
article can be found, in the online version.
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