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a b s t r a c t

By using flexible tricarboxylate 4,40,400-(((2,4,6-trimethylbenzene-1,3,5-triyl)tris(methylene))tris(oxy))
tribenzoic acid (H3L) and multiimidazole 1,3,5-tri(imidazo-1-ylmethyl)-2,4,6-trimethylbenzene (titb)
ligands simultaneously, three novel coordination polymers [M3L2(titb)2]�2H2O�2.5DMF (M = Co,1; Zn, 2;
Cd, 3) were synthesized under solvothermal conditions and characterized by single-crystal X-ray diffrac-
tion, thermogravimetric and photoluminescent studies. The three compounds are isomorphous and
possess a three-dimensional (3D) framework built from 2D sheets of L3� ligands and M ions, and 1D
chains of titb ligands and M ions. Topological analyses showed that they exhibit a novel (3,3,4,4)
four-nodal 3D net constructed from two 4-connecting metal, and two 3-connecting L3� and titb nodes.
Compounds 2 and 3 are photoluminescent upon excitation at room temperature.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recently, coordination polymers have attracted interest be-
cause of their intriguing structural diversities and potential appli-
cations in the fields of gas adsorption, separation, catalysis,
luminescence, etc. [1–3]. In the construction of these materials,
the multidentate organic ligands play a vital role since the struc-
tural integrity of these ligands in most cases remains unaltered
throughout the assembly process, which helps to realize prede-
signed structural topology of the final product. Therefore, consider-
able efforts in coordination polymers have been devoted to the
design and synthesis of new ligands.

Among various ligands used for the construction of coordination
polymers, the flexible tricarboxylates are often chosen because
of their variable coordination modes to metal ions and abilities to
form flexible frameworks [4,5]. We recently devised a flexible
tripod tricarboxylate ligand 4,40,400-(((2,4,6-trimethylbenzene-
1,3,5-triyl)tris(methylene))tris(oxy))tribenzoic acid (H3L) and pre-
pared several coordination polymers by using this ligand. Herein,
we report their syntheses, structures, thermogravimetric and pho-
toluminescent properties of three new coordination polymers,
namely, [M3L2(titb)2]�2H2O�2.5DMF (M = Co, 1; Zn, 2; Cd, 3), built
on tricarboxylate ligand H3L and multiimidazole ligand 1,3,5-
tri(imidazo-1-ylmethyl)-2,4,6-trimethylbenzene (titb) (Scheme 1).
The introduction of the second titb ligand in the self-assembly
ll rights reserved.
process results in the formation of 3D frameworks with new topo-
logical structures.

2. Experimental

2.1. Materials

All commercially available chemicals are of reagent grade and
were used as received without further purification. The synthesis
of the ligand 4,40,400-(((2,4,6-trimethylbenzene-1,3,5-triyl)tris
(methylene))tris(oxy))tribenzoic acid (H3L) was given in the
following section, and the ligand titb is prepared according to the
reference [6].

2.2. Physical measurements

Elemental analyses of C, H, and N were performed on a Elemen-
tar Vario MICRO Elemental Analyzer at the Analysis Center of
Nanjing University. Fourier transformed Infrared (FT-IR) spectra
were obtained on a Bruker Vector 22 FT-IR spectrophotometer by
using KBr pellets. Thermogravimetrical analyses (TGA) were
performed in a N2 atmosphere (a flow rate of 100 ml min�1) on
Diamond TG/DTA thermal analyzer from 30 to 800 �C, with a heat-
ing rate of 10 �C/min. X-ray powder diffraction (XRPD) data were
collected on a Bruker D8 Advance instrument using a Cu Ka radia-
tion (k = 1.54056 Å) at room temperature. Solid state photolumi-
nescence spectra were recorded using a SLM48000DSCF/AB2
spectrofluorometer.

http://dx.doi.org/10.1016/j.ica.2012.06.034
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Scheme 1. Synthesis of 1–3.
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2.3. Synthesis

2.3.1. Preparation of H3L
A mixture of methyl 4-hydroxybenzoate (2.28 g, 15.0 mmol), 1,3,

5-tris(bromomethyl)-2,4,6-trimethylbenzene (1.95 g, 4.88 mmol),
K2CO3 (3.32 g, 24.0 mmol) and 0.15 g 18-crown-6 in THF (50 ml)
were stirred at 60 �C for about 24 h under a nitrogen atmosphere.
The mixture was condensed to about 25 mL and then added 30 mL
of aqueous Na2CO3 (1%) at 0 �C. The mixture was filtered after stirred
for about 5 min and washed with water and ether, a white solid was
obtained after drying in vacuum at 50 �C. The solid was added to the
solution of KOH (0.60 g, 10.76 mmol) in 30 mL THF, 30 mL methanol
and 30 ml water, and refluxed for about 48 h at 80 �C. The mixture
was condensed to remove THF and methanol, then cooled to room
temperature and filtered. The filtrate was acidified to pH �1 with
aqueous HCl (6 mol/L), and the prepecipitate was filtered, washed
with water, and dried in vacuum to give a white solid H3L (1.44 g).
Yield: 51.8%. m.p.: 281–284 �C. Anal. Calc. for C33H30O9: C, 69.46;
H, 5.30. Found: C, 69.24; H, 5.57%. 1H NMR (500 MHz, d-DMSO):
d: 12.59 (s), 7.92 (d, 6 H), 7.16 (d, 6 H), 5.21 (s, 6 H), 2.36 (s, 9 H).
FT-IR (KBr, cm�1): 2980 b, m, 2663 m, 2549 m, 1688 s, 1608 s,
1577 s, 1514 s, 1422 s, 1376 w, 1294 s, 1245 s, 1167 s, 1106 m,
1025 m, 983 s, 844 s, 770 s, 696 m, 664 m, 636 m, 600 m, 547 m,
505 m.
Table 1
Crystallographic data for 1–3.

Compound reference 1

Chemical formula C115.5H123.5Co3N14.5O22.5

Formula mass 2251.60
Crystal system monoclinic
Space group C2/c
a (Å) 23.5595(15)
b (Å) 11.2040(7)
c (Å) 41.518(3)
b (�) 94.5160(10)
Unit cell volume (Å3) 10925.1(12)
T (K) 296(2)
No. of formula units per unit cell, Z 4
Absorption coefficient, l (mm�1) 0.518
No. of reflections measured 27027
No. of independent reflections 9623
Rint 0.0433
Final R1 values (I > 2r(I))a 0.0652
Final wR(F2) values (I > 2r(I))a 0.1698
Final R1 values (all data)a 0.1037
Final wR(F2) values (all data)a 0.1846
Goodness of fit (GOF) on F2 0.993
Largest difference in peak and hole (e Å�3) 0.789/�1.162

a R1 = R||Fo| � |Fc||/R|Fo|, wR2 = [Rw(Fo
2 � Fc

2)2/Rw(Fo
2)2]1/2.
2.3.2. [Co3L2(titb)2]�2H2O�2.5DMF (1)
To the solution of H3L (0.030 g, 0.052 mmol) and titb (0.018 g,

0.050 mmol) in 4 mL of N,N-dimethylformamide (DMF) was added
the solution of Co(NO3)2�6H2O (0.029 g, 0.10 mmol) in 2 mL of H2O
to give a turbid mixture. Two drops of aqueous HCl (1:1 volume)
were added to the mixture and a clear solution with pH�5 was ob-
tained. The solution was transferred into a vial, which was then
sealed and heated at 100 �C for 3 days. The vial was then allowed
to cool down to room temperature. Blue crystals (0.033 g) were ob-
tained by filtration and washed with DMF and CH2Cl2 three times
each, respectively. Yield: 58.9% (based on titb). Anal. Calc. for
C115.5H123.5Co3N14.5O22.5: C, 61.61; H, 5.53; N, 9.02. Found: C,
61.74; H, 5.47; N, 8.57%. FT-IR (KBr, cm�1): 3394 m, b, 3119 m,
2925 m, 2353 m, 1668 s, 1598 s, 1552 s, 1505 s, 1362 s, 1296 s,
1229 s, 1163 s, 1097 s, 987 s, 854 s, 778 s, 691 m, 651 s, 611 m,
508 w, 422 w.

2.3.3. [Zn3L2(titb)2]�2H2O�2.5DMF (2)
Colorless crystals (0.028 g) of 2 were obtained by following the

same procedure as 1 with the replacement of Co(NO3)2�6H2O with
Zn(NO3)2�6H2O and crystallization at 120 �C. Yield: 48.3% (based on
titb). Anal. Calc. for C115.5H123.5Zn3N14.5O22.5: C, 61.09; H, 5.48; N,
8.94. Found: C, 61.54; H, 5.43; N, 8.83%. FT-IR (KBr, cm�1): 3636
w, 3397 m, b, 3116 m, 2917 m, 1667 s, 1601 s, 1562 s, 1360 s,
2 3

C115.5H123.5Zn3N14.5O22.5 C115.5H123.5Cd3N14.5O22.5

2270.97 2412.03
monoclinic monoclinic
C2/c C2/c
23.4616(13) 24.100(3)
11.2113(6) 11.4627(14)
41.580(2) 41.889(5)
93.4720(10) 96.397(2)
10917.0(10) 11500(2)
296(2) 296(2)
4 4
0.722 0.614
33427 28554
13105 10121
0.0355 0.0607
0.0498 0.0683
0.1169 0.1576
0.0772 0.1158
0.1224 0.1698
1.049 1.036
1.273/�0.906 0.880/�0.895



Table 2
Selected interatomic distances (Å) and angles (�) for 1–3.

1
Co1–O5i 1.959(4) Co1–N1 1.997(4) Co2–O1iii 1.995(3) Co2–N6 2.045(4)
Co1–O9 1.986(3) Co1–N3ii 2.001(4)
O5i–Co1–O9 106.3(2) O5i–Co1–N1 104.7(2) O5i–Co1–N3ii 110.9(2) O9–Co1–N1 113.1(2)
O9–Co1–N3ii 108.0(2) N1–Co1–N3ii 113.7(2) O1iii–Co2–O1iv 148.0(2) O1iii–Co2–N6v 101.1(1)
O1iv–Co2–N6v 100.4(2) N6v–Co2–N6 94.4(2)

2
Zn1–O5iv 1.964(2) Zn1–N1 2.013(2) Zn2–O1vi 1.943(2) Zn2–N6vii 2.047(2)
Zn1–O9 1.978(2) Zn1i–N3 1.989(2)
O5iv–Zn1–O9 109.84(9) O5iv–Zn1–N1 103.06(9) O5iv–Zn1–N3v 111.1(1) O9–Zn1–N1 111.46(8)
O9–Zn1–N3v 107.10(8) N1–Zn1–N3v 114.26(9) O1vi–Zn2–O1ii 136.9(1) O1ii–Zn2–N6vii 104.46(8)
O1vi–Zn2–N6vii 103.82(8) N6vii–Zn2–N6 96.6(1)
3
Cd1–O5ii 2.179(9) Cd1–N1 2.210(6) Cd2–O1i 2.293(5) Cd2–N6 2.281(6)
Cd1–O9 2.208(5) Cd1–N3iii 2.204(7)
O5ii–Cd1–O9 106.5(3) O5ii–Cd1–N1 108.0(3) O5ii–Cd1–N3iii 113.0(4) O9–Cd1–N1 118.8(2)
O9–Cd1–N3iii 99.9(2) N1–Cd1–N3iii 110.7(2) O1v–Cd2–O1i 159.6(3) O1v–Cd2–N6 94.1(2)
O1i–Cd2–N6 100.2(2) N6iv–Cd2–N6 91.1(3)

Symmetry transformations: for 1: (i) �0.5 + x, 1.5 + y, z; (ii) x,�1 + y, z; (iii) x, 1 � y, �0.5 + z; (iv) 1 � x, 1 � y, 1 � z; (v) 1 � x, y, 0.5 � z; (vi) x, 1 + y, z; (vii) 0.5 + x, �1.5 + y, z; for
2: (i) x, 1 + y, z; (ii) �x, 1 � y, �z; (iii) �0.5 + x, �1.5 + y, z; (iv) 0.5 + x, 1.5 + y, z; (v) x, �1 + y, z; (vi) x, 1 � y, 0.5 + z; (vii) �x, y, 0.5 � z; for 3: (i) 1 � x, 1 � y, 1 � z; (ii) �0.5 + x,
1.5 + y, z; (iii) x, �1 + y, z; (iv) 1 � x, y, 0.5 � z; (v) x, 1 � y, �0.5 + z; (vi) x, 1 + y, z; (vii) 0.5 + x, �1.5 + y, z.
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1294 m, 1235 s, 1168 s, 1099 s, 1026 m, 984 s, 942 m, 858 s, 785 s,
691 m, 653 s, 621 w, 604 w, 562 w, 503 w.
2.3.4. [Cd3L2(titb)2]�2H2O�2.5DMF (3)
To the solution of H3L (0.029 g, 0.050 mmol) and titb (0.036 g,

0.10 mmol) in 4 mL of DMF was added the solution of
Cd(NO3)2�4H2O (0.078 g, 0.25 mmol) in 2 mL of H2O to give a
turbid mixture. One drop of aqueous HCl (1:1 volume) was
added to the mixture to obtain a clear solution with pH �5.
The mixture was treated by following the same procedure as
1. Colorless crystals (0.040 g) of 3 were obtained. Yield: 66.7%
(based on H3L). Anal. Calc. for C115.5H123.5Cd3N14.5O22.5: C,
57.51; H, 5.16; N, 8.42. Found: C, 57.16; H, 5.09; N, 8.65%. FT-
IR (KBr, cm�1): 3401 m, b, 3124 m, 2922 m, 2361 m, 1667 s,
1596 s, 1515 s, 1388 s, 1298 s, 1227 s, 1168 s, 1097 s, 985 s,
855 s, 781 s, 688 m, 650 s, 616 m.
Fig. 1. Coordination environments of titb (a) and L3� (b) for 1–3. The H atoms are
omitted for clarity.
2.4. X-ray crystal structure determination

The data collections for single crystal X-ray diffraction for com-
pounds 1–3 were carried out on a Bruker Smart APEX II CCD dif-
fractometer at 291 K, using graphite-monochromated Mo Ka
radiation (k = 0.71073 Å). Data reductions and absorption correc-
tions were performed using the SAINT and SADABS programs [7],
respectively. The structures were solved by direct methods using
the SHELXS-97 program and refined with full-matrix least squares
on F2 using the SHELXL-97 program [8]. All non-hydrogen atoms
were refined anisotropically, and the hydrogen atoms were placed
in geometrically calculated positions and refined using the riding
model. The guest water and DMF molecules in the structures were
highly disordered. The SQUEEZE subroutine of the PLATON [9] software
suit was used to remove the scattering from the highly disordered
guest molecules. The resulting new files were used to further refine
the structures. The final densities were calculated from the SQUEEZE

results, which is the density for the framework. Elemental and TG
analyses reveal that the chemical formula of each compound con-
tains two water and two and a half DMF molecules. Details of the
crystal parameters, data collection and refinement results are sum-
marized in the Table 1. Selected interatomic bond lengths and an-
gles of 1–3 with their estimated standard deviations are given in
the Table 2.
3. Results and discussion

3.1. Synthesis

Compounds 1–3 were prepared solvothermally using tricarb-
oxylate acid (H3L) and multiimidazole titb as co-ligands in acidic
systems. It is necessary to use hydrochloric acid to adjust the pH
value during the synthesis for growth of good quality of crystals.
It is noted that compound 3 was synthesized under conditions
slightly different with those of 1 and 2, i.e. with different metal
to ligand ratios. In addition, the presence of both ligands in the syn-
thesis is vital to the formation of the title compounds. The phase
purity for each product was confirmed by elemental analyses and
X-ray powder diffraction (Fig. S1 in Supplementary data).

3.2. Descriptions of X-ray crystal structures

Single crystal X-ray diffraction studies revealed that 1–3 are
isomorphous, and all crystallize in the centrosymmetric space



Fig. 2. Ball-and-stick representations of (a) a 1D chain made of titb and Co2+, (b) a single 2D sheet made of L3� and Co2+, and (c) 3D framework of 1 built from 2D sheets
interwoven by 1D chains (green colored). The H atoms are omitted for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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group C2/c, which is associated with the point group C2h. The
compounds are built from metal ion, tricarboxylate acid (H3L)
and multiimidazole titb ligands. The asymmetric unit of each
compound contains one and a half metal ions (Co(II) for 1, Zn(II)
for 2, Cd(II) for 3), one L3�, one titb, one water, and one and one-
forth DMF guest molecules (Fig. S2 in Supplementary data).
As shown in Fig. 1, both M1 and M2 (M = Co for 1, Zn for 2, Cd
for 3) centers adopt the highly distorted tetrahedral coordination
geometries, coordinated by two O atoms from two different L3�,
and two N atoms from two different titb ligands. The M–O
interatomic distances range 1.959(4)–1.995(3), 1.943(2)–
1.978(2), 2.179(9)–2.293(5) Å for 1 (Co), 2 (Zn), and 3 (Cd), respec-



Fig. 3. TGA profiles under nitrogen for (a) 1, (b) 2, and (c) 3.

Fig. 4. Emission spectra (excited at 368 nm) of (a) H3L, (b) titb, (c) 1, (d) 2, and (e) 3
at room temperature.
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tively, consistent with those reported for other respective metal
complexes [10–12]. The M–N bonds are within normal ranges
[13–15], with interatomic distances ranging 1.997(4)–2.045(4),
1.989(2)–2.047(2), and 2.204(7)–2.281(6) Å for 1 (Co), 2 (Zn), 3
(Cd), respectively.

The L3� ligand adopts a cis,trans,trans-conformation with its two
benzoxylate rings on one side of the plane of the center benzene
ring and the third on the other side (Fig. 1). Each L3� ligand is in
a slightly distorted trigonal coordination geometry, coordinating
via its O-donor atoms to three metal ions in a monodentate mode.
The angles between three arms of the L3� ligand range 109.39(4)–
127.24(5)� (1), 111.99(2)–124.94(3)� (2), 105.16(7)–130.6(1)� (3),
respectively. Meanwhile, the titb ligand also adopts a cis,tran-
s,trans-conformation, but in a highly distorted trigonal coordina-
tion geometry. The angles between three arms of the titb ligand
range 109.39(4)–127.24(5)� (1), 111.99(2)–124.94(3)� (2),
105.16(7)–130.6(1)� (3), respectively. Each titb ligand coordinates
to three metal ions by its N-donor atoms.

The three title compounds are 3D frameworks built from 2D
sheets interwoven by 1D chains. As shown in Fig. 2a and Fig. S3
in Supplementary data, each 1D chain is made of 3-connecting titb
ligands and 2-connecting M ions. It consists of two parallel
1D –titb–M–titb– single chains inter-connected by M ions to form
an edge-sharing 4-membered ring chain with V-shaped cavities.
Each 2D sheet, on the other hand, is made of 3-connecting L3� li-
gands and 2-connecting M ions, as shown in Fig. 2b and Fig. S4
in Supplementary data. It consists of two sets of 1D –L–M–L– single
chains, one of which includes parallel chains running along the
(110) direction and the other contains parallel chains running
along the (1�10) direction. The two sets of single chains are linked
by 2-connecting M ions to form a diamond-shaped 2D sheet in the
ab plane. The 2D sheets are 3-fold interpenetrated to form a layer,
which is then stacked along the c-axis and overlapped with each
other to form a 3D van der Waals network. The 3D framework of
the title compounds is then formed by connecting 2D sheets in
the van der Waals network with 1D chains running along the
b-axis via sharing M ions (Fig. 2c). This gives rise to an open frame-
work with 1D elliptical channels running along the b-axis, inside
which the disordered guest water and DMF molecules reside.
PLATON [9] calculations show that the guest accessible volumes
comprises 17.3%, 16.6%, and 19.4% of the unit cell volumes for
compounds 1–3, respectively. However, attempts to remove the
guest molecules without destroying the framework have failed as
indicated by PXRD studies, probably because the openings of the
channels are too small (ca. 9.5 � 3.1 Å2 in diameters).

From a topological point of view, the three compounds are four-no-
dal 3D frameworks constructed from two 4-connecting metal, and
two 3-connecting L3� and titb nodes, in which metal atoms and the
centers of the ligands define the vertices and the ligand arms define
the edges. The 4-connecting M nodes have a short point symbol of
{8^5;10} and {8^3;10^2;12} for M1 and M2, respectively, while the
3-connecting ligand nodes have the same point symbol of {8^3} but
with different extended point symbols of [8(2).8(2).8(2)] for L3� and
[8(2).8(3).8(3)] for titb ligand (Fig. S5 in Supplementary data). This
gives rise to a 4-nodal (3,3,4,4) net with stoichiometry of (3-c)4

(4-c)3, as calculated by TOPOS program [16].

3.3. Thermal studies

To study the framework stability of compounds 1–3, thermo-
gravimetric analyses (TGA) were carried out. As shown in Fig. 3,
compounds 1–3 exhibited similar thermal decomposition behav-
iors. The losses of guest water molecules occurred before ca.
110 �C with the weight losses of 1.1%, 1.7%, and 2.4% (calculated
1.6%, 1.6%, 1.5%) for 1–3, respectively. The guest DMF molecules
started to vaporize between ca. 110 and ca. 340 �C with the weight
losses of 7.9%, 8.1%, and 9.6% (calculated 8.0%, 8.0%, and 7.5%) for
1–3, respectively. From ca. 340 to ca. 490 �C, compounds 1–3 lost
its ligand titb as a result of thermal decomposition with a weight
loss of 29.9%, 30.6%, and 29.0% (calculated 31.8%, 31.5%, and
29.7%), respectively. Above ca. 490 �C, the thermal decomposition
of L began with the final residues unknown.

3.4. Photoluminescent properties

Considering d10 metal complexes usually exhibit excellent
luminescent properties [17], the photoluminescent properties of
the three compounds were investigated. The solid state UV absorp-
tion spectra of the compounds were recorded at room temperature
(Fig. S6 in Supplementary data), which show all the three com-
pounds exhibited absorption bands below 300 nm, likely due to
the p� � �p⁄ transitions of the aromatic rings [18]. In addition, com-
pound 1 showed absorption bands from 400 to 650 nm, owing to
the open-shelled d7 electron transitions of Co(II) ion. The room-
temperature solid state photoluminescent spectra of the three
compounds together with those of titb and H3L ligands are shown
in Fig. 4. Free ligand H3L displayed weak, broad photoluminescence
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emissions with a center at ca. 420 nm upon excitation at 368 nm,
while the titb ligand showed very weak emissions with a center
at 400 nm. These emissions can be attributed to the p� � �p⁄ transi-
tions of the aromatic rings. On the other hand, both compounds 2
and 3 with d10 metal centers exhibited fluorescence emissions
upon excitation at kex = 368 nm, while 1 with d7 cobalt(II) has no
photoluminescent emission. A strong, broad blue emission with
the maximum at ca. 438 nm and a shoulder at ca. 420 nm were ob-
served for 2, and a weak, broad blue emission band with a center at
ca. 436 nm and a shoulder at ca. 420 nm were observed for 3. These
emissions could be attributed to a ligand-centered excited state
with involvement of metal-to-ligand charge transfers [17–19]. In
comparison with the free ligands, the emissions in compounds 2
and 3 are red-shifted, which could be probably due to the de-
creased energy gaps between the highest occupied molecular orbi-
tal (HOMO) and the lowest unoccupied molecular orbital (LUMO)
of the ligands when coordinating to the metal ions. In addition,
compound 2 showed much intense emissions compared with free
ligands, which may be attributed to the chelation of the ligands to
the metal centers. The chelation enhances the ‘‘rigidity’’ of the li-
gands and thus reduces the loss of energy through a radiationless
pathway [17–19]. The weaker emissions in compound 3 in com-
parison with 2 could be attributed to the heavy atom effect of Cd.

4. Conclusions

By using flexible tripod multidentate 4,40,400-(((2,4,6-trimethyl-
benzene-1,3,5-triyl)tris(methylene))tris(oxy))tribenzoic acid (H3L)
and 1,3,5-tri(imidazo-1-ylmethyl)-2,4,6-trimethylbenzene (titb) li-
gands, we have successfully synthesized three new coordination
polymers [M3L2(titb)2]�2H2O�2.5DMF (M = Co,1; Zn, 2; Cd, 3). The
three compounds are isomorphous and possess a novel (3,3,4,4)-
node open-framework structure. The use of a secondary ligand titb
resulted in the formation of 3D frameworks with interesting struc-
tural topology. The syntheses of 1–3 suggest the possibilities to
prepare more new coordination polymers by using two or more
co-ligands.
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