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propertiesT
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Solvothermal reactions of mixed ligands H;BTC and macrocyclic oxamide complexes (ML,

M = Cu, Ni) with M(CIlO,),-6H,0O (M = Co, Zn, Ni and Cd) afford six new complexes, including
[M’,(BTC),(ML),(OH),(H,0),]-2H,0 (M’ = Co, M = Ni, for (1); M" = Zn, M = Ni, for (2); M’ = Zn,

M = Cu, for (3)), [Ni;(BTC),(NiL),(H,0),]-2CH;OH-2H,0 (4), [Cd,(BTC),(HBTC)(NiL),(H,0)]-3H,0
(5) and [CA(HBTC)(CuL)]-H,O (6) (ML, H,L =2, 3-dioxo-5, 6, 14, 15-dibenzo-1,4,8,12-
tetraazacyclo-pentadeca-7,13-dien; H;BTC = 1,3,5-benzenetricarboxylic acid). Complexes 1-3 consist
of a 2D layer framework formed by the linkage of M(11)(M = Ni, Cu) and M’, (M’ = Co, Zn) cluster via
the oxamide and BTC?*" bridges and display a (3,6)-connected network with a (4°),(4°.6°.8%) topology.
The structure of 4 consists of pentanuclear [Ni";] units and arranges in a 1D cluster chain. Complex 5
exhibits a 2D layered structure characterized by 3,4,3-connected (4.6%);(4.6°.8%)(4%.6°.8)(4.6) topology.
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Complex 6 possesses a 3D network with sra topology. The magnetic properties of complexes 1 and 4

were investigated.

Introduction

Coordination polymers have recently attracted much attention
because of their fascinating structures and their potential ap-
plication in magnetism, luminescence, adsorption, catalysis, ezc.!
Research has mainly focused on homometallic systems. However,
heterometallic coordination polymers, which often exhibit novel
electromagnetic properties, remain relatively scarce because of the
coordinative complexity of the heterometallic ions involved in the
self-assembly process.? Up to date, there are two main synthetic
approaches to obtain the heterometallic coordination polymers.
One is a one-pot synthetic approach. Adopting this synthetic
approach, the ligand design strategy is very important in the con-
struction of unusual heterometallic coordination frameworks.*
However, the design and synthesis of heterometallic polymers
is still a challenge to chemists, especially in the case of 3d-3d
heterometallic polymers, because a one-pot synthetic approach
can lead to a statistical mixture of homo- and heterometallic
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architectures.® The other synthetic approach is given by the
concept of ‘complex ligand’, i.e., utilizing a metal complex as a
ligand to coordinate an appropriate additional metal ion.”® A
good example is represented by the use of mononuclear oxamide
group complexes.’

The macrocyclic oxamides, in which the exo—cis conformation
of the oxygen donors is enforced, allow us to synthesize
heterobimetallic systems and model magnetic systems in a
more controlled fashion via the stepwise complexation of
the macrocyclic and exo donors (Scheme 1a).!'" However,
heterobimetallic coordination polymers based on macrocyclic
oxamides are rarely obtained, because of the limitations
of the coordination modes of the macrocyclic oxamide. So
the construction of heterobimetallic coordination polymers
containing macrocyclic oxamides requires other co-ligands with
one or more bridges. Recently, our groups have succeeded in the
synthesis of some oxamido-bridged macrocyclic coordination
polymers with N;~, SCN-, N(CN),", ClO,~ and 5-sulfosalicylic
acid co-ligands.” Although some oxamido-bridged coordination
polymers have been synthesized, rational control in the
construction of polymeric networks still remains a great
challenge in crystal engineering. Heterometallic polymers
with multi-dimension have been made rarely.”? Therefore, in
order to design and construct the diverse multi-dimension
oxamido-bridged heteropolynuclear network, we have chosen
the 1,3,5-benzenetricarboxylic acid as co-ligand, because it has a
great ability to adopt different bonding modes and satisfy many
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Scheme 1 The macrocyclic oxamide complex ligands and coordinated
modes of the 1,3,5-benzenetricarboxylate.

metal coordination preferences.”* Meanwhile, the employment of
the metal ions Cu", Co", Zn", Ni", Cd", which have different
electronic structures, sizes, hard/soft behaviours, could lead
to the diversity and complexity of the resulted heterometallic
assemblies and new functional properties. The results show that
the marrying of the ML macrocyclic units with the tritopic
BTC* and/or HBTC* ligands has indeed led to interesting
and novel 1, 2 and 3D extended networks. Herein, we report
the syntheses, structures, topological analysis, and properties of
six coordination polymers [M’,(BTC),(ML),(OH),(H,0),]-2H,0
(M’ = Co, M = Nij, for (1); M’ =Zn, M = Ni, for (2); M’ = Zn,
M = Cu, for (3)), [Ni;(BTC),(NiL),(H,0)]-2CH;OH-2H,0
4), [Cd4(BTC),(HBTC)(NiL),(H,0)]-3H,0 »5) and
[CA(HBTC)(CuL)]-H,O (6).

Experimental
Materials and physical measurements

All the starting reagents were of A. R. grade and were used as
purchased. The complex ligand ML(M = Cu, Ni) was prepared as
described elsewhere."* Analyses of C, H and N were determined
on a Perkin—Elmer 240 Elemental analyzer. IR spectrum was
recorded as KBr discs on a Shimadzu IR-408 infrared spec-
trophotometer in the 4000-600 cm™ range. XRPD spectra for
the power were recorded with a Model D/MAX-2550V, Rigaku,
Japan. Variable-temperature magnetic susceptibilities of single
crystals were measured on an MPMS-7 SQUID magnetometer.
Diamagnetic corrections were made with Pascal’s constants for all
the constituent atoms.*

X-Ray crystallography

Single crystal X-ray diffraction analyses of 1-6 were carried
out on a Bruker Smart Apex II CCD diffractometer equipped
with a graphite monochromated Mo-Ka radiation (4 = 0.71073
A) by using a ¢/ scan technique at room temperature. Semi-
empirical absorption corrections were applied using SADABS.
All structures were solved by direct methods using the SHELXS
program of the SHELXTL package and refined with SHELXL.
The crystallographic data and selected bond lengths and angles
for 1-6 are listed in Table 1-3. CCDC reference numbers: 800812—
800817.

Preparation of complexes of 1-6

Caution! Perchlorate salts of metal complexes with organic ligand
are potentially explosive and should be handled with care in small
quantities.

Synthesis of [M,(BTC),(NiL),(OH),(H,0),]-2H,0 (M = Co, 1;
Zn, 2). A mixture of M(ClO,),-6H,0 (0.05 mmol, M = Co, 1,
Zn, 2), H;BTC (0.05 mmol, 10.5 mg), NiL (0.025 mmol, 9.8 mg),
H,O (10 mL) and CH;OH (3 mL) was stirred for 40 min at
room temperature, and the pH value of the solution was adjusted
to about 7-8 with triethylamine. After stirring, the mixture was
transferred to an 18 ml Teflon-lined reactor, and heated at 150 °C
for 72 h. Then the reaction system was cooled to room temperature
during 36 h, and deep red crystals for 1 and brown red crystals for
2 were isolated (for 1, yield = 63.5% based on Co; for 2, yield =
53.8% based on Zn) by filtering and washing with water. Calcd
for CxH,,Co,N,NiO,, 1: C, 43.69; H, 3.12; N, 7.28%. Found: C,
43.66; H, 3.09; N, 7.31%. Calcd for C,xH,,NiN,O,,Zn, 2: C, 42.97,
H, 3.07; N, 7.16%. Found: C, 42.96; H, 3.05; N, 7.14%. Main IR
bands (KBr, cm™): 3428 s (br), 1629 s, 1576 s, 1486 w, 1442 m,
1368 s, 1274 w, 1219 w, 1168 w, 1090 w, 767 m, 718 m, 562 w,
459 w.

Synthesis of [Zn,(BTC),(CuL),(OH),(H,0),]-2H,0 (3). The
synthetic procedure was similar to that described for the prepara-
tion of 2 except using CuL (0.025 mmol, 9.9 mg) instead of NiL.
Deep brown-green crystals of 3 were obtained (yield = 63.5%
based on Zn). Calcd for C,3sH,,CuN,O,,Zn, 3: C, 42.71; H, 3.05;
N, 7.12%. Found: C, 42.69; H, 3.02; N, 7.08%. Main IR bands
(KBr, cm™): 3432 s (br), 1613 s, 1568 s, 1482 w, 1437 m, 1364 s,
1164 m, 1105 m, 767 s, 714 s, 584 m, 454 w.

Synthesis of [Ni;(BTC),(NiL),(H,0)s]-2CH;OH-2H,0 (4). A
mixture of Ni(ClO,),-6H,0 (0.05 mmol, 18.3 mg), H;BTC
(0.03 mmol, 6.3 mg), NiL (0.03 mmol, 11.8 mg), H,O (10 mL)
and CH;OH (3 mL) was stirred for 40 min at room temperature,
and the pH value of the solution was adjusted to about 7-8 with
triethylamine. After stirring, the mixture was transferred to an
18 ml Teflon-lined reactor, and heated at 150 °C for 72 h. Deep
brown-red crystals of 4 were obtained (yield = 63.5% based on
Ni). Caled for CyH;3 NyNi, 5,05 4: C, 44.03; H, 3.92; N, 7.09%.
Found: C, 44.06; H, 3.97; N, 7.08%. Main IR bands (KBr, cm™):
3443 s (br), 1622 s, 1563 s, 1484 m, 1436's, 1366 's, 1279 w, 1222 w,
1107 w, 1097 w, 1014 w, 970 w, 930 w, 769 s, 718 s, 590 w, 507 w,
459 w.

Synthesis of [Cd,(BTC),(HBTC)(NiL),(H,0)]-3H,O (5). A
mixture of Cd(ClO,),-6H,O (0.05 mmol, 20.9 mg), H;BTC
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Table 1 Crystal data and structure refinement for complexes 1-3

Complexes 1 2 3

Formula C,sH,,Co,N,NiO,, C,sH,,N,NiO,,Zn, C,H,,CuN,0O,,Zn,
Fw 769.08 781.96 786.79
Crystal system Triclinic Triclinic Triclinic
Space group P1 P1 Pl

a 10.149(7) 10.1145(5) 10.1376(6)

b 12.422(9) 12.3815(6) 12.3611(8)

¢ 13.888(10) 13.7981(6) 13.8352(8)
a(®) 100.960(13) 100.4750(10) 100.5220 (10)
B 108.179(12) 107.9830(10) 107.4860(10)
Y (®) 109.137(12) 109.2310(10) 109.1880(10)
v (AY) 1485.8(18) 1472.49(12) 1483.59(16)
4 2 2 2

Peatea (g €M) 1.719 1.764 1.761

v (Mo-Ko) (mm™) 0.71073 0.71073 0.71073
Crystal size (mm) 0.28 x 0.22 x 0.20 0.32%x0.22%x0.20 0.20 x 0.10 % 0.08
T (K) 296(2) 296(2) 296(2)
Goodness-F? 0.980 1.074 1.039
Reflections collected/unique 7420/5175 7648/5166 7594/5196
R(int) 0.0477 0.0146 0.0115

R1“[I > 20(])] 0.0721 0.0298 0.0267

wR2" [I > 20(1)] 0.1844 0.0722 0.0660
CCDC numbers 800816 800812 800817
TRIL=YNFo| = |Fl/3 N Fol. P wR2 = {3 [W(F,* = F2)*1/ > [W(F,)1}"?

Table 2 Crystal data and structure refinement for complexes 4-6

Complexes 4 5 6

Formula CyH3 NyNi, 5,043 Ci0aH Cdy N Niy Oy CyssHp, CdCuN, Oy 5
Fw 790.35 2708.29 732.44
Crystal system Triclinic Monoclinic Monoclinic
Space group Pl P2, P2,/n

a 9.7772(6) 18.4200(7) 10.021(3)

b 12.0096(7) 14.3984(6) 13.739(4)

¢ 14.0441(9) 18.8098(8) 18.812(5)
a(®) 88.6690(10) 90 90

B(®) 82.8440(10) 97.4300(10) 91.981(4)
4@ 71.6580(10) 90 90

V (A% 1552.87(16) 4946.8(3) 2588.6(12)

Z 2 2 4

Peatea (g M) 1.690 1.818 1.879

v (Mo-Ko) (mm™) 0.71073 0.71073 0.71073
Crystal size (mm) 0.28 x0.22x0.20 0.28 x0.22 % 0.20 0.38 x0.32x0.22
T (K) 296(2) 296(2) 296(2)
Goodness-F? 1.027 1.044 1.031
Reflections collected/unique 8054/5464 25658/13515 16858/7003
R(int) 0.0157 0.0186 0.0210

R1“[I > 20(1)] 0.0335 0.0310 0.0289

wR2" [I > 20(1)] 0.0758 0.0794 0.0623

Flack parameter 0.489(16)

CCDC numbers 800814 800815 800813

“RU=3NIF,| = |Fll/ 3N Fol. " wR2 = {3[W(F* — FY1/ Y Iw(F )1

(0.04 mmol, 8.4 mg), NiL (0.05 mmol, 19.6 mg), H,O (10 mL)
and CH;OH (3 mL) was stirred for 40 min at room temperature,
and the pH value of the solution was adjusted to about 6-7 with
triethylamine. After stirring, the mixture was transferred to an
18 ml Teflon-lined reactor, and heated at 150 °C for 72 h. Then
the reaction system was cooled to room temperature during 36 h,
and brown-red crystals of the compound 5 were isolated (yield =
73.5% based on Cd) by filtering and washing with water. Calcd
for C,;Hg,Cdy,N (N1, O5 5: C, 45.64; H, 3.03; N, 8.27%. Found:
C, 45.66; H, 3.07; N, 8.28%. Main IR bands: 3416 s (br), 1718 m,

1629 s, 1588 s, 1565 s, 1478 m, 1433 s, 1368 s, 1319 m, 1278 m,
1162 w, 1099 w, 1074 w, 976 w, 914 w, 813 w, 767 s, 730 s.

Synthesis of [Cd(HBTC)(CuL)]-H,O (6). A mixture of
Cd(Cl0,),-6H,0 (0.05 mmol, 20.9 mg), H;BTC (0.05 mmol,
10.5 mg), CuL (0.05 mmol, 20.4 mg), H,O (10 mL) and CH;OH
(3 mL) was stirred for 40 min at room temperature, and the pH
value of the solution was adjusted to about 6-7 with triethylamine.
After stirring, the mixture was sealed in an 18 mL Teflon-lined
reactor which was kept at 150 °C for 72 h. Deep brown—green
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Table 3 Selected bond distances (A) and angles (°) for 1, 4-6°

Compound 1

Ni(1)-N(4) 1.877(7) Ni(1)-N(1) 1.909(6)
Co(1)-0(10) 2.084(5) Co(1)-0(9)#1 2.087(5)
Co(1)-0(9) 2.090(5) Co(1)-0(2) 2.090(5)
Co(1)-0O(5)#2 2.097(5) Co(1)-O(1) 2.112(5)
Co(2)-O(8)#3 1.944(6) Co(2)-0(9) 1.946(4)
Co(2)-0(3) 1.949(6) Co(2)-O(6)#2 1.974(5)
N(4)-Ni(1)-N(2) 165.9(3) N(2)-Ni(1)-N(1) 86.7(3)
0O(2)-Co(1)-O(5)#2 82.1(2) 0O(10)-Co(1)-O(5)#2 176.5(2)
0O(10)-Co(1)-0(9) 91.4(2) O(8)#3-Co(2)-O(6)#2 102.1(2)
0(9)-Co(2)-0(3) 116.4(2) 0(9)-Co(2)-O(6)#2 107.1(2)
Compound 4

Ni(1)-0(3) 2.0558(19) Ni(1)-O(6)#2 2.0718(18)
Ni(1)-0(9) 2.1452(18) Ni(2)-O(5)#2 2.009(2)
Ni(2)-0O(1) 2.067(2) Ni(2)-0(9) 2.0888(18)
Ni(3)-N(4) 1.877(3) Ni(3)-N(1) 1.908(3)
O(3)-Ni(1)-0(3)#1 180.00(16) O(3)-Ni(1)-0O(9)#1 88.34(7)
O(1)-Ni(2)-O(11) 82.86(9) 0O(2)-Ni(2)-0(9) 174.27(8)
O(5)#2-Ni(2)-0(9) 95.62(8) N(2)-Ni(3)-N(1) 90.96(12)
N(4)-Ni(3)-N(1) 94.54(12) N(4)-Ni(3)-N(2) 166.56(12)
Compound 5

Cd(1)-009) 2.228(4) Cd(1)-O(13)#1 2.567(5)
Cd(2)-0(16) 2.193(5) Cd(2)-0(21) 2.521(5)
Cd(3)-0(23) 2.198(4) Cd(3)-0(12) 2.428(4)
Cd(4)-0(24) 2.211(4) Cd(4)-0(26)#3 2.529(5)
Ni(1)-N(4) 1.880(8) Ni(1)-N(3) 1.892(8)
0(9)-Cd(1)-0(1) 80.52(16) 0(9)-Cd(1)-0(2) 149.05(18)
0(16)-Cd(2)-0(4) 85.59(16) O(16)-Cd(2)-0(3) 156.44(17)
O(18)#2-Cd(3)-O(7) 165.27(17) O(18)#2-Cd(3)-O(11) 90.85(18)
O(25)#3-Cd(4)-0(27) 80.21(19) 0(24)-Cd(4)-0O(6) 143.25(18)
N(2)-Ni(1)-N(1) 86.8(2) N(4)-Ni(1)-N(2) 163.8(3)
Compound 6

Cd(1)-O(7)#1 2.2448(18) Cd(1)-0(2) 2.2531(18)
Cd(1)-O(8)#1 2.515(2) Cd(1)-0(3) 2.6283(19)
Cu(1)-N(1) 1.962(2) Cu(1)-N(4) 2.021(2)
O(4)-Cd(1)-0(3) 52.63(6) O(8)#1-Cd(1)-0(3) 162.42(6)
O(7)#1-Cd(1)-0(2) 139.61(8) O(7)#1-Cd(1)-O(3)#2 110.69(7)
0O(2)-Cd(1)-0(1) 70.27(6) 0O(2)-Cd(1)-O(8)#1 94.11(7)
0O(2)-Cd(1)-0(3) 81.64(7) N(1)-Cu(1)-N(3) 172.61(9)
N(1)-Cu(1)-N(2) 82.96(8) N(@3)-Cu(1)-N(4) 95.56(10)

¢ Symmetry transformations:1:#1 —x, —y, —z; #2 x - Ly, zz#3 —~x+ L,y + L, —z. & #l —x+ 2, -y, —z; #2x - Ly, z. 5: #l —x + L,y = 1/2, -z + 1; #2 x,

v+ 1, z#3—x,y+1/2,—z+2.6:#l x—-1,y,z; #2 —x, -y + 1, —z.

crystals of 6 were obtained (yield = 60.3% based on Cd). Calcd
for C;xH,,CdCuN,O, 6: C, 46.69; H, 3.00; N, 7.63%. Found: C,
46.70; H, 3.02; N, 7.66%. Main IR bands (KBr, cm™): 3432 s (br)
1689 m, 1613 s, 1572 s, 1485 w, 1438 m, 1362 m, 1275 w, 1162 w,
1101 w, 976 w, 914 w, 750 m, 720 m, 681 w, 592 w, 466 w.

Results and discussion
Synthetic and spectral aspects

By using 1,3,5-benzenetricarboxylic acid and macrocyclic oxamide
mixed ligands as the metal linker, six new complexes have been syn-
thesized under solvothermal conditions. The results reported here
and previously reported'?'? clearly show that the solvothermal
synthesis is a powerful and versatile tool for preparing macrocyclic
oxamide and organic acid bridged heterometallic coordination
polymers. Considering that the deprotonated degree of H;BTC
may play a vital role in constructing the extended structures,
a series of experiments were performed varying the pH values
of the reaction system in the range of 4-9. The results show

that complexes for 1-4 were obtained at relatively higher pH
(7-8), whereas compounds 5 and 6 were obtained at relatively
lower pH (6-7). In order to explore the effect of the other
reaction parameters in preparing complexes 1-6, a large numbers
of experiments were also carried out via varying the reaction
temperature (100 to 180 °C) and time (1 to 4 days), and the results
show that single-crystal products suitable for X-ray analysis can
only be readily obtained at 150 °C for 3 days.

For complexes 1-6, the spectra exhibit strong absorption bands
in the region 1629-1613 cm™ and 1588-1563 cm™ due to the
v(C=0) and the v(C=N) vibrations, respectively.®’” The IR
spectra of 1, 2, 3 and 4 show no bands in the region 1680-
1720 cm™, indicating complete deprotonation of the carboxyl
groups. While the IR spectra of the complexes 5 and 6 show
one band around 1718 c¢cm™ in 5, and around 1689 cm™ in
6, which are characteristic of the protonation of the carboxyl
groups.”” The IR spectra of 1, 2, 3, 4 and 5 exhibit broad
absorption bands in the range 3260-3450 cm™, indicating the
existence of coordinated water.’” To confirm the phase purity of
the obtained complexes, the original samples were characterized

This journal is © The Royal Society of Chemistry 2011
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by XRPD at room temperature. The experimental spectra (Fig.
S1t) of complexes 1, 2, 4 and S are almost consistent with those
simulated based on the structure models derived from single-
crystal X-ray diffraction data, indicating the phase purity of the
products.

Structural description

The ligands involved in this research and coordination modes of
1,3,5-benzenetricarboxylate ligand are listed in Schemes 1.

[Co,(BTC),(NiL),(OH),(H,0),]-2H,0 (1)

Compounds 1-3 are isomorphous, hence only the structure of
1 will be discussed in detail as a representative. Single-crystal
X-ray analyses revealed that the complex 1 crystallizes in the
triclinic space group P1 The asymmetric unit of 1 consists of one
copper(I1) ion, two cobalt(11) ions, one macrocyclic oxamide group,
one BTC*, two water molecules, and one hydroxyl (Fig. S21). The
complex 1 is a 2D layer coordination polymer composed of hex-
anuclear Co,Ni, building unit [Co,(BTC),(NiL),(OH),(H,0),].
As shown in Fig. la, in the hexanuclear structure of 1, the
nickel ion is coordinated by four nitrogen atoms from the
macrocyclic organic ligand, with the [NiN,] geometry exhibiting
a distorted square planarity. The Co(l) ion is six-coordinated
by two oxygen atoms from one oxamido ligand (Co(1)-O(1) =
2.113(5) and Co(1)-O(2) = 2.091(5) A), one oxygen atom from
a BTC* (Co(1)-0(5) = 2.097(5) A), one oxygen atom from a
water molecule (Co(1)-O(10) = 2.084(5) A), and two oxygen
atoms from two p;-OH groups (Co(1)-O(9) =2.090(5) and Co(1)—
0(9A) = 2.087(5) A). However, the Co(2) ion is tetrahedrally
surrounded by one p;-OH group (Co(2)-0O(9) = 1.946(4) A)
and three oxygen atoms (Co(2)-O(3) = 1.949(6), Co(2)-O(6B) =
1.974(5) and Co(2)-O(8C) = 1.944(6) A) belonging to three
different carboxylate groups from three separated BTC?*" ligands.
The Co(2)-O average bond length (1.953(5) A) is somewhat
shorter than those of Co(1)-O (2.093(5) A) and this is consistent
with the fact that bond lengths in a tetrahedral geometry are
generally shorter than those in other geometries. Four adjacent
metal ions (Co(1), Co(2), Co(1A), Co(2A)) are connected by
two bridging p;-OH groups to construct a tetrametallic cluster
[Co,(u3-OH),], in which the non-bonding distances of Co---Co
are 3.359(6) A (Co(1)---Co(2)), 3.543(4) A (Co(1)---Co(2A)),
and 3.102(4) A (Co(1)---Co(1A)), respectively. Nickel ions and
the [Co,(u;-OH),] cluster are interlinked through the macrocyclic
oxamide ligand to form a hetero-hexanuclear Co,Ni, unit. The
structural Co,Ni, building units are further linked with each other
through the BTC? to create an infinite 2D layer with the formula
[Co4(BTC),(NiL),(OH),(H,0),]-2H,0 (Fig. 1b). In the 2D layer
structure, the BTC* act as a tetradentate connector to bridge four
Co(11) ions (Scheme 1b).

From the topological view of the complex 1, the 2D layer
consists of [Co,(u;-OH),] clusters, and each Co, unit is connected
through six carboxylate groups. Consequently, the Co, unit can
be viewed as an irregular six-connected node. Each BTC?*" ligand
connects three Co, units, so BTC?" ligands are 3-connected nodes.
Thus, as illustrated in Fig. 1c, polymer 1 affords a (3,6)-connected
dinodal two-dimensional (2D) network with a (4°),(4°.6°.8%)
topology.

a
v Ay
Y Y ™y
'S e 1%
< Y Ty s

Fig. 1 (a) Portion of the crystal structure of 1 showing the coordinate
environments of Co(ir) and Ni(1) ions; all H atoms are omitted for
clarity (symmetry code: A —-x, -y, —z; Bx -1, y, 2 C —x + 1, =y +
1, —z). (b) View of the self-assembly 2D sheet structure constructed by
[Co4(BTC),(NiL),(OH),(H,0),]; hydrogen atoms, coordinated water and
NiL ligands were removed for clarity. (c) The topological representation of
the 2D sheet; the green and red balls represent [Co,(1;-OH),] and BTC*
units, respectively.

[Ni;(BTC),(NiL),(H,0),]-2CH,OH-2H,O (4)

Complex 4 crystallizes in the triclinic space group PL The
asymmetric unit of 4 consists of two and half nickel(111) ions, one
macrocyclic oxamide group, one BTC*, four water molecules, and
one methanol molecule (see Fig. S31). The structure of 4 is a 1D
double chain coordination polymer consisting of pentanuclear Nis
building blocks. As shown in Fig. 2a, the Ni(1) ion is coordinated
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Fig. 2 (a) Portion of the crystal structure of 4 showing coordinate
environments of Ni(11) ions; all H atoms are omitted for clarity (symmetry
code: A -1+ x, y, z). (b) The polyhedral view of the self-assembly 1D chain
structure constructed by [Ni;(BTC),(NiL),(H,0)]; the blue polyhedrons
represent Ni(11) atoms.

by four carboxylate oxygen atoms from four BTC* ligands with
Ni-O distances 2.0558(19)-2.0718(18) A, and two oxygen atoms
from two water molecules (Ni(1)-O(9) = 2.1452(18) A), showing
a distorted octahedral coordination environment. The Ni(2) ion
also has a distorted octahedral geometry with two oxygen atoms
from one oxamido ligand, three oxygen atoms from three water
molecules, a carboxylate oxygen atom from a BTC*. While
the Ni(3) ion is coordinated by four nitrogen atoms from the
macrocyclic organic ligand, with the [NiN,] geometry exhibiting
a distorted square planarity. Three adjacent metal ions (Ni(1),
Ni(2), Ni(2A)) are connected by two bridging u,-OH, groups to
construct a linear trimetallic cluster [Ni;(i,-OH,),], in which the
non-bonding distances of Ni- - - Ni are 3.7166(4) A (Ni(1) - - - Ni(2)
or Ni(1) - -- Ni(2A)). Ni(3) (Ni(3A)) and the [Ni;(1,-OH,),] cluster
are interlinked through the macrocyclic oxamide ligand to form a
pentanuclear Nis unit. Adjacent pentanuclear units are connected
by two BTC?*" bridging ligands to form a 1D infinite chain, as
shown in Fig. 2b. In the 1D chain structure, the BTC*" acts as a
tridentate connector to bridge three Ni(11) ions (Scheme 1c), and
the relationship of the adjacent BTC* with respect to each other is
anti. Furthermore, the 1D infinite chains are linked together with
O-H - -- O hydrogen bonding to form a 2D framework along the ¢

direction (Fig. S41). The d...o) and d o...o, distances between the
chains are 1.75 and 2.6007 A, respectively.

[Cd,(BTC),(HBTC)(NiL),(H,0)]-3H,0 (5)

Complex 5 crystallizes in the monoclinic space group P2,. The
asymmetric unit of 5 consists of four cadmium(m) ions, four
nickel(11) ions, four macrocyclic oxamide groups, two BTC*, one
HBTC?*, and four water molecules (Fig. S51). As shown in Fig. 3a,
in the octanuclear structure of 5 each Cd(11) ion is linked to a Ni(11)
ion via the exo—cis oxygen donors of the macrocyclic oxamide
ligand. The Ni(11) ion is coordinated by four nitrogen atoms
from the macrocyclic organic ligand, with the [NiN,] geometry
exhibiting a distorted square planarity. The Cd(1) ion is six-
coordinated by two oxygen atoms from one oxamide ligand, and
four carboxylate oxygen atoms from two different BTC* and one
HBTC?*. The coordination sphere of the Cd(1) ion is a distorted
octahedral geometry, which can be seen from the bond angles O-
Cd(1)-O varying from 53.18(15) to 149.05(18)°. The Cd(4) ion
coordinates with two oxygen donors of the macrocyclic oxamide
ligand, three carboxylate oxygen atoms from two different BTC*
and one oxygen atom from a water molecule, with the [Cd(1)O,]
unit exhibiting a distorted octahedral geometry. The coordination
environment of Cd(2) and Cd(3) is similar to that of Cd(1). The
adjacent Cd(1) and Cd(2) centers are connected by two carboxylate
from one HBTC* and one BTC*, adopting a W,-n' :n' bridging
mode to construct a bimetallic unit [Cd,(CO,),], in which the
non-bonding distance of Cd(1)---Cd(2) is 3.890(8) A. While the
adjacent Cd(3) and Cd(4) ions are connected by a carboxylate
from one BTC*, adopting a W,-n' : ' bridging mode to construct
a bimetallic unit [Cd,(CO,)], in which the non-bonding distance of
Cd(3)- - - Cd(4) is 4.195(5) A. The bimetallic units [Cd,(CO,),] and
[Cd,(CO,)] are connected by bridging ligands BTC?*- and HBTC*
to form a 2D layer framework, as shown in Fig. 3b.

In the 2D frameworks, each HBTC* ligand connects three
Cd() ions with carboxylate groups, adopting u,-n’:m' mon-
odentate, and W,-n':m'-bridging coordination modes, as shown
in Scheme le and Fig. 3b. While each BTC* ligand connects four
Cd(n) ions with carboxylate groups, adopting p,-n' : n'-chelating
and W,-n':n'-bridging coordination modes (see Scheme 1d).
Topologically, the structure is composed of 3-connecting HBTC?*
anions, 4-connecting BTC* anions, and 3-connecting Cd(11) ions.
The complicated 3.4,3-connected 6-nodal 2D network is shown
Fig. 3c. The Schlifli symbols are (4.6%);(4.6°.8%)(4%.6°.8)(4%.6).

[Cd(HBTC)(CuL)]-H,O0 (6)

Single-crystal X-ray analysis revealed that 6 is a complicated
3D framework consisting of crystallographically independent
cadmium(i) and copper(i) ions (Fig. S6T), and crystallizes in
the monoclinic space group P2(1)/n. As shown in Fig. 4a, the
Cu(1) ion is five-coordinated by four nitrogen atoms from the
macrocyclic organic ligand with Cu—N distances 1.962(2)-2.021(2)
A, and one oxygen atom from a HBTC> (Cu-O = 2.5602(21)
A) to complete the distorted tetragonal pyramidal coordination
geometry. The apical position is occupied by a carboxylate oxygen
atom. The Cd(11) ion is seven-coordinated by two oxygen atoms
from one oxamido ligand, and five carboxylate oxygen atoms from
three different HBTC?*", with the [CdO,] unit exhibiting a distorted

This journal is © The Royal Society of Chemistry 2011

Dalton Trans., 2011, 40, 5528-5537 | 5533


http://dx.doi.org/10.1039/c0dt01584a

Published on 19 April 2011. Downloaded by Heinrich Heine University of Duesseldorf on 24/05/2013 13:04:26.

View Article Online

Fig. 3 (a) Portion of the crystal structure of 5 showing coordinate
environments of Cd(ir) and Ni(11) ions; all H atoms are omitted for
clarity. (b) The polyhedral view of the self-assembly 2D sheet constructed
by BTC*, HBTC?> and the center Cd(i1) atoms; the green polyhedrons
represent Cd(11) atoms; NiL ligands were removed for clarity. (c) The
topological representation of the 2D sheet; the green and orange sticks
represent Cd(11) atoms and 1,3,5-benzenetricarboxylate, respectively.

capped-octahedral geometry. The Cd(1)-O bond lengths range
from 2.2448(18) to 2.6283(19) A. Two adjacent cadmium(1r) ions
are connected by two carboxylates from two different HBTC*,

Fig. 4 (a) Portion of the crystal structure of 6 showing coordinate
environments of Cd(i1) and Cu(1) ions; all H atoms are omitted for
clarity. (b) Portion of the crystal structure of 6 showing the coordinate
environments of HBTC?* ligands; some C atoms of NiL ligands were
removed for clarity. (c) The topological representation of the sra net; the
green and red sticks represent Cd(11) atoms and HBTC?, respectively.

adopting a [W,-n*:n' bridging mode to construct a bimetallic
cluster [Cd,0,], in which the non-bonding distances of Cd---Cd
are 3.7602(7) A. Two Cu(m) ions and a [Cd,0,] cluster are
interlinked through the macrocyclic oxamide ligand to form a
tetranuclear Cu,Cd, unit. Adjacent tetranuclear Cu,Cd, units are
connected by bridging ligands HBTC* to form 3D frameworks. In
the 3D frameworks, each HBTC?" ligand connects four metal ions
[three Cd(11) and one Cu(11)] with carboxylate groups, adopting W, -
n°:n' monodentate, W,-n' :n'-chelating, and p,-n?:m'-bridging
coordination modes, as shown in Scheme 1f and Fig. 4b.

In the view of topology, the Cd(i1) ions and HBTC?*™ ligands
both are 4-connected nodes. Therefore, the whole structure can
be defined as uni-nodal (4,4)-connected 3D micropore framework
with Schléfli symbols (4%.6°.8), which is a typical sra structure
(Fig. 4c). Such a structure has also been referred by to Smith as
an ABW tetrahedral net in a Li-ABW zeolite and as a SrAl, net
by O’Keeffe and Hyde."®

Magnetic Properties

The magnetization measurements for the complexes 1 and 4 have
been carried out under 2 kOe. The value y,,7 = 9.36 cm® mol™ K
at 300 K for powder sample 1 is larger than the spin-only value
of 7.50 cm® mol™' K expected for the uncoupled Co", tetranuclear
system (Fig. 5). This indicates an important contribution from the
orbital momentum typical for the high-spin octahedral Co" with
“T,, ground state. On lowering the temperature, y, 7 decreases
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Fig. 5 x, (O) versus T and y,, T (A) versus T plots for the complex 1.

continuously and reaches 0.74 cm® mol™ K at 2 K. The shape of the
xuT vs. T curve suggests an overall antiferromagnetic behavior.
On the basis of the crystal structure of 1, Ni" ion is diamagnetic
in the NiL subunit, so the magnetic interactions between the
cobalt and nickel ions can be neglected. Meanwhile, the magnetic
interactions between the adjacent tetranuclear units [Co,(u;-OH),]
can also be neglected, because of the larger separation of Co - - - Co
(about 9.62 A). Thus, the coupling topology deduces from the
crystal structure has to be considered as the Co, tetranuclear
units shown in Scheme 2, and the contribution of the spin—orbit
coupling of Co(11) ion is considered according to van Vleck’s
equation.” The magnetic analysis was carried out by using the
spin Hamiltonian:

FI=—2J1(S1S2 + 55814 + SiaSon + SZASI) _2J2(S1S1A)+ 2B 1)
a,S,

Col
J Ul
Co2A Co2
Jl J]
ColA

Scheme 2 The model of magnetic interaction for 1.

The magnetic susceptibility of the tetranuclear complex can be
calculated from eqn 2.

S(S +1)(2S +)exp(—E(S,S,,,)/kT)
Nﬂzgz s
12kT

X(etra =
Z(ZS +1)exp(—E(S,S,,,)/kT) 2)

g=8r, T8c(T)

Where, part of the orbital angular momentum of Co(11) ion is
reflected in the temperature dependence of the g¢, factor (eqn 3).*

— 3kTZC0
Eeo NBS(S +1)

I TAB—A)? N 122+A4) [24(11-24)*  176(4 +2)°
' 5kT 254 45kT 274
2 2

eXp[—SAﬂ.]+ MA +5)°  20(4 +2) exp[—4Az]

2kT kT 274 kT

y) —54 —44
F,=-"|342exp| —=
? le * eXp[ 2kT ]+eXp[ kT ]

©)

Where J, and J, are the exchange integrals between the Co(11)
and Co(11) ions. 4 is the ligand field parameter, and A is the spin—
orbit coupling parameter. The least-squares fit to the experimental
data was found with J, =-3.58 cm™, J, =-0.031 cm™, gy =2.00
(fixed), 4 = 1.49 and A = —-170 cm™ (fixed), and the agreement
factor defined as R = Z(4)™ — ()™ 7 Z[(xa) ™ is 3.52 X
10°°. The points below 20 K can not be reproduced with this
model. The magnetic behaviors below 20 K may be attributed to
the intralayer and/or interlayer magnetic interactions. The weak
antiferromagnetic interaction presumably originates from the high
Co-0-Co angles of 122.9° or 95.98°, which differ considerably
from 90°.%

For complex 4, the y,, T value is equal to 3.45 cm® mol™ K at
300 K, which is higher than the spin-only value (3.00 cm® mol™
K) expected for the uncoupled Ni'; trinuclear system (Fig. 6).
Upon cooling, y,, T increases from 300 K to 17 K, and reaches a
maxima of 3.64 cm® mol™ K at 17 K. Below 17 K, y,, T decreases
quickly to 0.61 cm® mol™ K at 2 K. This feature is characteristic
of a noticeable intramolecular ferromagnetic interaction together
with the effect of the zero-field splitting and/or intermolecular
interaction.

0 50 100 150 200 250 300

4.0 | S S B B S B B R S 100
3.5
-4 80
3.0
x -
— []
[<] . .
£ 25 60‘72
€
(%) o
= 204 =
£ 140 3
1.5+
1.01 420
0.5
T 0

T T T T T T
0 50 100 150 200 250 300
TK

Fig. 6 y,,'(O) versus T and y,, T () versus T plots for the complex 4.

Complex 4 is actually a 1D Ni" entity formed by pentanuclear
units [Ni;(BTC),(NiL),(H,0),] linked by the BTC?-, but Ni" ion is
diamagnetic in the NiL subunit. Thus, in a first approach the mag-
netic analysis was carried out by using the theoretical expression
of the magnetic susceptibility deduced from the spin Hamiltonian
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H=-2J(S,S, + 5,S,). So far as magnetic interactions between the
adjacent trinuclear Ni"; units are concerned, the molecular field
approximation was used y, = ¥u/[1 — xui(2z/'/ Ng**)]. Where
J is the intramolecular exchange integral between nickel(I1) ions,
and zj” stands for the intermolecular exchange integral of the Ni";
units. The best-fit parameters obtained were J = 2.69 cm™, gy =
2.12, zj’ = -0.38 cm™, and the agreement factor defined as R =
Z ()™ = )™ /7 ()] is 1.26 x 1072, The point below
6 K can not be fitted (Fig. S71). With this hypothesis for fitting,
the zj” parameter is overestimated, because the logical D parameter
(zero-field splitting) was not considered.

Thus, a more realistic second approach for the magnetic
analysis was carried out by using the spin Hamiltonian: H =
=2J(S,S, + $,85) + D[S, — S(S+1)/3]8ss = ;. So far as
magnetic interactions between the adjacent trinuclear Ni"; units
are concerned, the molecular field approximation was used:
X = Xui/[1 = xu(2zj’/ Ng**)]. Where D is a zero-field splitting
parameter (assuming they are equal for each Ni" ion). The least-
squares fit to the experimental data was found with J =2.45 cm™,
gni = 2.12 (fixed), D = 2.33 cm™, z" = —=0.038 cm™ and the
agreement factor defined as R = Z (),)™ — (ra)*™F 7 Z[(rar) ™
is 2.65 x 107, For complex 4, the second approach reproduces
more satisfactorily the magnetic data in the whole temperature
range (Fig. 6). However, this approach does not improve the fit
because the inter-trinuclear magnetic coupling and D are very
closely related and their independent contribution can not be
easily accounted for.?' Thus, the fitted results only indicate that,
besides the intra-trinuclear coupling, the zero-field splitting and
inter-trinuclear coupling are present.

The weak ferromagnetic coupling observed for complex 4 can
be rationalized by the geometry parameters considerations. The
interaction is predicted to be ferromagnetic for Ni-O-Ni angles
lower than 93.5°, while the magnetic coupling is antiferromagnetic
for greater values.”? For complex 4, the bond angles of Ni-O-
Ni are 126.23° which usually give antiferromagnetic coupling.
However, according to R. Mukherjee et al., when the bridging
ligands are dissimilar, the ferromagnetic interaction between Ni(11)
ions would result from the counter-complementary effect of the
dissimilar bridges.”® Another possible reason for the ferromagnetic
interaction between the Ni(11) ions is the dihedral angles. For
4, the two dissimilar bridges (H,O, COO") destroy the planar
structure of the two magnetic orbitals of the Ni(i1) ions, and
this distortion reduced the overlap integral that exists between
the magnetic orbitals, resulting in a relatively small ferromagnetic
coupling constant.

Conclusions

One homometallic and five heterometallic coordination poly-
mers were synthesized with macrocyclic oxamide and 1,3,5-
benzenetricarboxylate co-ligands under solvothermal reaction
conditions. This research reveals that (i) the coexistence of
macrocyclic oxamide and polycarboxylate bridged-ligands have
profound effects on the construction of coordination polymers
with different structures and properties; (ii) the coordination mode
of the polycarboxylate groups and the coordination geometry of
central metals play an important role in the structure construction.
Polymers 1-6 hold the 1D, 2D or 3D framework structure, viz.,

the 1D double chains of 4, the (3,6)-connected 2D nets of 1-3,
the (3,4,3)-connected 2D nets of 5, and the (4,4)-connected 3D
sra-type framework of 6. To some extent, this work will enrich the
field of coordination polymers. Further exploration of macrocyclic
oxamide and polycarboxylate-bridged heterometallic materials
combining multi-dimensional frameworks and interesting physical
properties is currently under way in our laboratory.
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