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Tetrathiafulvalene—Tetracarboxylate: An Intriguing Building Block with Versatility

in Coordination Structures and Redox Properties
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The synthesis of the transition metal coordination polymers containing a tetrathiafulvalene (TTF) moiety substituted
with a tetracarboxylate group of the formulas [Mn(L)os(phen)(H20)z],- nHO (1), [Mn(L)q.s(bpy)],- nH20 (2),
[MN(L)o.5(bpy)(CH30H)],-2nH,0 (3), and [Cu(L)o.5(bpy)(DMF)],- n(DMF) (4) (L*~ = TTF-tetracarboxylate; phen =
1,10-phenanthroline; bpy = 2,2"-bipyridine) is reported. Complex 1 is a two-dimensional (2-D) coordination polymer
constructed of infinite carboxylate bridged Mn(ll) chains and TTF moiety linkages. Complex 2 possesses a 3-D
polymeric structure formed by infinite —Mn—(O—C—0),—Mn— bridged one-dimensional (1-D) chains, which are
further coordinated by TTF-tetracarboxylate ligands of two different orientations. Both complexes 3 and 4 show 1-D
extended chain structures but are constituted by different dinuclear metal(ll) units with a —Mn—(0—C—0),—Mn—
bridge in 3 and a —Cu—(0),—Cu— bridge in 4. Electrochemical study of the solid-state compounds attests to the
redox activity of the coordination system. Magnetic investigations reveal the existence of antiferromagnetic interactions
between magnetic centers in complexes 3 and 4, while in 1, the paramagnetic metallic centers are isolated,

in agreement with the solid-state structure.

Introduction

Metal coordination polymers have attracted significant
attention in recent years not only due to their intriguing
structural topologies but also because of their potential
applications in a variety of areas." As a kind of versatile
ligand, carboxylate ligands have been widely used in the con-
struction of coordination polymers with desired structures
and properties.” Among the reported works of metal carboxylate
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polymers, various carboxylate ligands have been used, for
example, rigid polycarboxylate ligands, such as benzenepo-
lycarboxylates and pyridinepolycarboxylates,® and flexible
polycarboxylate ligands like cycloalkane—polycarboxylates
and tetrahydrofurantetracarboxylates.* However, to the best
of our knowledge, relatively few studies of the carboxylates
with redox activity have been conducted.’
Tetrathiafulvalene (TTF) has been used as an excellent
redox-active moiety for the construction of multifunctional
materials because it can be oxidized to the corresponding
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Scheme 1. Structure of the Ligand L*~
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radical cation and dication species sequentially by organic or
inorganic oxidizing reagents® or through electrochemical
techniques.” Functionalization of the TTF fragment bearing
a coordination group is efficient because of its ability to
coordinate to transition metal ions and to offer a novel
perspective on the modulation of architecture and multi-
functional molecular materials. Although a large number of
coordination complexes involving redox-active TTF ligands
have been prepared and characterized,®* ' only a few mono-
or dinuclear coordination compounds of TTF-carboxylate
have been reported.'’ The Beer group studied the TTF-
tetracarboxylate compound (Scheme 1) in 1998 and reported
excitedly a hydrogen-bond-assembled clathrate compound,
[Co'(H,0)s]H,(TC-TTF)-2H,0 (A, hexaaquacobalt(II)
1,3-dihydrogen-tetra(carboxy)tetrathiafulvalene dihydrate).'?
Heating A obtained a proposed polymeric compound [Co-
(H,0),H5(TC-TTF)], in which the carboxyl groups of the
anion were thought to coordinate directly to the cobalt atom,
but which was not characterized crystallographically. Un-
believably, since then, after more than a decade, no progress
has been made in the coordination chemistry of the TTF-
tetracarboxylate compound, though it has been well-known
that the introduction of a redox-active TTF moiety into the
coordination framework might lead to interesting structures
and properties of the final product.
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Recently, we successfully isolated metal organic frame-
works of paramagnetic Mn(II) and Cu(Il) with building
block of TTF-tetracarboxylate. Three different structural
Mn(II) coordination polymers and one Cu(II) coordination
polymer, formulated as [Mn(L) s(phen)(H,0O),],,- nH,O (1),
[Mn(L)o s(bpy)],-nH>O (2), [Mn(L), s(bpy)(CH;0H)], -
2nH,0 (3), and [Cu(L)y5(bpy)(DMF)],-n(DMF) (4), are
reported herein. All four compounds have been characterized
by single-crystal X-ray diffraction. Their electrochemical and
magnetic properties are also investigated.

Experimental Section

General Remarks. The precursor, tetrathiafulvalene—tetra-
carboxylic ester, was prepared according to a reported method.'?
The compound, tetrathiafulvalene—tetracarboxylate sodium salt
(NayL), was obtained by hydrolization of tetrathiafulvalene—
tetracarboxylic ester in a NaOH aqueous solution. Standard
deionized water was used for syntheses of the complexes. HPLC
grade solvents (Alfa Aesar) and doubly distilled water were used
for measurements of electrochemistry and spectra. All other
reagents or solvents for syntheses and analyses were of analy-
tical grade and used as received. The IR spectra were recorded as
KBr pellets on a Nicolet Magna 550 FT-IR spectrometer.
Elemental analyses of C, H, and N were performed using an
EAT1110 elemental analyzer. Electronic absorption spectra were
measured on a Shimadzu UV-3150 spectrometer. Thermal
analysis was conducted on a SDT 2960 TGA-DCS microanalyzer.
The samples were heated under a nitrogen stream of 100 mL/
min with a heating rate of 20 °C/min. Cyclic voltammetry (CV)
of the solid-state compounds was investigated on a CHI600
electrochemistry workstation in a three-electrode system, using
a surface-modified Pt-plate working electrode,'® a Pt wire
auxiliary electrode, and a saturated calomel electrode (SCE) as
the reference. As a typical technique for the surface-modified
electrode, a slurry was prepared using a well-powdered solid-
state sample dropped with some acetonitrile, and then the slurry
was layed uniformly on the electrode. The surface-modified
working electrode was obtained after evaporation of the solvent.
The temperature dependence of the magnetic susceptibility of a
powdered sample was measured by a Quantum Design SQUID
magnetometer on the MPMS-7 system.

Preparation of Complexes. CAUTION! All metal perchlorates
must be regarded as potentially explosive. Only a small amount of
compound should be prepared, and it should be handled with
caution.

[Mn(L)y s(phen)(H,0),],-nH,O (1). To a solution of Mn-
(Cl0Oy4),-6H,0 (7.2 mg, 0.02 mmol) or MnCl,-4H,0 (4.0 mg,
0.02 mmol) in methanol (2 mL) was added a solution of phen
(4.0 mg, 0.02 mmol) in methanol (2 mL). Then, the mixture was
added to an aqueous solution (2 mL) of NasL (9.4 mg, 0.02
mmol). The final mixed solution was stirred for 30 min at room
temperature and filtered into a glass tube; then red needle single
crystals of 1 were obtained for 10 days from the filtrate by
controlled evaporation of the solvent and were used for all
measurements (4.1 mg, yield: 43.2%). Anal. Calcd. for C;7H 4-
MnN->O5S,: C, 42.77; H, 2.96; N, 5.87%. Found: C, 42.56; H,
2.89; N, 5.78%. IR data (cm"): 3435(m), 1662(m), 1608(s),
1516(w), 1424(w), 1356(m), 1097(m), 850(m), 725(m).

[Mn(L)g 5(bpy)],-nH,O (2). Complex 2 was obtained by
following a similar procedure to that of 1, but bpy (3.1 mg,
0.02 mmol) was used instead of phen. Single crystals of 2 as dark
red rods appeared for 5 days by slow evaporation at room
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Table 1. Crystal Data and Structural Refinement Parameters for 1—4
1 2 3 4
formula C7H;sMnN-O,S, C,5sH;oMnN->O5S, C,6H;sMnN>O5S, C,1H»,CuN4O6S,
fw 477.36 417.29 467.37 554.09
cryst size (mm?) 0.10 x 0.10 x 0.30 0.05 x 0.12 x 0.20 0.15 x 0.17 x 0.20 0.15 x 0.18 x 0.20
cryst syst monoclinic monoclinic triclinic triclinic
space group P2i/n 2Jc Pl Pl
a(A) 8.8823(11) 24.472(4) 7.6041(5) 10.2150(3)
b(A) 21.903(3) 10.4173(14) 11.2211(8) 10.4799(4)
c(A) 10.1255(13) 16.127(3) 12.2046(5) 12.6602(4)
o (deg) 90.00 90.00 70.409(7) 71.072(10)
£ (deg) 109.547(3) 125.049(3) 73.137(8) 68.047(10)
y (doeg) 90.00 90.00 80.350(9) 69.032(10)
V(A”) 1856.3(4) 3365.8(9) 936.04(10) 1145.01(12)
z 4 8 2 2
Peated (2 cm ) 1.708 1.576 1.658 1.607
F(000) 972 1608 478 570
u(mm™") 0.981 1.053 0.971 1.183
T (K) 223(2) 223(2) 223(2) 223(2)
reflns collected 10641 6630 4037 4961
unique reflns 4206 2948 4194 5156
observed reflns 3023 2155 3189 3852
no. params 288 210 249 308
GOF on F* 1.079 1.090 1.065 1.024
Ry [1>20(D)] 0.0527 0.0685 0.0647 0.0504
WwR, [1>20(1)] 0.1135 0.1300 0.1627 0.1248

temperature and were used for all measurements (yield: 1.7 mg,
20.4%). Anal. Calcd. for C;sH;MnN,OsS,: C, 43.17; H, 2.42;
N, 6.71%. Found: C, 43.09; H, 2.38; N, 6.73%. IR (cm™):
3430(m), 1644(m), 1626(s), 1590(s), 1549(m), 1474(w), 1439(m),
1354(s), 1017(m), 761(m), 736(m).

[Mn(L)y 5(bpy)(CH30H)],,- 2nH,O (3). An aqueous solution
(2 mL) of NayL (9.4 mg, 0.02 mmol) was placed into the
underlayer of a glass tube. A mixed solution of Mn-
(ClOy4),-6H,0 (7.2 mg, 0.02 mmol) or MnCl,-4H,0 (4.0 mg,
0.02 mmol) in methanol (2 mL) and bpy (3.1 mg, 0.02 mmol) in
methanol (2 mL) was carefully put into the superstratum drop-
wise. The dark red block single crystals of 3 were obtained for
5 days by slow diffusion at room temperature and were used
for all measurements (yield: 4.6 mg, 48.7%). Anal. Calcd. for
Ci6H1sMnN,O-S,: C, 41.12; H, 3.45; N, 5.99%. Found: C,
41.04; H, 3.39; N, 5.90%. IR (cm'): 3427(m), 1662(s), 1590(s),
1552(m), 1473(w), 1440(m), 1353(m), 1087(w), 1018(m), 767(m),
737(w).

[Cu(L)g 5(bpy)(DMF)],-n(DMF) (4). Complex 4 was pre-
pared in the same way as 3. An aqueous solution (2 mL) of
NayL (9.4 mg, 0.02 mmol) was placed into the underlayer of a
glass tube. A mixed solution of Cu(ClOy),-6H,0 (7.4 mg, 0.02
mmol) or CuCl, (2.7 mg, 0.02 mmol) in DMF (2 mL) and bpy
(3.1 mg, 0.02 mmol) in DMF (2 mL) was carefully put into the
superstratum dropwise. The yellow-green block single crystals
of 4 were obtained for 15 days by slow diffusion at room
temperature and were used for all measurements (yield: 2.7
mg, 24.5%). Anal. Calcd. for C5;HCuN4OgS,: C, 45.52; H,
4.00; N, 10.11%. Found: C, 45.47; H, 3.87; N, 10.02%. IR
(ecm™1): 3436(s), 2924(w), 1659(m), 1622(s), 1610(s), 1576(m),
1473(w), 1439(m), 1354(s), 1088(w), 1017(w), 761(m), 737(w).

X-Ray Crystallographic Study. The measurement was carried
out on a Rigaku Mercury CCD diffractometer at a low tem-
perature with graphite monochromated Mo Ka (4 = 0.71073
A) radiation. X-ray crystallographic data for all compounds
were collected and processed using CrystalClear (Rigaku)."
The structure was solved by direct methods using SHELXS-
97,'® and the refinement against all reflections of the compound

(15) CrystalClear Software User’s Guide; Molecular Structure Corporation;
Rigaku Corporation: Tokyo, 1999. Pflugrath, J. W. Acta Crystallogr., Sect. D
1999, 55, 1718-1725.

(16) Sheldrick, G. M. SHELXS-97; Universitat of Gottingen: Géttingen,
Germany, 1999.

was performed using SHELXL-97."7 All of the non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were
added theoretically, except that the H atoms of O—H were
located from the map. Relevant crystal data, collection para-
meters, and refinement results can be found in Table 1. Selected
bond lengths and bond angles for complexes 1—4 are listed in
Table 2.

Result and Discussion

Synthesis. Generally, many factors can affect the struc-
tures of the final products, such as counteranions,'® the
pH values of the reaction solutions,'® the temperature,*°
the molar ratio between reactants,?' and the solvent system.*>
In our experiment, all four compounds were prepared by
mixing an aqueous solution of NayL with a solution of
metal salts in organic solvents under ambient conditions.
We found that powdered precipitates were obtained if
ancillary ligands were not added. The reactions of Mn-
(ClOy), - 6H>O with NayL under the same conditions yielded
two different structural coordination polymers if differ-
ent ancillary ligands were added, phen or bpy. Adding

(17) Sheldrick, G. M. SHELXL-97; Universitat of Gottingen: Gottingen,
Germany, 1997.

(18) (a) Park, J.; Hong, S.; Moon, D.; Park, M.; Lee, K.; Kang, S.; Zou,
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(b) Wang, Y.; Zhao, X. Q.; Shi, W.; Cheng, P.; Liao, D. Z.; Yan, S. P. Cryst.
Growth Des. 2009, 9,2137-2145. (c) Li, C. H.; Huang, K. L.; Chi, Y. N.; Liu, X.;
Han, Z. G.; Shen, L.; Hu, C. W. Inorg. Chem. 2009, 48,2010-2017.

(19) (a) Wang, Y.-L.; Yuan, D.-Q.; Bi, W.-H.; Li, X,; Li, X.-J; Li, F.;
Cao, R. Cryst. Growth Des. 2005, 5, 1849-1855. (b) Fabelo, O.; Pasan, J.;
Lloret, F.; Julve, M.; Ruiz-Perez, C. Inorg. Chem. 2008, 47, 3568-3576. (c) Lu,
Y. B.; Wang, M. S.; Zhou, W. W.; Xu, G.; Guo, G. C.; Huang, J. S. Inorg. Chem.
2008, 47, 8935-8942.

(20) (a) Zheng, B.; Dong, H.; Bai, J.; Li, Y.; Li, S.; Scheer, M. J. Am.
Chem. Soc. 2008, 130, 7778-7779. (b) Tao, Y.; Li, J.-R.; Yu, Q.; Song, W.-C,;
Tong, X.-L.; Bu, X.-H. CrystEngComm 2008, 10, 699-705.

(21) (a) Lu, W.-G; Jiang, L.; Feng, X.-L.; Lu, T.-B. Cryst. Growth Des.
2008, 8, 986-994. (b) Tian, A.-X.; Ying, J.; Peng, J.; Sha, J.-Q.; Pang, H.-J.;
Zhang, P.-P.; Chen, Y.; Zhu, M.; Su, Z.-M. Inorg. Chem. 2009, 48, 100-110.
(c) Prajapati, R.; Mishra, L.; Kimura, K.; Raghavaiah, P. Polyhedron 2009, 28,
600-608.
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D. CrystEngComm 2008, 10, 1687-1692. (b) Chen, C.-Y.; Cheng, P.-Y.; Wu,
H.-H.; Lee, H. M. Inorg. Chem. 2007, 46, 5691-5699.
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Table 2. Selected Bond Lengths (A) and Angles (deg) of 1-4“

1

Mnl-01 2.122(2)  Mnl-06 2.239(2)
Mnl-03#1 2.145(2)  Mnl-NI 2.270(3)
Mnl-05 220833)  Mnl—-N2 2.247(3)
01-Mnl-03#1 85.08(9) N2—Mn1-05 86.01(11)
01-Mn1-05 86.26(11)  N2—Mnl—-06 168.53(10)
05-Mnl1—03#1  170.91(10)  N1-Mnl—Ol 169.18(9)
01-Mn1-06 93.65(8) NI-Mnl—03#1  96.95(9)
06—Mn1—03#1 90.37(9) N1-Mnl-05 92.08(11)
05-Mn1-06 87.43(10)  N1-Mnl—-06 96.95(9)
N2—Mnl—-01 95.30(9) N1-Mnl—-N2 73.92(9)
N2—Mn1—-03#1 97.53(9)

2
Mnl-01 2.138(4)  Mnl—O04#3 2.131(4)
Mn1—0242 2.165(4)  Mnl—NI 2.281(6)
Mnl-03 2.175(4)  Mnl—N2 2.250(6)
O1-Mnl-044#3 88.25(16)  N2—Mnl—02#2  94.15(19)
O2#2—Mnl1—O4#3  89.37(16) N2—Mnl-03 88.20(19)
01-Mnl1—-02#2 95.73(15)  NI-Mnl—04#3  168.59(19)
03—Mnl—-04#3 97.01(15)  N1-Mnl1—01 101.94(19)
01-Mn1-03 81.43(15) NI-Mnl—02#2  94.64(18)
03—Mnl-02#2 172.91(16)  N1-Mn1—03 79.67(18)
N2—Mn1—04#3 96.7(2) NI-Mnl-N2 72.4(2)
N2—Mnl—-01 169.0(2)

3
Mn1-01 2.1283)  Mnl-05 2.182(4)
Mnl—02#4 2.177(3)  Mnl—-NI 2.247(4)
Mnl-03 2.165(3)  Mnl-N2 2.240(4)
01-Mn1-03 84.96(12)  O2#4—Mnl—-N2  82.44(14)
O1-Mnl-0244 94.59(12)  O5—Mnl—-N2 163.12(15)
03-Mnl-O02#4  177.24(12)  O1-Mnl—NI1 160.33(15)
01-Mn1-05 103.46(14)  03—Mnl—-NI 88.11(13)
03-Mnl-05 90.72(13)  O2#4—Mnl-N1  93.17(13)
02#4—Mn1-05 86.74(13)  O5—Mnl—NI1 95.00(16)
01-Mn1—-N2 90.33(15)  NI—MnlI—N2 72.81(17)
03-Mnl—-N2 100.27(14)

4
Cul-01 1.941(2) Cul-NI 1.999(3)
Cul-03 1.962(2) Cul-N2 2.015(3)
Cul-05 2.356(3) N1-Cul—-N2 80.75(10)
01-Cul—03 92.67(9) 01-Cul—05 91.86(9)
01-Cul—NI1 173.79(9) 03—Cul—05 104.37(9)
03—-Cul—NI1 92.33(10) N1-Cul—05 90.48(10)
01-Cul—-N2 93.66(10) N2—Cul—05 86.16(10)
03—Cul—-N2 167.53(10)

“Symmetry transformations used to generate equivalent atoms: (#1)
=054+ x,05—y,—05+z#2) 1l —x, 1=y, 1 —zz#3)1—x,y,1.5— 1z
#4) —x, 1 =y, —z.

phen as the starting material resulted in a 2-D structure of
1. The use of bpy as a replacement for phen generates a
3-D coordination polymer of 2. Also, the methods of
crystal growth affect the final structures of coordination
polymers. In comparison with the 3-D structure of 2, the
1-D structure of 3 was obtained with slow diffusion, while
2 was obtained with slow evaporation. By using MCl,-
4H,0 to replace M(ClOy),-6H,O (M = Mn, Cu) as the
starting material under the same reaction conditions, the
same crystal structures of 1—4 were obtained. All of the
compounds are insoluble, even in DMF solvent.
Description of Crystal Structures. Complex [Mn(L)g s-
(phen)(H,0),],,- nH,O (1). Single-crystal X-ray structural
analysis shows that complex 1 is a two-dimensional (2-D)
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Figure 1. (a) Coordination environment of Mn(Il) in 1. (b) Left: The
infinite —Mn—O—C—C—C—C—0O—Mn— chain. Right: The 2-D net-
work constructed by the chains and L*" ligands. In a and b, the
uncoordinated water molecules and hydrogen atoms except those of
coordinated water molecules were omitted for clarity. (¢c) The z-- -7
stacking in 1, only phen molecules and the atoms consisting of the
—Mn—O—C—C—C—C—0O—Mn-— chains are denoted.

coordination polymer crystallized in the monoclinic P2,/n
space group, and the asymmetric unit consists of one man-
ganese atom, a half ligand L*~, one chelating phen, two
coordinated water molecules, and one cocrystallized water
molecule. The Mn(II) ion is six-coordinated by a chelating
phen, two water oxygen atoms, and two carboxylate oxy-
gen atoms from two different L*~ ligands, thereby forming
a slightly distorted octahedral coordination geometry. The
structure is depicted in Figure la. The bond distances bet-
ween the metal ions and the coordinated water molecules are
slightly longer [average 2.224(3) A] than those related to the
oxygen atoms of the carboxylate groups [average 2.134(2) A],
and the Mn—N bond lengths are 2.247(3) and 2.270(3) A,
which are consistent with the reported man%anese(ll) com-
plexes of similar coordination environments.*

(23) (a)McCann, M.; Casey, M. T.; Devereux, M.; Curran, M.; Ferguson,
G. Polyhedron 1997, 16, 2547-2552. (b) Zheng, Y. Q.; Lin, J. L.; Sun, J. Z.
Anorg. Allg. Chem. 2001, 627, 1059-1065. (c) Li, Y.; Li, G. Q.; Zheng, F. K.;
Zou, J. P;; Zou, W. Q.; Guo, G. C.; Lu, C. Z.; Huang, J. S. J. Mol. Struct. 2007,
842, 38-45.
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(d)

Figure 2. (a) Coordination environment of Mn(II) in 2. The uncoordinated water molecules and hydrogen atoms were omitted for clarity. (b) Left: Infinite
—Mn—(O—C—0),—Mn— bridged chain showing the different orientation of the TTF moieties. Right: The chain viewed along the ¢ axis. (¢) The 3-D
network constructed by L*~ ligands. The bpy molecules were omitted for clarity in b and c. (d) The 7+ - - 7 interactions among the 3-D structure. Only bpy
molecules and the atoms consisting of the infinite chains were denoted.

The Mn(II) atoms in 1 are linked together by carboxylate O—Mn-— one-dimensional (1-D) chain witha Mn—Mn(#1)
bridges to form an infinite O—Mn—O—C—-C—-C—-C— #1 = —0.54+ x,0.5 —y, —0.5 + z) distance of 5.65 A
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Figure 3. (a) Coordination environment of Mn(II) in 3. (b) The infinite chain constructed by —Mn—(O—C—0),—Mn— and TTF moieties. (c) The z- - - &
interactions link the chains to generate a 2-D structure. Hydrogen atoms and uncoordinated water molecules were omitted for clarity in a, b, and c.

(Figure 1b, left). The chelating phen ligands attached to
the chain alternately on opposite sides. The 2-D network
structure of 1is achieved by bridging adjacent 1-D chains
with the coordination of carboxylate groups on two sides
of the TTF moiety (Figure 1b, right). On the other hand,
the phen ligands from neighboring 2-D networks are
arranged in a face-to-face pairwise fashion to facilitate
relatively strong - - -7 stacking interactions (3.33 A),
which link the 2-D networks into a three-dimensional
(3-D) supramolecular structure. Figure 1¢ only shows the
2-D linkage (carboxylate bridge and 7t - - -7t stacking), and
the TTF linkages are omitted for clarity.

Complex [Mn(L)g.s(bpy)],,- nH»O (2). The use of bpy as
a replacement for phen generates a 3-D coordination

polymer 2. Polymer 2 is crystallized in the monoclinic
C2/c space group. It includes one manganese atom, a half
ligand L*", one chelating bpy, and one cocrystallized
water molecule in the asymmetric unit. The manganese-
(IT) atom is surrounded by two nitrogen atoms from
chelating bpy and four oxygen atoms from three different
L*" ligands in a somewhat distorted octahedral environ-
ment (Figure 2a). The Mn—O bond lengths are in the
range of 2.131(4)—2.175(4) A, and the Mn—N bond
lengths are somewhat longer, ranging from 2.250(6) to
2.281(6) A.

The Mn(II) atoms in 2 are linked together by carboxy-
late bridges to form an infinite —Mn—(O—C—-0),—Mn—
1-D chain (Figure 2b). Each chain links four adjacent
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Figure 4. (a) Coordination environment of Cu(II) in 4 with a —Cu—(0O),—Cu— unit. (b) The infinite chain constructed by L*" ligands. Hydrogen atoms

and uncoordinated DMF molecules were omitted for clarity in a and b.

chains of two different orientations, {1, 1,0} and {1, —1, 0},
by means of the coordination of carboxylate groups on
two sides of the TTF moieties, and then 3-D coordination
polymer of 2 is formed (Figure 2c). The z- - -7t interac-
tions between the bpy molecules from neighboring chains
further steady the 3-D structure (Figure 2d).

Complex [Mn(L)y.s(bpy)(CH30H)],-2nH,0 (3). The
structure of 3 is composed of 1-D coordination chains
with dinuclear manganese(II) units crystallized in the
triclinic P1 space group, and the asymmetric unit consists
of one manganese atom, a half ligand L*~, one chelating
bpy, one coordinated methanol molecule, and two co-
crystallized water molecules. The Mn(II) ion exhibits a
distorted octahedral coordination geometry completed
by two nitrogen atoms from chelating bpy, one oxygen
atom from solvent methanol, and three oxygen atoms
from two different L*~ ligands (Figure 3a). The bond
distance between the metal ion and the coordinated
methanol molecule is slightly longer [2.182(4) A] than
those related to the oxygen atoms of the carboxylate
groups [mean values of 2.157(3) A]. The Mn—O bond
distances range from 2.128(3) to 2.182(4) A, and the
Mn—N bond distances are 2.240(4) and 2.247(4) A,
respectively.

Two crystallographically equivalent Mn(II) atoms in 3
are linked together by carboxylate into a dinuclear unit
(—Mn—(0—C—0),—Mn—) with a Mn—Mn(#5) (#5 =
—x, 1 —y, —z) distance of 4.75 A. The dimers are further
joined to each other by carboxylate groups on two sides of
the TTF moieties into an infinite one-dimensional (1-D)
coordination chain (Figure 3b), and such 1-D chains are
linked by 7+ - -7t interactions between the bpy molecules
to generate a 2-D supramolecular network structure
(Figure 3c¢).

Complex [Cu(L)ys(bpy)(DMF)],-n(DMF) (4). Com-
plex 4 also has a 1-D extended chain structure with
dinuclear copper(II) units crystallized in the triclinic P1
space group, and the asymmetric unit consists of one
copper atom, a halfligand L*~, one chelating bpy, one co-
ordinated DMF molecule, and one cocrystallized DMF
molecule. The coordination environment around the Cu-
(IT) ion in 4 is similar to that in 3 except that the coordi-
nated DMF molecule replaces the methanol (Figure 4a).

Two crystallographically equivalent Cu(II) atoms in 4
are linked together by the O3 atom (different from the
bridge in 3) of the carboxylate group to a dinuclear unit
(—Cu—(0),—Cu—) witha Cu—Cu(#6) (#6 = 2—x,1 —y,
1 — z) distance of 3.62 A, a value which is much shorter
than those in the above three complexes. The dimers are
further joined by carboxylate groups on two sides of the
TTF moieties into an infinite one-dimensional (1-D)
coordination chain (Figure 4b).

Coordination Modes of the Tetrathiafulvalene—Tetra-
carboxylate Ligand. The results of the present study show
that there are a variety of coordination modes for the
ligand L*~ that can be seen clearly in Scheme 2. In sum-
mary, each L* in 1, 3, and 4 coordinates with four metal
atoms, but the coordination mode is dissimilar. The
ligand L*~ exhibits tetra-monodentate binding in 1 and
4 and has a u>-n*n° bridging mode in 4, while in 3, there
are two types of carboxyl groups: one acts as a u>-1':'
coordination mode, and the other serves as a monoden-
tate. In 2, each L*~ also has a syn—syn u»-n':5' coordina-
tion mode but links six metal atoms that are different
from those in 1, 3, and 4. The differences in the coordina-
tion modes of the ligand L*" directly lead to the different
coordination polymers as described above. The C—O
bonds with u>-1":' carboxylate bridges are in a resonance
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Figure 5. Solid-state cyclic voltammogram of complexes 1—4 (CH3;CN, 0.1 mol- L' BuyNCIOg4, 100 mV s ).

Scheme 2. Coordination Modes of the Ligand L*~ in Complexes 1—4

(a)

(b)

(©)

state, while the C—0O’s with those noncoordinated oxygen
atoms are carbonyl groups (C=0). It is impossible to predict
the coordination mode of the carboxyl group or rationalize
the formation of the structure, because the results of the
assembly are not only dependent upon many factors such as
the subtle interplay between the metal ion and the ligand or
the solvent system but also influenced by synthetic condi-
tions such as temperatures and molar ratios. However, it is
doubtless that the tetrathiafulvalene—tetracarboxylate li-
gand L* is an intriguing building block for coordination
polymers with a versatility in structure.

Electrochemical Properties. As mentioned above, the
TTF moiety can be oxidized to its radical cation (TTF ')
and dication (TTF*") sequentially and reversibly at low
potentials. A large number of coordination complexes

(d

involving TTF redox active ligands have been electro-
chemically characterized, but little is known about the
redox properties of the coordination polymers with TTF
ligands for their insolubility. Surface modified electrodes
of 1—4 were used to study their redox properties in the
solid state by cyclic voltammetry (CV), and the result
obtained is shown in Figure 5. The CV curves of the modi-
fied electrodes are similar to those of the solution, because
the electrochemical reaction occurs at the solid/liquid
interface (liquid phase: acetonitrile with 0.10 mol-L™"
tetrabutylamonium perchloride).

The ligand NayL exhibits two one-electron redox
couples (Supporting Information, SI-Figure 2), the first
one at 0.45 V and the second one at 0.82 V. Compared
with the ligand, the redox waves for complexes 1—4 are
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Table 3. Cyclic Voltammetry Data (/V) for Compounds NayL and 1-4

compound E. E. E.> E.’
NayL 0.478 0.424 0.833 0.798
1 0.722 (broad) 0.544, 0.625 1.166 0.877, 1.001
2 0.689 (broad) 0.563 (broad) 1.119 0.848, 0.997
3 0.747 (broad)  0.546 (broad)  1.183  0.883. 1.013
4 0.701 0.596 1.173 1.003
{4
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Figure 6. Experimental y,, versus 7 and y,,7 versus 7 curves for
complex 3. The red lines were plotted according to the best fitting
parameters given in the text.

ligand-centered as expected, and the redox potentials
after complexation of carboxylate groups with M?" are
shifted to higher potentials (Table 3). This result of the
inductive effect has been seen by multiple groups who
have prepared coordination compounds with TTF-based
ligands.®** With 1 as a representative, splitting of the
redox waves (especially the reductive waves) can be ob-
served. There are two possible reasons for the pheno-
menon: one might be because of the presence of a meta-
stable mixed oxidized state, involving TTF/TTF " inter-
action,”* and the other might be due to the surface effect.
However, these explanations need to be further studied.
This electrochemical study confirms the redox activity of
the polymeric system. Repetitive scans show no decom-
position or further evolution that confirms the stability of
the metal complexes bearing radical cation ligands.
Magnetic Properties. The temperature dependence of
%m and ¥, T of compound 3 (Figure 6) can be interpreted
in terms of the dipolar coupling approach for a Mn(II)
dimer. Below 30 K, the value of y,,,7 drops down sharply,
reaching 0.35 cm®-K -mol ™" at 2 K, which can be attrib-
uted to the weak antiferromagnetic interaction of the
manganese(Il) dimer. The expression for the magnetic
susceptibility of the manganese(Il) dimer was derived
from Van Vleck’s eq 1?° based on the spin Hamiltonian
H = —JS1S,. The dimer model reproduces quite satis-
factorily the magnetic behavior of 3 in the whole tempera-
ture range with the followin% parameters J = —0.80 cm™ ',
g=1.99,and R = 1.0 x 10™. This result indicates that the
long distance magnetic interactions through the TTF

(24) (a) Avarvari, N.; Fourmigué, M. Chem. Commun. 2004, 2794-2795.
(b) Bendikov, M.; Wudl, E.; Perepichka, D. F. Chem. Rev. 2004, 104,4891-4945.
(c) Iyoda, M.; Hasegawa, M.; Miyake, Y. Chem. Rev. 2004, 104, 5085.
(d) Segura, J. L.; Martin, N. Angew. Chem., Int. Ed. 2001, 40, 1372-1409.
(e) Liu, W.; Xiong, J.; Wang, Y.; Zhou, X. H.; Wang, R.; Zuo, J. L.; You, X. Z.
Organometallics 2009, 28, 755-762.

(25) (a) Carlin, R. L. Magnetochemistry; Springer-Verlag: Berlin, 1986.
(b) Albada, G. A.; Mohamadou, A.; Driessen, W. L.; Gelder, R.; Tanase, S.;
Reedijk, J. Polyhedron 2004, 23, 2387-2391.
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Figure 7. Experimental y,, versus 7 and y,,7 versus T curves for com-
plex 4. The red lines were plotted according to the best fitting parameters
given in the text.

ligand are negligible. Also for this reason, no significant
magnetic interactions were found between the Mn(II)
ions for compound 1.

. 21\lfcg;ﬁ2 <%> )

where 4 = 55+ 30exp(—10J/kT) + 14 exp(—18J/kT) + 5
exp(—24J/kT) + exp(—28J/kT) and B = 11 + 9 exp-
(—10J/kT) + 7 exp(—18J/kT) + 5 exp(—24J/kT) + 3 exp-
(—28J/kT) + exp(—30J/kT).

The temperature dependence of the magnetic suscept-
ibility data in the form of y,, versus 7 and y,,T versus 7'
plots for complex 4 are shown in Figure 7. The y,,, T value
at 300 K is 0.65 cm® K mol™!, which is lower than the
expected for two magnetically quasi-isolated spin doub-
lets (0.75 cm® K mol~"). When the system is cooled down,
the XmTvalue decreases, slowly reaching the value of 0.42

m° K mol~"at 2 K due to the partial depopulation of the
S =1 level in this exchange-coupled system. The profile
of the curve indicates the presence of antiferromagnetic
exchange interactions between the Cu(Il) ions. The mag-
netic data were fitted to eq 2 given in the literature®® for
dinuclear copper cores with intercore interaction in which
the parameter p denotes the fraction of the paramagnetic
part and zJ' the interaction between neighboring di-
nuclear identities. The best fit parameters are g = 2.06, J =
—11.3,zJ' = —247.6, p = 0.52%, and R = 6.96 x 107
This result indicates that there are weak antiferromagnetic
exchanges within the 1-D polymeric compound, carboxy-
late bridged interaction, and TTF bridged interaction.

- 2Ng*B’
Am = (kT — (22 /(3 +exp(J/kT))))
. (1 _P) +%pp (2)

(143 exp(J/kT))

Conclusion

In summary, four transition metal coordination polymers
with the TTF-tetracarboxylate ligand have been successfully

(26) (a) Kahn, O. Molecular Magnetism; VCH Publishers: New York, 1993.
(b) Albada, G. A.; Mutikainen, L.; Turpeinen, U.; Reedijk, J. Polyhedron 2007, 26,
2728-2732.
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prepared for the first time. The structures of the compounds
are distinct from one another. In compound 1, the ligand
exhibits tetra-monodentate binding to link Mn ions into a
2-D network structure. Compound 2 is a 3-D coordination
polymer in which the ligand takes tetra-bidentate coordina-
tion modes. Compounds 3 and 4 are both 1-D coordination
polymers but constituted by different dinuclear metal(II)
units with double carboxylate bridges in 3 and double oxo
bridges in 4. The results indicate that the TTF-tetracarboxy-
late ligand is a useful and intriguing building block for
the construction of metal organic polymers or frameworks.
The redox-active properties of the new coordination poly-
meric system have been evidenced by electrochemical stud-
ies. The magnetic properties reveal the existence of anti-
ferromagnetic interactions between magnetic centers. The

Inorganic Chemistry, Vol. 49, No. 16,2010 7381

coexistence of redox and magnetic properties in the poly-
meric solid state paves the way to multifunctional materials,
a trend of much interest in contemporary TTF-based mate-
rial science.
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