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1 INTRODUCTON

There is currently significant interest in the design
and synthesis of coordination polymer complexes due
to their potential use as functional materials [1–4].
The generation of coordination polymers depends
mainly on the combination of two factors, the coordi�
nation of the metal ions and the nature of the ligands.
Thus, the most effective strategies are the judicious
choices of special inorganic building blocks and
organic linkers [5, 6]. Coordination polymers with
rigid linear ligands, such as 4,4'�bipyridine and its
derivatives have been well documented, but using
twisted ligands like 4,4'�dipyridyldisulfide (Dpds)
ligand could function more as a bridging ligand capa�
ble to form diverse and abundant dimensional archi�
tecture [7–11]. Dpds ligand shows a characteristic
twisted structure with a C–S–S–C torsion angle of
approximately 90° [7]. Furthermore, the sulfur atoms
have additional coordination ability as well as the abil�
ity to accept hydrogen bonds or to establish other
van der Waals interactions. In the designed synthesis
of coordination polymers, the linear α,ω�dicarboxylic
acid has been well explored [12–15], which can bridge
metal centers to form a variety of coordination poly�
mers ranging from 1D chains through 2D layers to 3D
networks. Compared to linear α,ω�dicarboxylic acid,
the branched α,ω�dicarboxylic acid, such as 2�methyl
glutaric acid, has been seldom used to constructed
coordination polymers [16–18]. In our course of
ongoing study of the extended structural motifs based

1 The article is published in the original.

on (RS)�2�methyl glutaric acid (H2MGA), we present
herein three coordination polymers produced from
4,4'�dipyridyldisulfide and (RS)�2�methyl glutaric
acid with Cu2+ or Zn2+ or Cd2+ Cu(H2O)(Dpds)(2�
MGA) (I), [Zn(Dpds)(2�MGA)] ⋅ 1.25H2O (II), and
[Cd(H2O)(Dpds)(2�MGA)] ⋅ 0.25H2O (III).

EXPERIMENTAL

Materials and physical methods. All chemicals of
reagent grade were commercially available and used
without further purification. Powder X�ray diffraction
measurements were carried out with a Bruker D8
Focus X�ray diffractometer to check the phase purity.
The C, H, and N microanalyses were performed with
a PE 2400II CHNO/S elemental analyzer. The FT−
IR spectra were recorded from KBr pellets in the range
4000–400 cm–1 on a Shimadzu FTIR�8900 spectrom�
eter. Single crystal X�ray diffraction data were col�
lected by Rigaku R�Axis Rapid IP X�ray diffractome�
ter. The temperature�dependent magnetic susceptibil�
ities were determined with a Quantum Design SQUID
magnetomer (Quantum Design Model MPMS�7) in
the temperature range 2–300 K with an applied field
of 2 KOe.

Synthesis of I. Addition of 0.5 mL (1.0 M) NaOH
to an aqueous solution of 0.063 g (0.25 mmol)
Cu(NO3)2 ⋅ 3H2O in 4.0 mL H2O produced blue pre�
cipitate, which was separated by centrifugation,
washed with distilled water for several times and then
transferred into aqueous solution (at 80°C) of 0.073 g
(0.5 mmol) 2�MGA and 0.051 g (0.25 mmol) Dpds in
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30.0 mL water. The resulting mixture was further
stirred for 30 min and insoluble solid was filtered off.
The pale blue filtrate was kept still at 50°C in a con�
stant temperature incubator and blue block crystals
were formed in one week (the yield was 11.5% based
on the initial Cu(NO3)2 ⋅ 3H2O input). The phase
purity of the product was checked according to powder
X�ray diffraction patterns compared with the simu�
lated PXRD based on the single crystal data.

IR data (KBr; ν, cm–1): 3165 m, 3048 w, 2962 w,
2915 w, 1608 s, 1581 s, 1481 m, 1416 s, 1388 s, 1362 w,
1340 w, 1316 w, 1284 w, 1218 w, 1066 m, 818 m, 716 m,
701 m, 606 w, 494 w.

Synthesis of II. 0.5 mL (1.0 M) NaOH solution was
slowly added to a mixture of 0.074 g (0.25 mmol)
Zn(NO3)2 ⋅ 6H2O, 0.037 g (0.25 mmol) 2�MGA,
0.055 g (0.25 mmol) Dpds and 16 mL H2O and stirred
for 30 min in air. The mixture was then transferred to
a 23 mL Teflon reactor and kept at 130°C for 5 h under
autogenous pressure. After cooling to room tempera�
ture, the insoluble solid was filtered out and the filtrate
was allowed at 50°C in a constant temperature incuba�
tor and colorless crystals were found in 3 days (the
yield was 21% based on the initial Zn(NO3)2 ⋅ 6H2O
input).

The crystals of compound II were found to be
unstable in air, so that no further characteriazaion was
presented.

Synthesis of III. A similar method to that used for
the preparation of I was followed for the preparation of
III by replacing Cu(NO3)2 ⋅ 3H2O with 0.066 g
(0.25 mmol) Cd(Ac)2 ⋅ 2H2O. Slow evaporation of the
solution for one weeks at 50°C in a constant tempera�
ture incubator afforded colorless block�like crystals of
III (the yield was 18% based on the initial Cd(Ac)2 ⋅
2H2O input). The phase purity of the products were
respectively checked according to powder X�ray dif�
fraction patterns compared with the simulated PXRD
based on the single crystal data.

For C16H17N2O5S2Cu

anal. calcd., %: C, 43.19; H, 3.85; N, 6.29; S, 14.41.

Found, %: C, 43.63; H, 4.18; N, 6.01; S, 14.17.

For C16H18.5N2O5.25S2Zn

anal. calcd., %: C, 42.49; H, 4.12; N, 6.19.

Found, %: C, 42.72; H, 4.63; N, 5.67.

For C16H16.5N2O5.25S2Cd

anal. calcd., %: C, 38.64; H, 3.34; N, 5.63; S, 12.89.

Found, %: C, 38.85; H, 3.56; N, 5.49; S, 12.73.

IR data (KBr; ν, cm–1): 3383 m, 3058 w, 2966 w,
2916 w, 1578 v. s, 1480 m, 1410 s, 1319 w, 1218 m,
1097 w, 1065 m, 816 m, 710 s, 490 m.

X�ray crystallography. Suitable single crystals were
selected under a polarizing microscope and fixed with
epoxy cement on respective fine glass fibers
which were then mounted on a Rigaku R�Axis Rapid
IP X�ray diffractometer with graphite�monochro�
mated MoK

α
 radiation (λ = 0.71073 Å) for cell deter�

mination and subsequent data collection. The reflec�
tion intensities in suitable θ ranges were collected at
293 K using the ω−2θ scan technique. The employed
single crystals exhibit no detectable decay during the
data collection. The data were corrected for Lp and
empirical absorption effects. The SHELXS�97 and
SHELXL�97 programs [19] were used for structure
solution and refinement. The structure were solved by
using direct methods. Subsequent difference Fourier
syntheses enabled all non�hydrogen atoms to be
located. After several cycles of refinement, all hydro�
gen atoms associated with carbon atoms were geomet�
rically generated, and the rest hydrogen atoms were
located from the successive difference Fourier synthe�
ses, while the water H atoms of split oxygen atom O(3)
and O(4) in II could not be positioned reliably and
were omitted from a difference Fourier map. Finally,
all non�hydrogen atoms were refined with anisotropic
displacement parameters by the full�matrix least�
squares technique and hydrogen atoms with isotropic
displacement parameters set to 1.2 times of the values
for the associated heavier atoms. Detailed information
about the crystal data and structure determination are
summarized in Table 1. Selected interatomic distances
and bond angles are tabulated in Tables 2–4.

Supplementary material for structures I–III has
been deposited with the Cambridge Crystallographic
Data Centre (830324 (I), 830325 (II), and 830326
(III); deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk).

RESULTS AND DISCUSSION

The asymmetric unit of I consists of one Cu2+ cat�
ion, one Dpds ligand, one 2�MGA anion, and one
aqua ligand. As depicted in Fig. 1, the copper ion is
located in a CuN2O3 square pyramidal coordination
environment. The basal plane of Cu atom is defined by
one N atom of Dpds ligand, an aqua ligand and two
O atoms of R� and S�methylglutarate anions, respec�
tively with Cu–N/O 1.959–2.038 Å, and the axial
position is occupied by N(1) atom of Dpds ligand with
Cu–N 2.304 Å. The τ (Addison) value of 0.002 (τ = 0
indicates ideal square pyramidal environment and
τ = 1 indicates ideal trigonal bipyramidal enviroment)
indicates no significant distortion of the geometry
[20]. The Dpds molecule acts as a bis�monodentate
bridging ligand with the C–S–S–C torsion angle of
82.69(2)° and the dihedral angles of 85.07(3)° between
two pyridyl rings, and the R� and S�methylglutarato
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Table 1. Crystal data and refinement details for structures I–III

Parameter

Value

I II III

Formula weight 444.98 452.32 497.33

Crystal system C2/c Pc C2/c

Space group Monoclinic Monoclinic Monoclinic

a, Å 18.597(4) 9.538(2) 18.811(4)

b, Å 13.481(3) 10.356(2) 13.482(3)

c, Å 15.126(2) 11.205(2) 15.617(3)

β, deg 104.42(3) 110.54(3) 106.18(3)

Volume, Å 3672.8(1) 1036.4(3) 3803.8(1)

Z 8 2 8

F(000) 1824 465 1988

ρcalcd, g cm–3 1.609 1.449 1.737

Crystal size, mm 0.19 × 0.18 × 0.10 0.49 × 0.21 × 0.13 0.28 × 0.28 × 0.22

μ, cm–1 1.446 1.414 1.398

θ Range for data collection, deg 3.02–27.48 3.12–27.48 3.01–27.47

Index ranges –24 ≤ h ≤ 24, –12 ≤ h ≤ 12, –24 ≤ h ≤ 18,

–17 ≤ k ≤ 17, –13 ≤ k ≤ 13, –17 ≤ k ≤ 17,

–19 ≤ l ≤ 19 –14 ≤ l ≤ 12 –20 ≤ l ≤ 19

Measured reflections 17738 10040 18367

Independent reflections (Rint) 4193 (0.0764) 4229 (0.0553) 4344 (0.0230)

Observed data, I > 2σ(I) 2587 2570 3644

Parameters 244 247 242

GOOF straight F2 1.043 1.015 1.038

wR2 (all data) 0.1634 0.2026 0.1172

R1 (I > 2σ(I)) 0.0630 0.0619 0.0410

Largest diff. peak and hole, e/Å3 1.109 and –0.766 0.941 and –0.300 0.973 and –0.938
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Table 3. Selected bond lengths and bond angles with standard deviations in parentheses for II*

Bond d, Å Bond d, Å Bond d, Å

Zn–O(l)
Zn–O(3)#1

1.936(9)
1.934(12)

Zn–N(l) 2.011(11) Zn–N(2)#2 2.057(9)

Angle ω, deg Angle ω, deg Angle ω, deg

O(l)ZnO(3)#1 
O(l)ZnN(l)

99.5(3)
114.1(4)

O(l)ZnN(2)#2

O(3)#1ZnN(l)
101.8(5)
111.7(4)

O(3)#1ZnN(2)#2

N(l)ZnN(2)#2
112.4(5)
107.7(2)

* Symmetry transformations used to generate equivalent atoms: #1 x + 1, y, z; #2 x, y, z + 1.

Table 4. Selected bond lengths and bond angles with standard deviations in parentheses for III*

Bond d, Å Bond d, Å Bond d, Å

Cd–O(l)
Cd–O(2)
Cd–O(3)#1

2.384(5)
2.496(4)
2.678(3)

Cd–O(4)#1

Cd–O(5)
Cd–N(l)

2.304(3)
2.322(3)
2.366(3)

Cd–N(2)#2 2.335(3)

Angle ω, deg Angle ω, deg Angle ω, deg

O(l)CdO(2)
O(1)CdO(3)#1

O(l)CdO(4)#1

O(l)CdO(5)
O(l)CdN(l)
O(l)CdN(2)#1

O(l)CdO(3)#1

52.5(1)
138.0(1)
162.1(1)

83.1(1)
84.1(1)

107.3(1)
88.3(1)

O(2)CdO(4)#1

O(2)CdO(5)
O(2)CdN(l)
O(2)CdN(2)#2

O(3)#1CdO(4)#1

O(3)#1CdO(5)
O(3)#1CdN(l)

139.2(1)
92.3(1)

135.1(1)
91.8(1)
60.0(1)

 84.4(1)
136.7(1)

O(3)#1CdN(2)#2

O(4)#1CdO(5)
O(4)#1CdN(l)
O(4)#1CdN(2)#2

O(5)CdN(l)
O(5)CdN(2)#2

N(l)CdN(2)#2

85.7(1)
82.9(1)
85.8(1)
87.4(1)
93.5(1)

169.2(1)
90.7(1)

O–H⋅⋅⋅O
Distances, Å O–H⋅⋅⋅O 

angle, degO⋅⋅⋅O O–H H⋅⋅⋅O

O(5)–H(5A)⋅⋅⋅O(3)
O(5)–H(5B)⋅⋅⋅O(2)#1

O(6)–H(6)⋅⋅⋅O(1)

2.688(2)
2.778(2)
3.114(2)

0.83
0.82
0.82

1.87
2.00
2.37

168
159
150

* Symmetry transformations used to generate equivalent atoms: #1 –x + 0.5, –y + 1.5, –z; #2 –x + 0.5, –y + 1.5, –z + 1.

Table 2. Selected bond lengths and bond angles with standard deviations in parentheses for I*

Bond d, Å Bond d, Å Bond d, Å

Cu–O(l)
Cu–0(4)#1

1.961(4)
1.959(4)

Cu–O(5)
Cu–N(l)

1.987(4)
 2.304(4)

Cu–N(2)#2 2.038(3)

Angle ω, deg Angle ω, deg Angle ω, deg

O(l)CuO(4)#1 
O(l)CuO(5) 
O(l)CuN(l) 
O(l)CuN(2)#2

172.3(2) 
85.9(2)
91.0(2) 
91.8(2)

O(4)#1CuO(5)
O(4)#1CuN(l)
O(4)#1CuN(2)#2

O(5)CuN(l)

86.5(2)
91.0(2)
95.6(2)
95.0(2)

O(5)CuN(2)#2

N(l)CuN(2)#2
172.2(2)

92.5(2)

O–H⋅⋅⋅O
Distances, Å O–H⋅⋅⋅O 

angle, degO⋅⋅⋅O O–H H⋅⋅⋅O

O(5)–H(w5A)⋅⋅⋅O(3)
O(5)–H(w5B)⋅⋅⋅O(2)#1

2.664(3)
2.648(2)

0.85
0.84

1.82
1.81

176
175

* Symmetry transformations used to generate equivalent atoms: #1 0.5 – x, 0.5 – y, –z; #2 0.5 – x, 0.5 – y, 1 – z.
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anions display bis�monodentate bridging fashions.
The Cu atoms are alternately bridged by Dpds ligands
and R� and S�methylglutarato ligands to generate 1D
repeated rhomboids propagating in the [001] direc�
tion, and the Cu⋅⋅⋅Cu separation through Dpds ligand
and 2�MGA ligand are 10.371 and 4.835 Å, respec�

tively. Along [110] directions, the adjacent repeated
rhomboids are interlinked via S⋅⋅⋅S weak interactions
(S⋅⋅⋅S distance: 3.638 Å) into 2D layer (Fig. 2). Topo�
logically, the dinuclear unit which was linked by R�
and S�2�methylglutarate ligands was acted as four�
connected node, and the Dpds molecule are via the

C(14)
C(13)

C(12)

C(16)

C(15)

C(10)
C(11)

C(9)

C(8)
C(7)

C(1)

C(2)

C(3)

C(4)

C(5)

C(6)

S(1)

S(2)

Cu#2

N(2)#2

N(2)

N(1)

Cu#1

Cu

O(1)
O(2)

O(3)

O(4)

O(5)

O(4)#1

Fig. 1. ORTEP drawing of I with ellipsoids at 45% probability level, hydrogen atoms were omitted for clarity.

x

y

z

Fig. 2. 2D layer in I (dotted lines represent the S⋅⋅⋅S interactions).
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interlayer S⋅⋅⋅S weak interactions to form the di�Dpds
unit, which is defined as four�connected nodes to four
dinuclear Cu units. Hence the 2D layer is described as
a 2D (4,4) sheet. Because the Cu⋅⋅⋅Cu separation are
10.371 and 4.835 Å, respectively, the (4,4) nets have
enough empty space to provide for interpenetration.
The 2D sheets are inclined parallel into 3D network
with an inclined angle of 75.5(1)°, to the best of our
knowledge, such a inclined (4,4) interpenetration
structure has been defined the “2D parallel/2D paral�
lel” mode [21].

The asymmetric unit of II contains one Zn2+ cat�
ion, one Dpds ligand, one 2�MGA anion and one and
a quarter lattice water molecule. As shown in Fig. 3,
the Zn atoms are each in a distorted tetrahedral coor�
dination sphere defined by two N atoms of two Dpds
ligands and two carboxylate O atoms of two MGA
anions. The Zn–O/N bond distances range from
1.934(12) to 2.057(9) Å, and the values about the Zn
atoms are all within the normal ranges. Similar to I,
the Dpds ligand acts as a bis�monodentate bridging
ligand with the C–S–S–C torsion angle of 94.09(2)°
and the dihedral angles of 83.66(2)° between two
pyridyl rings. Each carboxylate group of R�2�MGA
anion in complex II coordinates one metal ion, and in
this sense, the R�2�MGA ligand also function as a bis�
monodentate ligand. The Zn atoms are bridged by
R�2�MGA anion to form 1D chain extending in the
[100] direction, which are interconnected by the Dpds
ligands to form 2D (4,4) networks as demonstrated in
Fig. 4a. The lattice H2O molecules reside in cavities in
the 3D supramolecular architecture (Fig. 4b), which
form hydrogen bonds to the carboxylate O atoms as
well as to the lattice H2O molecules.

Within the asymmetric unit of III exists one Cd2+

cation, one Dpds ligand, a 2�MGA anion, an aqua
ligand and a quarter lattice water molecule. Similar to
the compound I and II, the Dpds ligand functions as a
bis�monodentate bridging ligand (Fig. 5), and the
C⎯S–S–C torsion angle is 83.46(2)° and the dihedral
angles is 85.24(1)° between two pyridyl rings. Differ�

ent from compounds I and II, the R� and S�2�methyl�
glutarate anions are twisted with the terminal carbox�
ylate groups in a chelating fashions. The Cd atoms are
each coordinated by two Dpds, one R�2�MGA anion,
one S�2�MGA anion and one aqua ligand to complete
a distorted pentagonal bipyramid CdN2O4 geometry.
The Cd–N/O distance of 2.304–2.678 Å fall in a nor�
mal region. The bond angles range from 52.5(1)° to
169.2(1)°, indicating considerable deviation from the
regular pentagonal bipyramid. Two Cd atoms bridged
R� and S�2�methylglutarate anions to form a cen�
trosymmetric binuclear complex unit with a rhombus
ring, and the binuclear units are connected by Dpds to
form 1D repeated rhomboids chain formulated as

Cd(H2O)(Dpds)(2�MGA)] in the [001] direction.
The resulting chains are interlinked via S⋅⋅⋅S weak
interactions (S⋅⋅⋅S 3.707 Å) into 2D layer (Fig. 6). The
2D sheets are inclined parallel into 3D network, simi�
lar to the compound I. The lattice H2O molecules
reside in cavities in the 3D supramolecular architec�
ture, which form extensively hydrogen bonds with car�
boxylate O atoms.

The infrared spectra of complexes I and III show
characteristic broad bands centered at 3165 and
3383 cm–1, respectively, due to the absorption from
OH stretching vibration of water molecules in agree�
ment with the X�ray crystallographic analyses
described above. The strong sharp absorptions at
1608 cm–1 for I and 1578 cm–1 for III, result from
antisymmetric stretching (νas) of the carboxylate
groups in 2�MGA anion, and symmetric stretching
(νs) of the carboxylate groups cause strong sharp
absorptions at 1416 cm–1 for I and 1410 cm–1 for III,
respectively. The Dpds ligand, due to its pyridyl C–H
stretching vibrations, causes weak absorptions at
3048 cm–1 for I and 3058 cm–1 for III, and the out�of�
plane bending vibrations of the pyridyl C–H bonds
yield sharp peaks of medium intensities at 716 cm–1 for
I and 710 cm–1 for III.
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∞
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N(2)#2
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Fig. 3. ORTEP view of coordination environments around Zn with the atom labelling for II with ellipsoids at 45% probability
(hydrogen atoms were omitted for clarity).
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x

z

x

y

(a)

(b)

Fig. 4. 2D layer generated from the Zn atoms bridged by 2�MGA anions and Dpds ligands in II (a); supramolecular assembly of
the 2D layers into 3D architecture (b).
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The magnetic behavior of compound I is depicted

in Fig. 7 in the form of χm and  versus T with χm and

 being the molar magnetic susceptibility and recip�

χm
1–

χm
1–

rocal molar magnetic susceptibility per Cu2+ ion,
respectively, and T the temperature. Over the temper�
ature range 2–300 K, the paramagnetic compound I
obey Curie−Weiss law χm(T – θ) = 1.72(9) cm3 K mol–1
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C(13)
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C(14)
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N(2)
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O(2) O(3)
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O(4)O(3)#1

O(4)#1
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Fig. 5. ORTEP view of coordination environment of Cd ions, 2�MGA anion and Dpds ligand with displacement ellipsoids (45%
probability) and atomic labeling in III (hydrogen atoms were omitted for clarity).

x
y

z

Fig. 6. Supramolecular assembly of 2D layer through S⋅⋅⋅S interactions in III.
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with the Weiss constant θ = –0.50(1) K. At room tem�
perature, the effective magnetic moments for com�
pound I is 2.00 μB, which is larger than the spin�only
value of 1.73 μB expected for one unpaired electron of
Cu2+ ion with d9 configuration [22].
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Fig. 7. Temperature dependence of the magnetic suscepti�
bilities of I (χm being the magnetic susceptibility per one
metal ion for I). Solid lines represent the best fits.


