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Introduction

Enormous efforts have recently been made in synthesizing
new coordination polymers of 1D, 2D, and 3D structures.1,2

Incorporation of both organic and inorganic components in
these compounds has created a new dimension in searching
for functional materials that have desired structures and pro-
perties. While a majority of synthetic procedures still follow
conventional solution routes, increasing interests have been
paid to the less conventional solvothermal technique.3-5 Our
recent studies on the transition-metal bipyridine systems6-9

have shown that hydrothermal reactions are often sensitive
to certain experimental parameters, such as temperature, solvent,
stoichiometry, and pH level. Here we report the synthesis and
crystal structures of three Cu-X-bpy (X) Cl, Br) compounds,
the two-dimensional∞

2 [Cu2X2(bpy)] and three-dimensional

∞
3 [CuBr(bpy)], and illustrate how stoichiometry plays a vital
role in affecting the product formation, their structures and
topology.

Experimental Section

Chemicals and Reagents.All chemicals were used as purchased
without further purification, including CuCl2‚2H2O (99+%, Aldrich),
CuBr2 (99%, Cerac), and 4,4′-bypyridine (98%, Alfa Aesar).

Synthesis of∞
2 [Cu2Cl2(bpy)] (I). Orange crystals ofI were grown

from hydrothermal reactions of CuCl2‚2H2O (0.1705 g), bpy (0.1562
g), and H2O (8 mL) in the mole ratio of 1:1:444 in a 23 mL acid

digestion bomb at 170°C for 7 days. The product was washed with
water and acetone and dried in air.I was isolated as a single-phase
product.

Synthesis of∞
2 [Cu2Br2(bpy)] (II). Reactions of CuBr2 (0.2234 g),

bpy (0.1562 g) and H2O (3 mL) in the mole ratio of 1:1:167 in a 23
mL acid digestion bomb resulted in dark yellow crystals ofII . The
same experimental conditions as described forI were applied to these
reactions.

Synthesis of ∞
3 [CuBr (bpy)] (III). Crystal growth of III was

carried out under identical reaction conditions as for bothI and II ,
except that the amount of the bpy used was doubled (CuBr2 (0.2234
g), bpy (0.3124 g), and H2O (3 mL) in the mole ratio of 1:2:167). The
product contained dark red crystals ofIII in quantitative yield.

Crystallographic Studies. An orange crystal ofI (0.03 × 0.2 ×
0.32 mm), a dark yellow crystal ofII (0.05× 0.1 × 0.5 mm), and a
dark red crystal ofIII (0.2 × 0.2 × 0.5 mm) were selected for the
structure analysis. The intensity data ofI were collected on an Rigaku
R-AXIS IIc area at 296 K. Indexing was performed from a series of 1°
oscillation images with exposures of 8 min per frame. A hemisphere
of data was collected using 12° oscillation angles with exposures of 5
min per frame and a crystal-to-detector distance of 82 mm. Oscillation
images were processed using bioteX,10 producing a listing of unaveraged
F 2 andσ(F 2) values which were then passed to the teXsan11 program
package for further processing and structure solution on a Silicon
Graphics Indigo R4000 computer. A total of 4499 reflections were
measured over the ranges 6.4e 2θ e 50.68°, -4 e h e 4, -15 e k
e 15, -13 e l e 13, yielding 1000 unique reflections. The intensity
data were corrected for Lorentz and polarization effects and for
absorption using REQAB12 and the structure was solved by direct
methods (SIR9213). Non-hydrogen atoms were refined anisotropically
and hydrogen atoms were refined using a “riding” model. Data
collection of II and III were carried out on an Enraf-Nonius CAD4
automated diffractometer at 295 K. Twenty-five reflections were
centered in each case using graphite-monochromated Mo KR radiation.
All data were collected withω scan method within the limits 6e 2θ
e 50°. Raw data were corrected for Lorentz and polarization effects,
and an empirical absorption correction was applied in each case. The
structures were solved using the SHELX-97 program.14 Non-hydrogen
atoms were located by direct phase determination and subjected to
anisotropic refinement. The full-matrix least-squares calculations on
F 2 were applied on the final refinements. The unit cell parameters,
along with data collection and refinement details, are tabulated in Table
1. Final atomic coordinates and average temperature factors are listed
in Tables 2-4. Crystal drawings were generated by SCHAKAL 92.15

X-ray powder diffraction analyses were performed on a Rigaku D/M-
2200T automated diffraction system (Ultima+). All measurements were
made between a 2θ range of 5 and 80° at the operating power of 40
kV/40 mA.

Thermal Analysis. Thermogravimetric (TGA) analyses of the title
compounds were performed on a computer controlled TA Instrument
2050TGA analyzer. Single-phase powder samples ofI (20.973 mg),
II (35.322 mg), andIII (18.476 mg) were loaded into alumina pans
and heated with a ramp rate of 1°C/min from room temperature to
850 °C.
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Results and Discussion

Recent studies by us and by others have shown the tendency
of Cu(I) to form one-dimensional ribbonlike structural moiety
with helogens (X) Cl, Br) under hydrothermal conditions.5-6,8

The Cu2X2 ribbons are formed by connecting the two CuX
zigzag single chains via Cu-X bonds, as shown in Scheme 1.
The copper atoms in the resultant ribbon structure have a 3-fold
coordination with X atoms, leaving one site available for the
fourth bond with an additional ligand. The bidentate 4,4′-
bipyridine is one of the most reactive rodlike rigid ligands and
is therefore a good choice for the fourth coordination of Cu in
the Cu2X2 double-chain. The construction of a two-dimensional
layered network by connecting the ribbons through the bridging
bpy via copper-nitrogen bonds should therefore not be too
difficult to visualize (see Scheme 2).

The actual crystal structure ofI and II consists of the
aforementioned Cu2X2(bpy) (X ) Cl, Br) two-dimensional

network stacking along the crystallographicb axis. Two
views along thec anda axes are shown in Figure 1. All Cu(I)
atoms in the Cu2X2 double-chain are 3-fold coordinated to
X, and all X atoms also bridge to three copper metal centers
giving Cu-X distances varying from 2.304(1) to 2.494(1) Å
(I ) and from 2.452(1) to 2.546(1) Å (II ). These are comparable
with those reported for [CuCl(bpy)],16 [(CuCl)2(C10H7N3)],6

[(C10H8N2)2(CuBr)]Cu3Br4,8 and [(CuBr)3(C10H7N3)].6 Each
4,4′-bpy binds to two different copper atoms via its N sites
which completes the fourth coordination of Cu(I) with a stable
and preferred tetrahedral geometry. The Cu-N distances (I ,
1.991(4) Å;II , 2.007(4) Å) also compare well with those found
in [(C10H8N2)2(CuBr)]Cu3Br4 and in [(CuBr)3(C10H7N3)]. There
is also a weak Cu-Cu interaction in the double-chain character-
ized by a distance of 2.927(1) Å.

The synthesis described in the previous section shows that
the formation ofII andIII is largely controlled by the reaction
stoichiometry. While mixing of copper bromide with bpy in a
1:1 ratio yieldedII as the reaction product, increasing bpy by
a factor of 2 (1:2 ratio) producedIII in quantitative yield. The
chlorine analogue ofIII can also be obtained in quantitative
yield under the similar conditions. The structure ofIII is a three-
dimensional network consisting of four interlocking planar
lattices.16 Some structural relations may be drawn between these
planar lattices and the 2D structures ofI and II . This is
illustrated in Scheme 3. By replacing every other pair of Cu-X
bond in the Cu2X2 double-chains (ribbons) with two Cu-N
bonds made through the additional 4,4′-bpy (each dotted line
signifying a 4,4′-bpy added to the original structure), one would

(16) Yaghi, O. M.; Li, G.Angew. Chem., Int. Ed. Engl. 1995, 34, 207.

Table 1. Crystallographic Data forI , II , andIII

I II III

formula Cu2C10H8N2Cl2 Cu2C10H8N2Br2 CuC10H8N2Br
fw 345.16 443.08 299.63
space group P21/c (No. 14) P21/c (No. 14) I41/acd (No.)
a, Å 3.7961(1) 3.909(1) 14.406(2)
b, Å 12.7478(1) 12.752(3)
c, Å 11.5244(5) 11.905(2) 38.524(8)
â, deg 94.910(4) 94.05(3)
V, Å3 555.64(4) 592.0(2) 7995(2)
Z 2 2 32
Fcalcd, g cm-3 2.117 2.486 1.991
µ, mm-1 4.274 10.311 6.140
R [I > 4σ(I)] R1 0.0469 0.0297 0.0303
wR2 0.1155 0.0481 0.0520

a R1) ∑||Fo| - |Fc||/∑|Fo|. , bwR2) x∑[w(Fo
2-Fc

2)2]/∑w(Fo
2)2,

w ) 1/[σ2(Fo
2) + 55.02P], P ) (Fo

2 + 2Fc
2)/3 for I , w ) 1/[σ2(Fo

2) +
(0.0202P)2 + 0.91P], P ) (Fo

2 + 2Fc
2)/3 for II , w ) 1/[σ2(Fo

2) +
0.0498P2 + 1.3878P], P ) (Fo

2 + 2Fc
2)/3 for III .

Table 2. Positional Parameters andU(eq)a for I

atom x y z Ueq

Cu 0.2371(2) 0.07385(6) 0.94662(7) 0.0615(3)
Cl 0.6912(3) 0.00137(10) 0.85298(10) 0.0426(4)
N1 0.1502(11) 0.2265(3) 0.9675(4) 0.0413(10)
C2 0.2542(14) 0.2773(4) 1.0668(4) 0.0468(13)
H2 0.3688(14) 0.2394(4) 1.1277(4) 0.07(2)
C3 0.1991(14) 0.3829(4) 1.0826(4) 0.0447(12)
H3 0.2755(14) 0.4143(4) 1.1531(4) 0.05(2)
C4 0.0292(12) 0.4429(4) 0.9934(4) 0.0344(10)
C5 -0.0763(14) 0.3895(4) 0.8913(4) 0.0412(11)
H5 -0.1892(14) 0.4255(4) 0.8285(4) 0.05(2)
C6 -0.0149(14) 0.2840(4) 0.8828(4) 0.0463(12)
H6 -0.0931(14) 0.2504(4) 0.8137(4) 0.05(2)

a U(eq) is defined as one third of the trace of the orthogonalizedUij

tensor.

Table 3. Positional Parameters andU(eq)a for II

atom x y z U(eq)

Br(1) 0.19469(12) 0.50444(4) 0.34746(4) 0.03784(16)
Cu(1) 0.26651(19) 0.42729(5) 0.54390(5) 0.0523(2)
N(1) 0.3426(10) 0.2726(3) 0.5272(3) 0.0369(10)
C(1) 0.4678(12) 0.0574(3) 0.5057(4) 0.0299(10)
C(2) 0.5044(13) 0.2168(4) 0.6104(4) 0.0419(13)
C(3) 0.5691(12) 0.1117(4) 0.6027(4) 0.0368(13)
C(4) 0.3022(13) 0.1157(4) 0.4198(4) 0.0437(14)
C(5) 0.2494(13) 0.2205(4) 0.4341(4) 0.0434(13)

a U(eq) is defined as one-third of the trace of the orthogonalizedUij

tensor.

Table 4. Positional Parameters andU(eq)a for III

atom x y z U(eq)

Br(1) 0.60405(3) 0.34706(3) 0.031306(13) 0.04675(17)
Cu(2) 0.43207(4) 0.32059(4) 0.017750(14) 0.04506(19)
N(1) 0.4111(2) 0.3376(2) -0.03243(8) 0.0351(8)
N(2) 0.3738(2) 0.3939(3) 0.05607(9) 0.0375(9)
C(1) 0.4062(3) 0.3432(3) -0.10579(9) 0.0296(9)
C(2) 0.32175(16) 0.46939(17) 0.05022(6) 0.0394(12)
C(3) 0.28982(16) 0.49164(17) 0.11072(6) 0.0281(10)
C(4) 0.34574(16) 0.41434(17) 0.11668(6) 0.0357(11)
C(5) 0.2798(3) 0.5182(3) 0.07684(10 0.0355(11)
C(6) 0.3846(3) 0.3693(3) 0.08936(10) 0.0402(11)
C(7) 0.4550(3) 0.4029(3) -0.05114(13) 0.0421(12)
C(8) 0.3585(4) 0.2771(3) -0.08707(13) 0.0465(13)
C(9) 0.4544(3) 0.4083(3) -0.08637(12) 0.0398(12)
C(10) 0.3627(4) 0.2772(3) -0.05155(13) 0.0500(14)

a U(eq) is defined as one-third of the trace of the orthogonalizedUij

tensor.

Scheme 1

Scheme 2
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arrive at a two-dimensional network as shown in Scheme 4.
The stoichiometry of this motif is now Cu2X2(bpy)2, or simply
CuX(bpy), and its actual crystal structure is shown in Figure 2.
Four of these nets interlock to give rise to a three-dimensional
network structure, as depicted in Figure 3a. No bonds are
involved among the interlocking two-dimensional nets. The four
crystallographically identical yet topologically independent
planar networks can be grouped into two sets, one with two
vertical and parallel nets and the other with two horizontal and

parallel nets. They are concatenated through mutual interpen-
etration at 90° to give a three-dimensional framework structure
(see Figure 3b).

Each interpenetrating planar net is composed of large
octagonal rings, each formed by sharing four 4,4′-bipyridines

Figure 1. Two perspective views of the two-dimensional structure of

∞
2 [(CuX)2bpy] (I andII ) (X ) Cl, Br) along thec (top) anda (bottom)
axes. The cross-shaded circles are Cu atoms, the solid circles are N
atoms, the shaded circles are X atoms, and the open circles are C atoms,
respectively. The H atoms are omitted for clarity.

Scheme 3
Figure 2. Structure of the interlocking planar net in∞

3 [CuBr(bpy)]
(III ). The octagonal ring is shown in the center. The cross-shaded circles
are Cu atoms, the singly shaded circles are Br atoms (large) and N
atoms (small), and the open circles are C atoms.

Scheme 4
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and four [(Cu2Br2)(4,4′-bpy)]2 rectangular units with eight
adjacent octagonal rings. The approximate dimensions of these
octagonal rings are 28 Å× 18 Å (Figure 2). The two pyridine
rings in the two independent bpy are twisted by 18.1° and 19.9°,
respectively. As shown in Figure 3a, each octagonal unit is
interlocked with a pair of perpendicular and rectangle-linked
octagonal rings and two pairs of bpy edge-sharing octagonal
rings above and below the former. The interpenetration seems
necessary to stabilize the structure with empty space inside the
large cages. Copper atoms are in distorted tetrahedral sites with
its bond angles ranging from 100.2(1) to 126.4(1)°. They
compare well with those found in its chloride analogue (99.6-
(4)-125.6(6)°).16 The Cu-Cu distance is 2.823(1) Å, slightly
longer than that found in CuCl(bpy). The Cu-N distances vary
from 1.972(3) to 2.000(3) Å, comparable with those found in
II (2.007(4) Å) and [(CuBr)3(C10H7N3)] (2.004(2) Å).6 Each
bromine atom forms a bridge between two tetrahedral Cu atoms.
The Cu-Br distances range from 2.525(1) to 2.561(1) Å, also
comparable to those inII and in [(CuBr)3(C10H7N3)].

Thermal analyses were performed on a TA 2050TGA
instrument. The results measured from room temperature to 850
°C indicated that bothI and II are thermally stable up to 250
°C whereasIII starts to decompose around 220°C. The residues
of I were identified to be copper metal by X-ray powder
diffraction taken immediately after the TGA experiment.
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Figure 3. (a) Four independent interlocking planar nets inIII . The copper atoms are represented by open and solid circles, and bpy ligands by
open and solid lines. The Br atoms are omitted for clarity. Note that the third horizontal net is generated by the first by ana + b translation. (b)
Two perpendicular interlocking nets shown concatenated at 90°. The space-filling model represents the horizontal net and the ball-and-stick model
for the vertical net. Other two are omitted for clarity.
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