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Two- and Three-Dimensional Mixed-Valence Cu(I)+Cu(II)
Coordination Polymers: Syntheses and Characterization of

a-, b-[Cu2X(C5H3N2O2)2(H2O)] (X 5 Cl, Br)

Li-Min Zheng,1 Xiqu Wang, and Allan J. Jacobson2

Department of Chemistry, University of Houston, Houston, Texas 77204-5641
Novel mixed valence compounds with the formula a-
[Cu2X(C5H3N2O2)2(H2O)]n [X 5 Cl(1), Br(3), C5H3N2O2 5 2-
pyrazinecarboxylate] and their isomers b-[Cu2X(C5H3N2O2)2
(H2O)]n [X 5 Cl(2), Br(4)] have been synthesized and struc-
turally characterized. Crystal data: 1, orthorhombic, Pbca, a 5
12.8040(7), b 5 7.7323(4), c 5 26.104(1) A_ , V 5 2584.4(2) A_ 3,
Z 5 8, R1 5 0.0559; 2, triclinic, P11 , a 5 6.1908(7), b 5
7.7246(8), c 5 13.968(2) A_ , a 5 78.853(2), b 5 81.455(2),
c5 78.036(2)3, V 5 637.0(1) A_ 3, Z 5 2, R1 5 0.0592; 3, ortho-
rhombic, Pbca, a 5 12.7082(6), b 5 7.7676(4), c 5 26.1548(12) A_ ,
V 5 2581.8(2) A_ 3, Z 5 8, R1 5 0.0257; 4, triclinic, P11 ,
a 5 6.2462(5), b 5 7.7568(6), c 5 14.1121(10) A_ , a 5 78.082(1),
b 5 81.702(1), c 5 79.096(1)3, V 5 652.97(9) A_ 3, Z 5 2, R1 5
0.0290. The a-isomers 1 and 3 have two-dimensional layer struc-
tures which are composed of mixed valence chains of
[CuICuII(C5H3N2O2)2(H2O)] and chains of corner-sharing
MCuIN2X2N tetrahedra. The b-isomers 2 and 4, however, have
three-dimensional structures with the [CuICuII(C5H3N2O2)2]
chains interconnected by an alternative arrangement of
MCuIIN2O4N octahedra, MCuIN2OXN tetrahedra and
MCuIIN2O2X2N octahedra. The spectroscopic and magnetic prop-
erties have been investigated. ( 2000 Academic Press

Key Words: pyrazine carboxylate; copper; mixed valence; co-
ordination polymer.

INTRODUCTION

Studies on the mixed-valence Cu(I)/Cu(II) complexes are
of intense interest both in biochemistry and in inorganic
chemistry (1}3). Such complexes may serve as possible mod-
els for copper proteins or provide valuable information on
electron-transfer mechanisms. Examples of Cu(I)/Cu(II)
complexes can be summarized into three classes, based on
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the coordination geometry of the Cu(I) and Cu(II) ions (4).
When the Cu(I) and Cu(II) ions have the same or nearly
identical coordination geometries (Class II or III), signi"-
cant d}d interactions between Cu(I) and Cu(II) are expected.
The d}d interaction, however, has also been observed in
a few compounds where the Cu(I) and Cu(II) have the
distinctly di!erent geometries typical for each oxidation
state (Class I) (5).

Pyrazine has been frequently studied in the course of
electron-transfer research (6). Mixed valence copper com-
pounds containing the pyrazine bridging ligand are surpris-
ingly rare (we have found no structure data on such
compounds in the Cambridge Structure Database). The
2-pyrazinecarboxylic acid (abbreviated as 2-pzcH), like
pyrazine, is also capable of linking metal ions into polymeric
compounds. The additional carboxylate group, together
with its neighboring N atom from the pyrazine group, is
expected to favor a stable "ve-member ring with Cu(II) ions
and, hence, generate di!erent coordination environments
for the two metal ions connected through the bridge. Such
a coordination variability allows for the design and syn-
thesis of novel mixed valence copper(I/II) compounds. In
this paper, we describe the hydrothermal syntheses and
characterizations of four new mixed-valence copper com-
pounds including a-, b-[Cu

2
X(C
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N
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O

2
)
2
(H

2
O)]

n
(X"Cl, Br) with two- and three-dimensional structures. It
is worth noting that, as far as we are aware, only one copper
polymer [KCu

2
(2-pzc) (N

3
)
4
]
n
which contains 2-pzc bridg-

ing ligand has been structurally characterized (7).

EXPERIMENTAL

Materials and Methods

All the starting materials were reagent grade and used as
purchased. The infrared spectra were recorded on a Galaxy
FTIR 5000 series spectrometer with pressed KBr pellets.
Thermal analyses were performed in air with a heating rate
of 53C/min on a TGA V5.1A Dupont 2100 instrument. The
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UV}vis di!use re#ectance spectra were measured on a Cary
500 UV}vis spectrophotometer. Magnetic susceptibility
data were obtained on polycrystalline samples from 2 to
300 K in a magnetic "eld of 5 kG using a SQUID mag-
netometer.

Syntheses of a-[Cu
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The compounds were initially prepared by heating a mix-
ture of CuCl

2
) 2H

2
O (0.0857 g, 0.5 mmol), 2-pyrazinecar-

boxylic acid (0.0636 g, 0.5 mmol), and H
2
O (8 mL) in

a Te#on-lined autoclave (23 mL) at 1603C for 23 h. After
slow cooling, black prismatic crystals of 1 appeared as
a minor phase, together with a few dark red plate-like
crystals of 2 and a large amount of unidenti"ed orange thin
plates and red needle-like crystals. The red needles were
identi"ed as the known compound [CuCl(pz)]

n
(8, 9).

A single phase of 1 can be obtained by hydrothermal treat-
ment of a mixture of CuCl

2
) 2H

2
O (0.0854 g, 0.5 mmol),

2-pyrazinecarboxylic acid (0.0621 g, 0.5 mmol), and H
2
O

(8 mL) at 1403C for 45 h, as judged by the powder X-ray
di!raction pattern (yield ca. 62%). IR (KBr) for 1: 3341m
(br), 3065w, 1678s, 1597m, 1522w, 1468m, 1414m, 1329s,
1283m, 1177m, 1157m, 1062m, 1051m, 870m, 793m, 743m,
721w, 488m, 476mcm~1.

The preparation of 2 was also optimized. A major phase
of 2 was obtained by reacting CuCl

2
) 2H

2
O (0.3418 g,

2.0 mmol), 2-pyrazinecarboxylic acid (0.2489 g, 2.0 mmol),
and H

2
O (8 mL) at 1403C for 29 h, together with the uniden-

ti"ed brown crystalline impurities. The dark red crystals of
2 were manually collected with the purity con"rmed by the
powder X-ray di!raction pattern (yield ca. 68%). IR (KBr)
for 2: 3316m, 3059w, 1661s, 1645s, 1595m, 1526w, 1478w,
1462w, 1416m, 1366s, 1358s, 1283w, 1177m, 1163m, 1154m,
1059m, 1049m, 870m, 841w, 793m, 743m, 677w, 598w, 557w,
474mcm~1.

Syntheses of a-[Cu
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Compound 3 was "rst obtained as a major phase
by hydrothermal reaction of CuSO

4
) 5H

2
O (0.2493 g,

1.0 mmol), KBr (0.0608 g, 0.5 mmol), 2-pyrazinecarboxylic
acid (0.1241 g, 1.0 mmol), and H

2
O (8 mL) at 1603C for 20 h,

together with small amount of yellow crystals and a few
dark red plate-like crystals of 4. The measured cell constants
of the yellow crystals (10) revealed that its structure is
closely related to the known compound [Cu

2
Cl

2
(pz)]

n
(11).

A single phase of 3 was, afterward, obtained through the
reaction of CuSO

4
) 5H

2
O (0.2506 g, 1.0 mmol), KBr

(0.1245 g, 1.0 mmol), 2-pyrazinecarboxylic acid (0.1207 g,
1.0 mmol), and H

2
O (8 mL) at 1403C for 29 h (yield ca.

68%). IR (KBr) for 3: 3360m (br), 3069w, 1676s, 1597m,
1520w, 1468m, 1416m, 1335s, 1283m, 1169m, 1159m,
1063m, 1053m, 868m, 795m, 743m, 721w, 490m,
473mcm~1.

The hydrothermal reaction of a mixture of CuSO
4
) 5H

2
O

(0.4999 g, 2.0 mmol), KBr (0.3586 g, 3.0 mmol), 2-pyra-
zinecarboxylic acid (0.2496 g, 2.0 mmol), and H

2
O (8 mL) at

1403C for 16 h resulted in the formation of 4 as a major
phase together with the compound 3. IR (KBr) for 4: 3291m,
3057m, 1657s, 1645s, 1595m, 1526w, 1478w, 1464w, 1425m,
1416m, 1366s, 1358s, 1283w, 1177m, 1157m, 1061m, 1049m,
868m, 842w, 793m, 743m, 719w, 677w, 611w, 557w,
475mcm~1.

X-Ray Crystallographic Analysis

Single crystal X-ray data were measured on a SMART
platform di!ractometer equipped with a 1K CCD area
detector using graphite-monochromatized MoKa radiation
at 223 K for 1}4. For each phase a hemisphere of data (1271
frames at 5 cm detector distance) was collected using a nar-
row-frame method with scan widths of 0.303 in u and an
exposure time of 30 s/frame. The "rst 50 frames were re-
measured at the end of data collection to monitor instru-
ment and crystal stability, and the maximum correction
applied on the intensities was (1%. The data were integ-
rated using the Siemens SAINT program (12), with the
intensities corrected for Lorentz factor, polarization, air
absorption, and absorption due to variation in the path
length through the detector faceplate. Absorption correc-
tions were made using the program SADABS (13). The
structures were solved by direct methods and re"ned using
SHELXTL (14). All nonhydrogen positions were derived by
direct methods and re"ned anisotropically in the "nal re-
"nements. The hydrogen atoms were located from di!erence
maps and re"ned isotropically with isotropic thermal para-
meters or distance constraints. Crystallographic and re"ne-
ment details are summarized in Table 1. Atomic coordinates
for 1}4 are listed in Tables 2}5, and selected bond lengths
and angles in Tables 6}9.

RESULTS AND DISCUSSION

Syntheses and Preliminary Characterization

Under suitable hydrothermal reaction conditions, four
new compounds 1}4 have been successfully synthesized
containing mixed valence copper(I/II) ions. We have found
that in similar reactions higher temperatures (1603C or
above) and/or longer reaction times promote the formation
of cuprous compounds [CuX(pz)]

n
and/or [Cu

2
X

2
(pz)]

n
(pz"pyrazine), with the decarboxylation of 2-pyrazinecar-
boxylate. The production of Cu(I) in these compounds from
CuX

2
is presumably caused by the decarboxylation reac-

tion of 2-pyrazinecarboxylic acid in the presence of halide
anions. The rate di!erences of such decarboxylation at



TABLE 1
Crystal Data for 1+4

Compound 1 2 3 4
Empirical formula C
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Formula weight 426.73 426.73 471.19 471.19
Temperature (K) 223 223 223 223
Crystal system Orthorhombic Triclinic Orthorhombic Triclinic
Space group Pbca P11 Pbca P11
a (A_ ) 12.8040(7) 6.1908(7) 12.7082(6) 6.2462(5)
b (A_ ) 7.7323(4) 7.7246(8) 7.7676(4) 7.7568(6)
c (A_ ) 26.1040(10) 13.968(2) 26.1548(12) 14.1121(10)
a (3) 78.853(2) 78.082(1)
b (3) 81.455(2) 81.702(1)
c (3) 78.036(2) 79.096(1)
Volume (A_ 3), Z 2584.4(2), 8 637.0(1), 2 2581.8(2), 8 652.97(9), 2
Crystal size (mm) 0.35]0.08]0.07 0.08]0.05]0.03 0.28]0.12]0.10 0.25]0.12]0.06
D

#
(g cm~3) 2.193 2.225 2.424 2.397

k (cm~1) 35.29 35.79 64.21 63.47
Independent re#ections 3082 [R

*/5
"0.0499] 2657 [R

*/5
"0.0344] 3117 [R

*/5
"0.0264] 2843 [R

*/5
"0.0195]

Number of parameters 223 228 232 235
Goodness-of-"t on F2 1.175 1.072 1.111 1.056
R1, wR2 [I'2p(I)]a (all data) 0.0559, 0.1314 0.0592, 0.1118 0.0257, 0.0544 0.0290, 0.0748

0.0758, 0.1466 0.0968, 0.1277 0.0353, 0.0574 0.0331, 0.0860
Extinction coe$cient 0.00051(5) 0.016(2)
*o

.!9
, *o

.*/
(e A_ ~3) 1.592, !0.628 0.744, !0.808 0.772, !0.430 0.719, !0.766

aR
1
"+DDF

0
D!DF

#
DD/+DF

0
D. wR

2
"[+w(F2

0
!F2

#
)2/+w(F2

0
)2]1@2.
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di!erent temperatures might have directed the formation of
the a- and b-phases.

The IR spectra of 1}4 exhibit several bands around
3300 cm~1, corresponding to the O}H stretching of coor-
TABLE 2
Atomic Coordinates and Equivalent Isotropic Displacement

Parameters (A_ 3) for 1

Atom x y z ;(eq)a

Cu(1) 0.6102(1) 0.2593(1) 0.6825(1) 0.014(1)
Cu(2) 0.6687(1) 0.0875(1) 0.4347(1) 0.022(1)
Cl(1) 0.8238(1) 0.2562(2) 0.4360(1) 0.025(1)
O(1) 0.5931(3) 0.4857(4) 0.6513(1) 0.019(1)
O(2) 0.5742(5) 0.6173(5) 0.5754(2) 0.045(1)
O(3) 0.6050(3) 0.0295(4) 0.7136(1) 0.018(1)
O(4) 0.6159(3) !0.1075(5) 0.7888(2) 0.028(1)
O(1W) 0.7822(3) 0.2579(5) 0.6767(2) 0.026(1)
N(1) 0.5942(3) 0.1776(5) 0.6101(2) 0.016(1)
N(2) 0.6157(3) 0.1269(5) 0.5053(2) 0.018(1)
N(3) 0.6167(3) 0.3364(5) 0.7556(2) 0.014(1)
N(4) 0.6324(3) 0.3832(5) 0.8613(2) 0.016(1)
C(1) 0.5993(4) 0.0190(6) 0.5906(2) 0.019(1)
C(2) 0.6102(4) !0.0067(6) 0.5386(2) 0.020(1)
C(3) 0.6060(4) 0.2869(6) 0.5253(2) 0.020(1)
C(4) 0.5947(4) 0.3117(6) 0.5769(2) 0.017(1)
C(5) 0.5865(4) 0.4876(6) 0.6020(2) 0.022(1)
C(6) 0.6245(4) 0.4942(6) 0.7760(2) 0.017(1)
C(7) 0.6312(4) 0.5177(7) 0.8286(2) 0.018(1)
C(8) 0.6256(4) 0.2236(6) 0.8410(2) 0.017(1)
C(9) 0.6178(4) 0.2000(6) 0.7885(2) 0.015(1)
C(10) 0.6120(4) 0.0245(6) 0.7632(2) 0.016(1)

a;(eq) is de"ned as one-third of the trace of the orthogonalized ;
ij

tensor.
dinated water molecules. The peaks that appeared at
1650}1680 cm~1 [l(C"O)] and 1330}1360 cm~1 [l(C}O)]
indicate a monodentate coordination of the carboxylic
group to the metal atoms. The vibration bands at ca. 1051,
TABLE 3
Atomic Coordinates and Equivalent Isotropic Displacement

Parameters (A_ 2) for 2

Atom x y z ;(eq)a

Cu(1) 0.0000 0.0000 1.0000 0.016(1)
Cu(2) 0.1802(1) 0.7812(1) 0.7248(1) 0.021(1)
Cu(3) !0.5000 1.5000 0.5000 0.019(1)
Cl 0.5197(3) 0.7463(2) 0.6277(1) 0.021(1)
O(1) 0.2451(7) 0.0590(5) 1.0544(3) 0.017(1)
O(2) 0.4245(8) 0.2876(6) 1.0452(3) 0.024(1)
O(3) !0.6905(7) 1.3963(6) 0.6086(3) 0.017(1)
O(4) !0.6724(8) 1.2082(6) 0.7505(3) 0.029(1)
O(1W) 0.2423(8) 0.8987(6) 0.8575(3) 0.020(1)
N(1) !0.0201(8) 0.2530(7) 0.9239(4) 0.015(1)
N(2) 0.0743(9) 0.5714(7) 0.8120(4) 0.018(1)
N(3) !0.2614(8) 1.3088(6) 0.5568(4) 0.014(1)
N(4) !0.0043(8) 1.0077(7) 0.6560(4) 0.015(1)
C(1) !0.1457(11) 0.3421(9) 0.8546(5) 0.017(1)
C(2) !0.0957(11) 0.4997(8) 0.7977(5) 0.019(1)
C(3) 0.1928(10) 0.4821(8) 0.8867(5) 0.014(1)
C(4) 0.1487(9) 0.3225(7) 0.9406(4) 0.011(1)
C(5) 0.2849(10) 0.2153(8) 1.0199(4) 0.014(1)
C(6) !0.0498(11) 1.2565(8) 0.5243(5) 0.016(1)
C(7) 0.0789(11) 1.1033(8) 0.5739(5) 0.018(1)
C(8) !0.2167(10) 1.0635(8) 0.6889(5) 0.015(1)
C(9) !0.3458(10) 1.2136(8) 0.6399(4) 0.014(1)
C(10) !0.5874(11) 1.2756(8) 0.6705(5) 0.016(1)

a;(eq) is de"ned as one-third of the trace of the orthogonalized ;
ij

tensor.



TABLE 4
Atomic Coordinates and Equivalent Isotropic Displacement

Parameters (A_ 2) for 3

Atom x y z ;(eq)a

Cu(1) 0.6008(1) 0.2461(1) 0.1224(1) 0.016(1)
Cu(2) 0.6710(1) 0.0693(1) 0.3727(1) 0.021(1)
Br 0.8524(1) 0.2161(1) 0.3730(1) 0.020(1)
N(1) 0.6052(2) 0.1633(3) 0.1952(1) 0.014(1)
N(2) 0.6352(2) 0.1085(3) 0.2996(1) 0.015(1)
N(3) 0.6087(2) 0.3304(3) 0.0500(1) 0.014(1)
N(4) 0.6342(2) 0.3872(3) !0.0542(1) 0.016(1)
O(1) 0.5993(2) 0.4719(2) 0.1549(1) 0.019(1)
O(2) 0.6260(2) 0.6001(2) 0.2302(1) 0.026(1)
O(3) 0.5974(2) 0.0215(2) 0.0895(1) 0.019(1)
O(4) 0.6142(2) !0.1057(2) 0.0133(1) 0.027(1)
O(1W) 0.7819(2) 0.2493(3) 0.1231(1) 0.028(1)
C(1) 0.6075(2) 0.0045(3) 0.2145(1) 0.017(1)
C(2) 0.6230(2) !0.0219(3) 0.2665(1) 0.016(1)
C(3) 0.6321(2) 0.2690(3) 0.2797(1) 0.016(1)
C(4) 0.6173(2) 0.2959(3) 0.2277(1) 0.015(1)
C(5) 0.6143(2) 0.4726(3) 0.2035(1) 0.016(1)
C(6) 0.6184(2) 0.4901(3) 0.0315(1) 0.015(1)
C(7) 0.6309(2) 0.5176(3) !0.0206(1) 0.016(1)
C(8) 0.6255(2) 0.2271(3) !0.0351(1) 0.017(1)
C(9) 0.6134(2) 0.1989(3) 0.0168(1) 0.014(1)
C(10) 0.6074(2) 0.0215(3) 0.0404(1) 0.016(1)

a;(eq) is de"ned as one-third of the trace of the orthogonalized ;
ij

tensor.

TABLE 5
Atomic Coordinates and Equivalent Isotropic Displacement

Parameters (As 2) for 4

Atom x y z ;(eq)a

Cu(1) 0.0000 0.0000 1.0000 0.014(1)
Cu(2) 0.1652(1) 0.7972(1) 0.7331(1) 0.019(1)
Cu(3) !0.5000 1.5000 0.5000 0.018(1)
Br 0.5199(1) 0.7579(1) 0.6306(1) 0.019(1)
O(1) 0.2443(4) 0.0581(3) 1.0545(2) 0.017(1)
O(2) 0.4310(4) 0.2833(3) 1.0445(2) 0.023(1)
O(3) !0.6899(4) 1.3973(3) 0.6096(2) 0.018(1)
O(4) !0.6714(4) 1.2202(3) 0.7553(2) 0.027(1)
O(1W) 0.2406(4) 0.9095(3) 0.8604(2) 0.017(1)
N(1) !0.0167(4) 0.2522(3) 0.9271(2) 0.012(1)
N(2) 0.0732(4) 0.5777(3) 0.8179(2) 0.015(1)
N(3) !0.2671(4) 1.3117(3) 0.5589(2) 0.014(1)
N(4) !0.0145(4) 1.0176(3) 0.6619(2) 0.015(1)
C(1) !0.1434(5) 0.3443(4) 0.8592(2) 0.015(1)
C(2) !0.0971(5) 0.5062(4) 0.8043(2) 0.017(1)
C(3) 0.1960(5) 0.4865(4) 0.8892(2) 0.015(1)
C(4) 0.1518(5) 0.3237(4) 0.9427(2) 0.013(1)
C(5) 0.2905(5) 0.2133(4) 1.0205(2) 0.015(1)
C(6) !0.0595(5) 1.2586(4) 0.5259(2) 0.016(1)
C(7) 0.0665(6) 1.1096(4) 0.5772(2) 0.017(1)
C(8) !0.2238(6) 1.0748(4) 0.6958(2) 0.016(1)
C(9) !0.3500(5) 1.2207(4) 0.6440(2) 0.014(1)
C(10) !0.5893(6) 1.2828(4) 0.6740(2) 0.016(1)

a;(eq) is de"ned as one-third of the trace of the orthogonalized ;
ij

tensor.

TABLE 6
Selected Bond Lengths (A_ ) and Angles (3) for 1

Cu(1)}O(1) 1.943(3) Cu(1)}O(3) 1.956(3)
Cu(1)}N(3) 2.002(4) Cu(1)}N(1) 2.001(4)
Cu(1)}O(1W) 2.207(4) Cu(2)}N(4)a 1.984(4)
Cu(2)}N(2) 1.988(4) Cu(2)}Cl(1) 2.376(1)
Cu(2)}Cl(1)b 2.564(2)

O(1)}Cu(1)}O(3) 171.5(2) O(1)}Cu(1)}N(1) 83.0(2)
O(1)}Cu(1)}N(3) 97.8(2) O(3)}Cu(1)}N(3) 82.8(2)
O(3)}Cu(1)}N(1) 95.8(2) N(3)}Cu(1)}N(1) 176.3(2)
O(1)}Cu(1)}O(1W) 95.1(2) O(3)}Cu(1)}O(1W) 93.3(2)
N(3)}Cu(1)}O(1W) 91.5(2) N(1)}Cu(1)}O(1W) 92.1(2)
N(4)a}Cu(2)}N(2) 142.9(2) N(4)a}Cu(2)}Cl(1) 98.5(1)
N(2)}Cu(2)}Cl(1) 100.8(1) N(4)a}Cu(2)}Cl(1)b 97.8(1)
N(2)}Cu(2)}Cl(1)b 98.8(1) Cl(1)}Cu(2)}Cl(1)b 121.1(1)
Cu(2)}Cl(1)}Cu(2)c 125.4(1) C(10)}O(3)}Cu(1) 116.0(3)
C(5)}O(1)}Cu(1) 115.8(3) C(1)}N(1)}Cu(1) 130.4(3)
C(4)}N(1)}Cu(1) 111.3(3) C(2)}N(2)}Cu(2) 119.8(3)
C(3)}N(2)}Cu(2) 122.0(3) C(7)}N(4)}Cu(2)d 121.8(3)
C(8)}N(4)}Cu(2)d 120.0(3) C(6)}N(3)}Cu(1) 131.0(3)
C(9)}N(3)}Cu(1) 111.8(3)

Note. Symmetry transformations used to generate equivalent atoms:
ax, !y#1/2, z!1/2; b!x#3/2, y!1/2, z; c!x#3/2, y#1/2, z;
dx, !y#1/2, z#1/2
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868, 795, and 743 cm~1 are due to the coordinated pyrazine
moiety (7, 15).

Thermal analyses of the four compounds were performed
in the temperature range 30}6003C. It is observed that
compounds 1 and 3 start to decompose at ca. 503C, a much
lower temperature than that observed for 2 and 4 (ca.
1803C). Between 50 and 2203C, the weight losses for 1 and
3 are 4.8 and 3.4%, respectively, corresponding to the re-
lease of one water molecule per formula unit (Calc. 4.2% for
1, 3.8% for 3). The weight losses for 2 and 4 in the range
180}2423C are 4.1 and 3.9%, respectively, also agree well
with the removal of one water molecule. Above 2503C, the
behaviors of all four compounds are similar and are due to
the decomposition of the organic ligand and the collapse of
the crystal lattice. The di!erence in the "rst-step decomposi-
tion temperatures of the a-phase (1 and 3) and the b-phase (2
and 4) suggests di!erent coordination modes of water mol-
ecules in the two phases. Such di!erent coordination modes
are con"rmed by the single crystal structure determinations.

Crystal Structures of 1 and 3

Compounds 1 and 3 both exhibit a two-dimensional
structure built up from mixed valence chains of CuICuII(2-
pzc)

2
(H

2
O) linked by halide anions. Figure 1 shows a frag-

ment of the layer in compound 1 with the atomic labeling
scheme. Two kinds of copper ions are crystallographically
distinguishable. The Cu(1) atom is divalent and has a square
pyramidal coordination geometry, whereas the Cu(2) atom



TABLE 7
Selected Bond Lengths (A_ ) and Angles (3) for 2

Cu(1)}O(1) 1.963(4) 2] Cu(1)}N(1) 2.025(5)2]
Cu(2)}N(2) 1.995(5) Cu(2)}N(4) 2.034(5)
Cu(2)}Cl 2.322(2) Cu(2)}O(1W) 2.326(5)
Cu(3)}O(3) 1.930(4) 2] Cu(3)}N(3) 1.996(5) 2]
Cu(1)}O(1w)a 2.460(5) 2] Cu(3)}Clb 2.879(2) 2]

O(1)}Cu(1)}O(1)c 180.0 N(1)}Cu(1)}N(1)c 180.0
O(1)}Cu(1)}N(1) 83.7(2) 2] O(1)c}Cu(1)}N(1) 96.3(2) 2]
N(2)}Cu(2)}N(4) 128.2(2) N(2)}Cu(2)}Cl 121.0(2)
N(4)}Cu(2)}Cl 105.0(2) N(2)}Cu(2)}O(1W) 92.5(2)
N(4)}Cu(2)}O(1W) 97.5(2) Cl}Cu(2)}O(1W) 105.16(13)
O(3)}Cu(3)}O(3)d 180.0 N(3)}Cu(3)}N(3)d 180.0
O(3)}Cu(3)}N(3) 84.1(2) 2] O(3)}Cu(3)}N(3)d 95.9(2) 2]
C(5)}O(1)}Cu(1) 114.0(4) C(10)}O(3)}Cu(3) 114.3(4)
C(1)}N(1)}Cu(1) 131.2(4) C(4)}N(1)}Cu(1) 109.2(4)
C(2)}N(2)}Cu(2) 125.0(5) C(3)}N(2)}Cu(2) 118.6(4)
C(6)}N(3)}Cu(3) 132.0(4) C(9)}N(3)}Cu(3) 110.0(4)
C(7)}N(4)}Cu(2) 121.4(4) C(8)}N(4)}Cu(2) 121.5(4)

Note. Symmetry transformations used to generate equivalent atoms:
ax, y!1, z; bx!1, y#1, z; c!x, !y, !z#2; d!x!1, !y#3,
!z#1.

TABLE 9
Selected Bond Lengths (A_ ) and Angles (3) for 4

Cu(1)}O(1) 1.966(2) 2] Cu(1)}N(1) 2.005(2) 2]
Cu(1)}O(1W)a 2.439(2) 2] Cu(2)}N(2) 1.998(3)
Cu(2)}N(4) 2.020(3) Cu(2)}O(1W) 2.293(2)
Cu(2)}Br 2.4690(5) Cu(3)}O(3) 1.937(2) 2]
Cu(3)}N(3) 1.996(3) 2] Cu(3)}Brb 3.016(1) 2]
O(1)c}Cu(1)}O(1) 180.0 N(1)}Cu(1)}N(1)c 180.0
O(1)c}Cu(1)}N(1) 96.75(10) 2] O(1)}Cu(1)}N(1) 83.25(10)
O(1)c}Cu(1)}O(1W)a 87.91(9) 2x O(1)}Cu(1)}O(1W)a 92.09(9) 2]
N(1)}Cu(1)}O(1W)a 87.35(9) 2] N(1)}Cu(1)}O(1W)d 92.65(9) 2]
O(1W)a}Cu(1)}O(1W)d 180.0 N(2)}Cu(2)}N(4) 130.60(11)
N(2)}Cu(2)}O(1W) 94.15(10) N(4)}Cu(2)}O(1W) 99.75(10)
N(2)}Cu(2)}Br 116.88(8) N(4)}Cu(2)}Br 105.21(8)
O(1W)}Cu(2)}Br 104.12(6) O(3)e}Cu(3)}O(3) 180.0
O(3)e}Cu(3)}N(3) 96.10(10) 2] O(3)}Cu(3)}N(3) 83.90(10) 2]
N(3)}Cu(3)}N(3)e 180.0 Cu(2)}O(1W)}Cu(1)f 130.31(11)
C(5)}O(1)}Cu(1) 115.0(2) C(10)}O(3)}Cu(3) 114.4(2)
C(1)}N(1)}Cu(1) 131.0(2) C(4)}N(1)}Cu(1) 110.4(2)
C(2)}N(2)}Cu(2) 123.8(2) C(3)}N(2)}Cu(2) 119.2(2)
C(6)}N(3)}Cu(3) 131.4(2) C(9)}N(3)}Cu(3) 110.2(2)
C(7)}N(4)}Cu(2) 121.4(2) C(8)}N(4)}Cu(2) 121.3(2)

Note. Symmetry transformations used to generate equivalent atoms:
ax, y!1, z; bx!1, y#1, z; c!x, !y, !z#2; d!x, !y#1, !z#2;
e!x!1, !y#3, !z#1; fx, y#1, z
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is monovalent with a tetrahedral coordination environment.
The basal plane of the MCu(1)N

2
O

3
N square pyramid is

de"ned by N(1), N(3), O(1), and O(3) atoms from two 2-pzc
ligands, with the largest deviation of 0.0409 A_ at the N(1)
atom. The Cu(1) atom deviates from this plane by 0.1022 A_ .
The apical position is "lled by O(1w) of the water molecule.
The Cu(1)}O [1.943(3), 1.956(3) A_ ] and Cu(1)}N [2.001(4),
2.002(4) A_ ] distances are in agreement with those in
TABLE 8
Selected Bond Lengths (A_ ) and Angles (3) for 3

Cu(1)}O(3) 1.945(2) Cu(1)}O(1) 1.949(2)
Cu(1)}N(3) 2.008(2) Cu(1)}N(1) 2.009(2)
Cu(1)}O(1W) 2.301(2) Cu(2)}N(2) 1.988(2)
Cu(2)}N(4)a 1.997(2) Cu(2)}Br 2.5716(4)
Cu(2)}Brb 2.7592(4)
O(3)}Cu(1)}O(1) 178.12(8) O(3)}Cu(1)}N(3) 82.90(7)
O(1)}Cu(1)}N(3) 96.76(7) O(3)}Cu(1)}N(1) 97.61(7)
O(1)}Cu(1)}N(1) 82.87(7) N(3)}Cu(1)}N(1) 175.50(8)
O(3)}Cu(1)}O(1W) 92.03(8) O(1)}Cu(1)}O(1W) 89.80(8)
N(3)}Cu(1)}O(1W) 87.31(8) N(1)}Cu(1)}O(1W) 88.20(8)
N(2)}Cu(2)}N(4)a 147.20(9) N(2)}Cu(2)}Br 98.10(6)
N(4)a}Cu(2)}Br 97.56(6) N(2)}Cu(2)}Brb 97.53(6)
N(4)a}Cu(2)}Brb 98.03(6) Br}Cu(2)}Brb 122.519(14)
Cu(2)}Br}Cu(2)c 110.142(12) C(1)}N(1)}Cu(1) 130.9(2)
C(4)}N(1)}Cu(1) 110.9(2) C(2)}N(2)}Cu(2) 122.1(2)
C(3)}N(2)}Cu(2) 121.2(2) C(6)}N(3)}Cu(1) 130.5(2)
C(9)}N(3)}Cu(1) 111.3(2) C(5)}O(1)}Cu(1) 115.7(2)
C(10)}O(3)}Cu(1) 116.0(2)

Note. Symmetry transformations used to generate equivalent atoms:
ax, !y#1/2, z#1/2; b!x#3/2, y!1/2, z; c!x#3/2, y#1/2, z;
dx, !y#1/2, z!1/2
[KCu
2
(2-pzc)(N

3
)
4
]
n

[Cu}O 1.954(5), Cu}N 2.010(4)}
2.022(4) A_ ] (7), Cu(2-pzc)

2
[Cu}O 1.93(1), Cu}N 1.98(1) A_ ],

and Cu(2-pzc)
2
(H

2
O)

2
[Cu}O 1.98(1), Cu}N 2.00(1) A_ ] (16).

The Cu(1)}O(1w) distance [2.207(4) A_ ] is slightly longer.
The MCu(1)(2-pzc)

2
(H

2
O)N units in 1 are linked by cuprous

ions Cu(2) through bonding to the remaining nitrogen
atoms N(2) and N(4) of the pyrazine moieties, forming
in"nite chains approximately along the c-axis. The basal
planes of the MCu(1)N

2
O

3
N square pyramids within the

chain are nearly coplanar, with the interplane angle being
0.83. The MCu(2)N

2
Cl

2
N tetrahedra, on the other hand, are

corner-shared by Cl~ anions forming an in"nite chain along
[100] direction. Consequently, a two-dimensional layer
structure is constructed by cross-linking of the two types of
chains, as shown in Fig. 2.

Weak hydrogen bonds are found within the layer and
between the layers. The two shortest contacts are
O(1w)2O(1)* [2.723(3) A_ ] and O(1w)2O(3)** [2.725(3) A_ ]
(symmetry code: i, 1.5!x, y!0.5, z; ii, 1.5!x, y#0.5, z).

The structure of 3 is very similar to that of 1. Within the
layer, there exist chains of CuICuII(2-pzc)

2
(H

2
O) interlinked

by the corner-sharing MCu(2)N
2
Br

2
N tetrahedra. The bond

lengths and angles are comparable to those in 1 (Tables 6
and 8). The packing of these layers in 3, however, is slightly
di!erent from that in 1. In the former case, all the pyrazine
rings are stacked above each other along the a-axis (Fig. 3),
whereas in the latter case, the stacking of the pyrazine rings
in adjacent sheets are shifted. This subtle di!erence could be
caused by weak interactions between Br~ and the Cu(1)



FIG. 1. A fragment of the layer in compound 1 with atomic labeling scheme (50%).
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atoms in the neighboring layers in 3. The shortest
Cu(1)2Br distance between the layers is 3.167 A_ for 3. For
1, the closest interlayer contact to the Cu(1) atom is from the
O(4) atom [Cu(1)2O(4)***"3.163 A_ , symmetry code: iii,
1!x, 0.5#y, 1.5!z].

Crystal Structures of 2 and 4

The two compounds are isostructural. They are isomers
of 1 and 3, respectively. Taking 4 as an example, Fig. 4
FIG. 2. Packing diagram of the structure of 1 alon
shows a fragment of the in"nite chain of CuICuII(2-pzc)
2

similar to that in 1 and 3. Within the chain, three copper
atoms are crystallographically distinguishable. Both the
Cu(1) and the Cu(3) atoms are divalent and have octahedral
geometries. The axial positions are occupied by two water
molecules for Cu(1) and by two Br anions for Cu(3). The
basal planes of the Cu(1) and Cu(3) octahedra are not
coplanar. The interplane angle is 56.23, which di!ers sig-
ni"cantly from that in 1 (0.83) or 3 (1.63). The monovalent
Cu(2) has a tetrahedral coordination environment. Each
g [010] direction. All H atoms are omitted for clarity.



FIG. 3. Packing diagram of the structure of 3 along [010] direction. All H atoms are omitted for clarity.
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MCuI(2)N
2
BrO(1w)N tetrahedron shares the Br atom with

a MCuII(3)N
2
O

2
Br

2
N octahedron and the O(1w) atom with

a MCuII(1)N
2
O

2
O(1w)

2
N octahedron, forming alternatively

arranged octahedra}tetrahedra chains (Fig. 5). A three-di-
mensional structure is therefore constructed by linking the
CuI and CuII through 2-pzc, O(1w) and Br bridges.

The bond lengths and angles around the copper ions are
comparable to those in 3, although the Cu(1)}O(1w)
[2.439 A_ ] and Cu(3)}Br [3.016 A_ ] distances are slightly
longer. Relatively long Cu}OH

2
and Cu}Br distances have

been observed in other complexes such as [Cu
2
(OH)

2
(H

2
O)(dpyam)

2
]Cl

2
) 2H

2
O (dpyam"2,2@-dipyridylamine)

[Cu}OH
2

2.414(6) A_ ] (17), Cu
2
¸(OH)(ClO

4
)
3
) 2H

2
O (¸"
FIG. 4. A fragment of the CuICuII(2-pzc)
2

chain i
20-membered macrocyclic tetraimine) [Cu}OH
2

2.519(12) A_ ]
(18), MCu(TMSO)

4
N[Cu

2
Br

6
], and [C

8
H

6
N

4
Br

4
Cu

2
]
n

[Cu}Br 3.018}3.063 A_ ] (19, 20).

UV}Vis Spectroscopic and Magnetic Properties

The solid UV}vis spectra in the 350 to 1400-nm region
show that the absorptions of compounds 1}4 cover almost
the whole visible region (Fig. 6), which is in agreement with
their black or dark red colors. The result indicates that
charge transfer from Cu(I) to Cu(II) could occur in these
compounds. It is noted that the spectra of 2 and 4 are very
similar to each other. The di!erence between the spectra of
n compound 4 with atomic labeling scheme (50%).



FIG. 5. Polyhedral representation of the structure of 4. All the H atoms
are omitted for clarity.
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1 and 3 may be related to their di!erent structures. Signi"-
cant Cu}Br interlayer interactions are present in 3 because
of the layer stacking.

The temperature-dependent magnetic susceptibilities for
1 and 2 were measured in the range 300 to 2 K. At 300 K,
the magnetic moment (k

%&&
) per copper(II) atom, determined

from the equation k
%&&
"2.828(s

.
¹)1@2, is 1.72 k

B
for both

compounds which is close to the value expected for an
isolated system of S"1/2 (k

%&&
"1.73 k

B
). Considering the

structures, the closest Cu(II)2Cu(II) distances in 1 are
13.050 A_ within [CuICuII(C

5
H

3
N

2
O

2
)
2
(H

2
O)] chain and

5.290 A_ between the chains, whereas that in 2 is 7.725 A_ .
Therefore, the interactions between the magnetic centers in
both compounds are anticipated to be very weak. The data
were analyzed by Curie}Weiss law, based on the equation

s
.
"C/(¹!h)#Na,
FIG. 6. UV}vis spectra for 1}4.
where C is Curie constant, h is Weiss constant, and Na ac-
counts for the diamagnetic contribution. An excellent "t was
obtained for 1 with the parameters C"0.417 cm3Kmol~1,
h"!0.15 K, and Na"!0.000182 cm3mol~1. The
agreement factor R de"ned as +

i
[(s

.
)
0"4

(i)!(s
.
)
#!-#

(i)]2/
+

i
[(s

.
)
0"4

(i)]2 is 2.85]10~5. For compound 2, a good "t
also resulted: C"0.384 cm3Kmol~1, h"!0.39 K,
Na"!0.000127 cm3 mol~1, R"1.76]10~6. The nega-
tive Weiss constants (h) indicate only very weak antifer-
romagnetic exchange coupling in both cases.

In summary, under mild hydrothermal reaction condi-
tions, four new mixed valence copper compounds with the
formula a-, b-[Cu

2
X(C

5
H

3
N

2
O

2
)
2
(H

2
O)] (X"Cl, Br)

have been prepared and their structures determined. It is
interesting to note that in 1 and 3 (a-phase) the CuI and CuII

are purely bridged by the 2-pzc ligand, whereas in 2 and
4 (b-phase) the halide ions and water molecules also serve as
bridging ligands. The existence of the bridging water mol-
ecule in the latter cases explains their higher decomposition
temperatures during the thermal analyses. Additionally, the
2D structure of the a-phase and the 3D structure of the
b-phase, although signi"cantly di!erent, are closely related
to each other. Both are based on the fundamental building
unit MCuICuII(2-pzc)

2
N. In the a-phase, theMCuIN

2
X

2
N tet-

rahedra are corner-shared with each other through halide
anions. In the b-phase, each MCuIN

2
XO(1w)N tetrahedron

shares the X corner with a MCuII(3)N
2
O

2
X

2
N octahedron

and the O(1w) corner with a MCuII(1)N
2
O

2
O(1w)

2
N octahed-

ron. Finally, di!erent bridging ligands in the b-phase may
provide versatile pathways to transfer electron densities
between CuI and CuII which could be of interest in under-
standing the electron-transfer mechanism in such systems.
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