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Abstract 

The synthesis, crystal structure determination and magnetic properties of a new five-coordinated 
unsymmetrical copper(I1) dinuclear complex [CU,C~~(C&,N,)~]CI~ 4Hz0 are reported. The crystals are 
orthorhombic, space group Pnma with 4 formula units in a cell of dimensions: a = 19.506(3), b = 17.384(4), 
c= 11.940(2) A. The structure was solved by direct methods. Least-squares refinement using 2138 
independent reflections with 1,30(I) has led to a final value of the conventional R factor (on fl of 
0.047 and R, of 0.049. The complex cation consists of pairs of deformed trigonal-bipyramidal copper(I1) 
centers which share an edge by two equatorial chloride ions. The equatorial coordination sites of the 
Cu(1) atom are occupied by three chloride ligands, while of the Cu(2) atom by two chloride and one 
benzimidazole ligands. The axial sites are occupied by the nitrogen atoms from four benzimidazole 
ligands. The Cu atoms and equatorial ligands are located on the symmetry plane. The Cu-Cu non- 
bonding distance in the complex is 3.386(l) A; the two shorter bridging Cu(l)-Cl(l) and Cu(2)-Cl(l) 
distances are 2.402(2) and 2.424(2) A; the two longer Cu(l)-C1(2) and Cu(2)-Cl(2) are 2.620(2) and 
2.5X(2) A. The Cu(l)-CI(l)-Cu(2) and Cu(l)-Cl(2)-Cu(2) an gI es are 89.1(l) and 81.8(1)0. The structure 
is the first example of a bibridged binuclear complex with two non-equivalent Cu-Cl-Cu bridges. 
Comparison to other binuclear bis(p-halide)-bridged copper complexes of similar structure has been 
made. Magnetic susceptibility measurements indicate ferromagnetic coupling of the copper(I1) centers, 
the intramolecular exchange parameter, U, being 5.6 cm-’ and the intermolecular one J’ = - 0.6 cm-‘. 
The investigation of the electronic structure of the complex and the orbital interpretation of the 
magnetic coupling based on extended Hiickel molecular orbital calculations are also presented. 

Introduction 

Correlation between the exchange energy, U, and 
the structure of the binuclear transition metal com- 
plexes has received considerable attention from many 
researchers. Most of these works have been con- 
centrated on the copper(I1) complexes since the dg 
configuration of Cu(I1) ion involves only one magnetic 
orbital in the exchange process and the structural 
chemistry of copper(I1) chlorides and bromides is 
extremely diverse as a result of that metal’s flexible 

*Authors to whom correspondence should be addressed. 

coordination geometry. Thus, the structures of a 
number of halogen-bridged copper(I1) complexes 
have been investigated in hope of correlating their 
structural and magnetic properties [l-11] and Hodg- 
son and co-workers [12] have proposed an empirical 
correlation between the exchange energy and the 
q/R ratio (9 is the Cu-Cl-cU bridging angle and R 

is the longer Cu-Cl distance in the bridge) in the 
case of bis-chloro-bridged copper(I1) complexes with 
each copper center adopting a square-pyramidal or 
trigonal-bipyramidal geometry. 

In this paper the synthesis, crystal structure and 
results of magnetic studies of a new five-coordinate 
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unsymmetrical copper(I1) binuclear complex with 
chloride and benzimidazole ligands are discussed, 
in comparison with other copper(I1) complexes of 
similar structure. Moreover a study of the electronic 
structure and an interpretation of its magnetic be- 
havior, based upon EHMO LCAO MO quantum- 
chemical calculations are also presented. 

Experimental 

Synthesis 

The complex was prepared by adding a warm 
aqueous solution of the metal salt (1.7 g of 
CuC12.2Hz0 (0.01 mol) in 25 ml of water with 0.5 
ml of concentrated HCl) to a warm aqueous solution 
of benzimidazole (1.16 g (0.01 mol) in 25 ml of 
water). Slow evaporation deposited well formed pale- 
green crystals analysed as Cu2C14.5(C,H6N2) .4Hz0. 
Anal. Found: C, 45.16; N, 15.05; Cl, 15.27; H, 4.08. 
Calc. for Cu2C14.5(C+H6N2). 4H20: C, 45.12; N, 15.03; 
Cl, 15.22; H, 4.11%. 

Physical measurements 

Reflectance spectra of diluted compound in Li2COJ 
were measured in the range 200-700 nm on a Hitachi 
spectrophotometer model 356 and undiluted samples 
were recorded on a Beckman UV 5240 spectro- 
photometer in the range 350-1000 nm. The EPR 
spectra at room temperature and 77 K were recorded 
on a JEOL-ME3X spectrometer using a nuclear 
magnetometer MJ 1lOR and microwave frequency 
meter JES-SH30X and a solid sample of Mn(I1) in 
MgO as the reference. The EPR spectrum at liquid 
helium temperature was measured with an X-band 
Radiopan SE/X 2543 spectrometer. A solid sample 
of DPPH was used as the reference and the magnetic 
field was calibrated with proton and lithium NMR 
probes. The magnetic susceptibility of a polycrys- 
talline sample of [CU~CI~(C,H~N~)~]C~.~H~O was 
measured by the Faraday method over the temper- 
ature range 4.2-294 K, using a sensitive Cahn RG- 
I-IV electrobalance. The applied magnetic field was 
6.2 kOe. The calibrant employed was Hg[Co(NCS),], 
for which the magnetic susceptibility was taken to 
be 16.44~10~~ cm3 g-’ [13]. The correction for 
diamagnetism of the constituent atoms was calculated 
by the use of Pascal’s constants [14] and found to 
be - 5.42 X 10e6 cm3 mol-‘. The value 60x 10e6 cm3 
mol-’ was used for the temperature-independent 
paramagnetism of copper(I1) ion. Magnetism of the 
sample was found to be field independent. The 
effective magnetic moment was calculated from the 
equation pcff = 2.83(~~T’)‘~ BM. 

X-ray data collection 

The crystal used for data collection was a needle 
of approximate dimensions 0.2 x0.3 mm cut to a 
length of 0.42 mm and mounted on an Enraf-Nonius 
CAD-4 diffractometer. The intensity data were col- 
lected using graphite-monochromated MO Ka ra- 
diation and the w-20 scan mode, up to sin 0/A= 0.60 
A-‘; 2.138 independent reflections with I>3a(I) 
were used for the structure determination. Accurate 
cell parameters and the orientation matrix were 
refined by a least-square fit of the angular settings 
for 25 high-order reflections. The scan speed de- 
pended upon the intensity (from 1 to 6” min-‘). 
After every 75 reflections three standard reflections 
were measured to check misorientation and radiation 
damage. No radiation damage was observed. The 
intensity data were empirically corrected for ab- 
sorption, using + scans around the diffraction vector 
of 8 selected reflections. The observed transmission 
varied from 57.9 to 76.1. 

Crystal data 

C$5H38N1004C14C~Z, M, = 931.6, orthorhombic, 
a = 19.506(3), b = 17.384(4), c = 11.940(2) A, 

V=4048.8 A3, F(OO0)=1904.0, Z=4, D,=1.528 M 
gmW3, A(Mo K~y)=O.71069 A, &MO KcY)= 13.69 
cm-i, space group Pnma. 

Structure determination 

The structure was solved by direct methods. Po- 
sitional and anisotropic thermal parameters for all 
non-hydrogen atoms were refined by full-matrix least- 
squares technique. The hydrogen atoms of benzim- 
idazole ligands were located from geometrical con- 
siderations and these of water molecules from the 
difference Fourier map. The hydrogen atoms pa- 
rameters were not refined (U(H) =0.05 A’). The 
function ( IF,, I -I F,I )’ was minimized, and in the final 
cycles of calculations a weighting scheme, based on 
counting statistics was used with w= [d(F,,) + 

0.0045F,,2]-‘. After several cycles all shift/e.s.d. ratios 
were less than 0.1 and the refinement converged to 
agreement factors R = 0.047 and R, = 0.049. The final 
difference Fourier map showed residual peaks from 
0.8 to 0.4 A_3 located on the symmetry plane near 
the middle of Cu-Cl, Cu-N, C-C and C-N bonds. 
Form factors were taken from the International 
Tables for X-Ray Crystallography [15]. Calculations 
were performed by the SHELX-76 and SHELXS- 
86 program packages [ 161, using an AMSTRAD 1512 
microcomputer. Final atomic parameters are given 
in Tables 1, 2 and 3. See also ‘Supplementary 
material’. 



TABLE 1. Final atomic parameters of the non-hydrogen TABLE 2. Final anisotropic thermal parameters (X 104) 
atoms (X ld) for Cu atoms and (X 104) for Cl, 0, C, N for Cu atoms and (X IO’) for Cl, 0, C, N atoms with 
atoms with e.s.d.s in parentheses e.s.d.s in parentheses” 

x/a ylb ZIG 

Wl) 
cuw 
W) 
cw 
Cl(3) 
C](4) 
O(1) 
O(2) 
N(1) 
N(3) 
N(11) 
N(13) 
N(21) 
~(23) 
C(2) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(l2) 
C(14) 
C(l5) 
C(16) 
C(l7) 
C(18) 
C(19) 
C(22) 
~(24) 
CW) 
C(26) 
c(27) 
C(28) 
~(29) 

26669(5) 
11102(5) 

1506( 1) 
2307( 1) 
3792( 1) 

-2568(l) 
3349(3) 
2903(3) 
2681(2) 
2468(3) 
1068(2) 
1237(2) 
303(3) 

- 787(3) 
2310(3) 
3317(3) 
3799(4) 
3944(4) 
3603(3) 
31&l(3) 
2975(3) 
1412(3) 
387(3) 

- 92(3) 
- 203(3) 

165(3) 
640(3) 
746(3) 

- 354(4) 
-541(5) 

-3(5) 
670(5) 
844(4) 
298(4) 

- 372(4) 

25000 
25000 

2500 
2500 
2500 
2500 
1256(2) 
3663(3) 
1365(2) 

143(3) 
1362(2) 

137(2) 
2500 
2500 

885(3) 
- 462(4) 
- 261(4) 

516(5) 
1104(3) 
914(3) 
136(3) 
873(3) 

- 453(3) 
- 246(3) 

524(4) 
lllO(3) 
913(3) 
138(3) 

2500 
2500 
2500 
2500 
2500 
2500 
2500 

17101(8) 
4565(8) 
2381(2) 

-404(2) 
2337(2) 
5722(2) 
4240(4) 
7668(4) 
1667(4) 
2045(4) 
2477(4) 

43(4) 
-589(6) 

- 1181(6) 
2271(5) 

707(7) 
- 83(7) 

-310(6) 
214(5) 

1003(5) 
1240(5) 

- 166(5) 
1391(6) 
2173(6) 
2456(6) 

1957(6) 
1145(5) 
865(5) 

- 303(7) 

- 3250(8) 
- 4017(7) 
-3639(S) 
- 2509(9) 
- 1762(7) 
- 2130(7) 

Results and discussion 

A perspective view of the complex cation and the 
atom labelling scheme are presented in Fig. 1. Se- 
lected bond distances and angles are given in Table 
4. The structure consists of binuclear cations 
[CuzC13(benzimidazole)5]+, chloride anions and HZ0 
molecules. The complex cation of C, symmetry is 
formed by two trigonal-bipyramidal copper(I1) cen- 
ters which share an edge by two equatorial chloride 
ligands. The equatorial coordination sites of Cu(1) 
atom are occupied by three chlorine ligands, while 
those of Cu(2) atom by two chloride and one ben- 
zimidazole ligand. The axial sites are occupied by 
the nitrogen atoms from four benzimidazole ligands. 
The Cu atoms and equatorial ligands are located 
on the symmetry plane. The Cu-Cu distance is 
3.386(l) A; the two shorter bridging Cu(l)-Cl(l) 
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U,I u22 u,, u2, ut3 UL2 

Cu(1) 326(5) 193(5) 461(6) 0 -50(5) 0 
Cu(2) 333(5) 162(5) 495(6) 0 -62(5) 0 

Cl(l) 40(l) 29(l) 43(l) 0 3(l) 0 
C](2) 37(l) 28(l) 43(l) 0 20) 0 

(J(3) 36(l) 33(l) 64(l) 0 -14(l) 0 

(J(4) 47(l) 41(l) 88(2) 0 5(l) 0 

O(1) ill(4) 36(2) 54(3) 4(2) -3 24(2) 

O(2) 125(4) 41(3) 64(3) 13(2) -10(3) O(3) 
N(1) 36(2) 30(2) 42(3) 4(2) O(2) l(2) 

N(3) 51(3) 22(2) 65(3) 4(2) -2(3) -4(2) 
N(l1) 31(2) 25(2) 49(3) -l(2) -4(2) 2(2) 
N913) 52(3) 19(2) 53(3) -8(2) -3(3) 6(2) 
N(21) 30(3) 19(3) 51(4) 0 -3(3) 0 

~(23) 26(3) 32(3) 47(4) 0 -5(3) 0 

C(2) 42(3) 30(3) 50(3) 6(3) - 3(3) 3(3) 

C(4) 62(4) 32(4) 89(5) -3(3) -6(4) 11(3) 

C(5) 75(5) 47(4) 86(5) -22(4) -5(5) 16(4) 

C(6) 72(5) 66(5) 56(4) -5(4) -14(4) g(4) 

C(7) 51(3) 37(3) 53(4) 3(3) -l(3) 3(3) 
C(8) 35(3) 28(3) 45(3) l(3) -7(3) 3(2) 
C(9) 44(3) 30(3) 54(4) 2(3) -6(3) l(2) 
C(l2) 38(3) 31(3) 45(3) -3(3) -l(3) 2(2) 

C(l4) 63(4) 27(3) 64(4) 2(3) -H(3) -6(3) 

C(15) 54(4) 41(4) 65(4) 17(3) l(4) - 15(3) 

‘W6) 45(3) 53(4) 61(4) S(4) ll(3) -4(3) 

C(l7) 41(3) 31(3) 65(4) -5(3) 8(3) 6(3) 

CW) 37(3) 19(2) 48(3) 2(2) -H(3) O(2) 

C(19) 42(3) 22(3) 47(3) l(2) - lO(3) 3(2) 

C(22) 37(5) 23(4) 54(5) 0 2(4) 0 

~(24) 42(5) 47(5) 56(5) 0 -7(5) 0 

~(25) 58(6) 74(7) 34(5) 0 -l(5) 0 

C(26) 47(6) 72(7) 52(6) 0 7(5) 0 

~(27) 31(4) 45(5) 72(7) 0 -4(5) 0 

C(28) 42(5) 18(4) 49(5) 0 -6(4) 0 

c(29) 28(4) 17(3) 61(6) 0 -14(4) 0 

“Anisotropic temperature factor T=exp(2r12(UIlh2a*2+ 
V&b*= i- V3,12c*= + 2V,2hkdb* + 2V&b*c* + 

2U13hla*c*)). 

and Cu(2)-CI(l) distances are 2.402(2) and 2.424(2) 
A; the two longer Cu(l)-Cl(2) and Cu(2)-Cl(2) are 
2.620(2) and 2.551(2) A. The Cu(l)-Cl(l)-Cu(2) and 
Cu(l)-Cl(2)-Cu(2) angles are 89.1(l) and 81.8(l)“, 
respectively. The structure is the first example of a 
five-coordinated unsymmetrical copper(I1) dinuclear 
complex with three equatorial and two axial Cu-L,X 

X(I) 
bonds where the Cu< 

X(2) 

>Cu bridge is formed by 

two unequivalent Cu-Cl-Cu bridges. One is formed 
by two short Cu-Cl bonds while the other by two 
long, semicoordinate Cu-Cl bonds. The literature 
data about the 4 + 1 coordination geometry for Cu(I1) 
ions in binuclear complexes with three coplanar and 
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TABLE 3. Atomic coordinates of the hydrogen atoms 

(Xl@) 

*la ylb Z/C 

H(2) 191 107 288 

H(3) 224 -37 244 

H(4) 321 - 107 90 

H(5) 408 -72 -53 

H(6) 438 66 -95 

H(7) 371 171 2 

H(l2) 179 105 -81 

H(13) 145 -37 -37 

H(14) 48 -105 118 

Wl5) -38 -71 259 
H(16) -60 68 311 

H(17) 9 171 220 

H(22) -48 250 65 

~(23) - 137 250 - 118 

~(24) - 108 250 - 352 

~(25) -12 250 -488 

W26) 112 250 - 426 

~(27) 139 250 - 227 

H(lO1) 339 1.54 354 

H(102) 311 158 481 

H(201) 269 346 827 

H(202) 274 338 702 

Fig. 1. A respective drawing of the Cu,CI,(C,H6N2)s, Cl 
and Hz0 molecules with the atom labelling scheme. 

two axial ligands are reported in Table 5. The Cu(I1) 
coordination polyhedron is described either as a 
deformed tetragonal pyramid or as a deformed tri- 
gonal bipyramid. In the present work the arrangement 
of the three ligands in the equatorial plane deviates 
from three-fold rotation axial symmetry, since only 
one of the three equatorial angles L,(X)-Ctr-L,(X) 
is close to 120”. The three-fold rotation axial symmetry 
is deformed not only by the formation of a double 

bridge between the two copper atoms but also by 
the different lengths of the three equatorial bonds. 
One of them (Cu-X,, ,,) is always a semicoordinate 
bond with highly diversified lengths (Cu-X,, sem is 
from 2.447 to 3.075 A). The angular bond arrange- 
ment observed here does not correspond to C4 
symmetry, as the four ligands with short Cu-L,(X) 
bonds do not lie in one plane (angles between tran~ 
bonds L,-Cu-L,, and L,-Cu-L,, deviate consid- 
erably from 180” and are in the range 134.0-152.9” 
and 161.8-176.7”). 

The data in Table 5 indicate that two types of 
complexes are formed. Type I (with corresponding 
structures l-4) is formed by sharing an edge joining 
two equatorial halogen atoms; type II by sharing an 
edge joining the axial and equatorial halogen ligands. 
The tetrahedron flattening angles are similar in both 
types of complexes (mean angle L,(X),,-&-La, for 
types I and II is 172.8 and 169.9”, and mean of the 
largest L,(X),,-Cu-L,, angles is 144.2 and 143.1”, 
respectively). The sharing of the equatorial edge of 
the coordination polyhedron (type I) results in an 
increased diversification of the other two equatorial 
valency angles (mean values are 93.0 and 122.7” for 
type I and 98.7 and 117.7” for type II). The two 
types of complexes have a distinctly different geometry 

of the CW’~‘CU bridge. In type I the values of \ / 
X 

Cu-X-Cu angles ,a,‘,e always lower than 90”. For the 
three known Cu-Cl-Cu bridges thezzre in the 
range g&5--89.3”, while the angle Cu-Br-Cu is 
85.5”. For bridges Cu>l>u and Cu-Cl-Cu 
found in the present work the angles are 81.8 and 
89.1”, respectively. In type II this angle is always 
obtuse and as is shown by the data in Table 5 
(structures 5-11) is close to 95” (from 92.1 to 97.9”). 
The average value of the distance Cu-Cu in the 
known structures of type I is smaller than that of 
type II and depends not so much upon the kind of 
half&n as upon the length of semicoordinate bonds 
C&--X. Mean values of the Cu-Cu distance in 
complexes of type I and II are 3.569 and 3.740 A, 
respectively. The Cu-Cu separation of 3.386(l) .J% 
found in this work is the shortest Cu-Cu value in 
the considered binuclear complexes. In spite of the 
different values of analogous bond lengths, the data 
in Table 5 indicate a distinct elongation of Cu-X 
bonds by the formation of a bridge and non-equiv- 
alence of analogous axial and equatorial bonds. In 
a trigonal-bipyramidal model this last non-equiva- 
lence could result from minimization of electron pair 
repulsion, which is expected to lead to a shortening 
of the axial bond relative to the equatorial bonds 
for d9 complexes 1171. In the investigated structure 
the differences between Cu-N, and C&N,, lengths 
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TABLE 4. Bond lengths (A) and angles (“) 

Coordination sphere 
Cu( l)-Cl( 1) 
Cu(l)-C1(2) 
Cu(l)-C1(3) 
Cu( I)-N( 1) 

N(l)-Cu(l)-Cl(2) 
N(l)-Cu(l)-Cl(l) 
N(l)-Cu(l)-Cl(3) 
cl(1)-cu(l)-cl(2) 
C1(3)-Cu(l)-Cl(2) 
C1(3)-Cu(l)-Cl(l) 
N(l)-Cu(l)-N(l’) 
cu(l)-C1(1)-cu(2) 

Benzimidazole ligands 

N(l)-C(2) 
C(2)-N(3) 
N(3)-C(9) 
C(9)-C(4) 
C(4)-w) 
C(5)-C(6) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-N(l) 
C(8)-C(9) 

N(ll)-C(12) 
C(12)-N(13) 
N(13)-C(19) 
C(19)-C(14) 
C( 14)-C( 15) 
C(15)-C(16) 
C(16)-C(17) 
C(17)-C(U) 
C(18)-N(H) 
C(18)-C(19) 

N(21)-C(22) 
C(22)-N(23) 
N(23)-C(29) 
C(29)-C(24) 

C(24ww 
CPF(26) 
C(26)-C(27) 
C(27)-C(28) 
C(28)-N(21) 
C(28)-C(29) 

2.402(2) 
2.620(2) 
2.318(2) 
1.974(4) 

88.8(l) 
91.2(l) 
89.7(l) 
93.9(l) 

124.4(l) 
141.7(l) 
176.7(2) 

89.1(l) 

1.319(6) 
1.354(7) 

1.379(8) 
1.391(9) 
1.378(10) 
1.408(10) 
1.372(9) 
1.395(8) 
1.387(6) 
1.406(8) 

1.329(6) 
1.348(6) 
1.372(7) 
1.395(8) 
1.371(9) 
1.400(8) 
1.383(8) 
1.384(8) 
1.394(6) 
l&3(7) 

1.328(9) 
1.345(10) 
1.393(10) 
1.377(12) 
1.392(12) 
1.391(13) 
1.392(12) 
1.390(12) 
1.400(10) 
1.380(10) 

Cu(2)-CI( 1) 
Cu(2)-Cl(2) 
Cu(2)-N(l1) 
Cu(2)-N(21) 

N(ll)-Cu(2)-Cl(2) 
N(ll)-Cu(2)-Cl(l) 
N(21)-Cu(2)-N( 11) 
C1(2)-Cu(2)-Cl(l) 
N(21)-Cu(2)-Ci(2) 
N(21)-Cu(2)-Cl(l) 
N(ll)-Cu(2)-N(11’) 
Cu(l)-C1(2)-Cu(2) 

WHW-NW 
CWWF(9) 
WkWW@) 
c(9wc3)-N(l) 
WF”(1)-c(2) 
C(+‘W-c(6) 
WW(WW) 
C(6)-c(7)-c(8) 
C(7)-C(8)-C(9) 
C(8)-C(9)-C(4) 

C(9)-c(4)-c(5) 

N(H)-C(12)-N(13) 
C( 12)-N( 13)-C( 19) 

W3>-C(19bW8) 
C(19)-C(18)-N(U) 
C(18)-N(ll)-C(12) 
C(14)-C(15)-C(16) 
C(lS)-C(16)-C(17) 
C(16)-C(17)-C(18) 
C( 17)-C( 18)-C(19) 
C(18)-C(19)-C(14) 
C(19)-C(14)-C(15) 

N(21)-C(22)-N(23) 
C(22)-N(23)-C(29) 
N(23)-C(29)-C(28) 
C(29)-C(28)-N(21) 
C(28)-N(21)-C(22) 
C(24)<(25)-C(26) 
C(zS)-C(26)-C(U) 
C(26)-C(27)-C(28) 
C(27)-C(28)-C(29) 
C(28)-c(29)-C(24) 
C(29)+24)-C(25) 

2.424(2) 
2.551(2) 
1.980(4) 
2.010(4) 

92.5( 1) 
90.1(l) 
88.6(l) 
95.2( 1) 

117.8(l) 
147.0( 1) 
175.0(2) 
81.8(l) 

111.6(S) 
108.2(S) 
105.0(S) 
108.8(5) 
106.4(4) 
120.9(6) 
122.0(6) 
118.1(6) 
119.3(5) 
122.9(6) 
116.8(6) 

111.8(5) 
107.9(4) 
106.0(4) 
108.2(5) 
106.0(4) 
121.5(5) 
121.4(6) 
117.9(S) 
120.2(5) 
121.9(5) 
117.1(5) 

113.9(7) 
105.6(6) 
106.9(7) 
109.0(7) 
104.5(6) 
119.9(8) 
123.0(8) 
115.8(8) 
121.5(8) 
122.4(B) 
117.3(8) 

are 0.029(6) and 0.03X,6) A, respectively, and support 
the trigonal-bipyramidal model of Cu(I1) polyhed- 
rons. The geometry of the benzimidazole ligands is 
similar as in other Cu(II) complexes [18]. Analogous 

bond lengths and angles of the three Cu-coordinated 
benzimidazole molecules show full agreement. The 

two benzimidazole molecules in the general position 

are roughly planar within f0.016(7) A. Figure 2 

shows the molecular packing and the scheme of 

hydrogen bonds. The Cu atoms, equatorial ligands 
and Cl- ions are located on the symmetry plane at 
l/4 and 3/4b. The other benzimidazole molecules 

are almost perpendicular to the symmetry plane and 
pairwise parallel to each other (the angle between 
their best planes is 4.4(l)” and the angles with 

symmetry plane ar 89.25(9) and 93.53(g)“). The struc- 

ture consists of consecutive layers containing Cu(I1) 

ions and equatorial ligands and arranged in parallel 
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TABLE 5. (continued) 

Coordination unit Bond lengths (A)” 

Cl&CU cu-xb,e,(ax) cu-xb/e,m Cl-L, cu-L,, 

Bond angles (“)b 

L,Xc~-cu-L,x,, L,-cu-L, cu-x-cu 

Reference 

N"4- cu <cdf4 
I b/e&em 

“b/ax 

N 

S ax 

Cl,- cu ‘Sc’p 

Cl' 
b/eq/sem 

b/ax 

S ax 
I 

Cl,- cu <$jq 

Cl' 

b/eq/sem 

b/m 
N ax 

I 

N,- y iF?/eq/sem 

B rb/ax 

3.700 2.318 2.705 2.253 

2.698 2.305 2.705 2.259 

3.572 2.288 2.447 3.326 

3.805 2.464 2.796 1.953 

3.749 2.266 2.825 2.308(S) 

3.948 2.258 3.075 

3.630 2.292 2.663 

2.305(S) 
2.23O(Cl) 

2.317(S) 
2.255(Cl) 

2.310(Br) 2.400(Br) 
3.803 2.468 2.802 

2.320 
2.290 

2.315 
2.279 

2.366(Cl) 

1.978(N) 

2.265((J) 

2.014(N) 

2.242(Cl) 

2.369(S) 

2.336(S) 

2.353(S) 

2.018(N) 2.045(N) 

96.2 

117.2 173.9 94.6 
146.6 5 
96.5 

117.1 174.2 94.8 
146.4 

111.7 
114.3 168.7 97.9 6 
134.0 

89.0 
121.0 
149.7 

100.9 
119.7 
138.7 

171.1 96.9 7 

165.0 94.2 8 

99.5 
113.3 161.8 94.3 
146.1 
103.4 9 
116.6 168.6 93.9 
139.6 

95.0 
122.2 172.8 92.1 10 
141.6 

aSymbols X = Cl, Br, L = Cl, Br, S, 0, N; b = bridge, ax = axial, eq = equatorial, sem = semicoordinate. 
lengths are 0.002 A, in the Cu-0 and Cu-N bond lengths are 0.006 A, 

bathe average e.s.d.s in the Cu-Cu, Cu-Br, Cu-Cl and Cu-S bonds 
in the Cl-Cu-Cl, Br-Cu-Br and S-Cu-S bond angles are O.l”, in the 0-Cu-0 and N-Cu-N s 

angles are 0.3”. 
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Fig. 2. The unit cell content of [CuZCI,(C,H,N,),]CI~4H,0 showing hydrogen-bonding interactions. 

benzimidazole ligands. The layers are joined by a 
network of hydrogen bonds through water molecules, 
each of them forming two 0-H.. .Cl and one 
0. . -H-N bonds. Benzimidazole ligands also form 
two intermolecular hydrogen C-H. . .Cl bonds and 
an N-H. . . Cl bond lying in the symmetry plane. 
The geometry of the hydrogen bonds is presented 
in Table 6. A short van der Waals’s contact (3.397(8) 
A) is observed between C(2) and C(12) atoms of 
the two parallel benzimidazole rings of the complex 
cation. 

The reflectance spectrum of the complex under 
investigation determined in the range 50-10 kK 
showed a few bands at 46.51, 40.00, 37.17, 36.23, 
33.67 and 25.32 kK characteristic for the intra-ligand 
transitions of the benzimidazole molecule and ligand 
to metal charge-transfer transitions. Furthermore, 
the broad band at 13.89 kK is attributed to a d-d 
transition of copper(I1) ion in the trigonal-bipyr- 
amidal ligand field [20]. 

The EPR powder spectra of the complex recorded 
in the X-band at room temperature and 77 K exhibit 
two components related to gl = 2.21 and g,, = 2.02 
parameters. The observed EPR spectrum is the 
average spectrum of two copper centers in the ligand 
field of the distorted trigonal-bipyramidal symmetry 
Cu( l)N$& and Cu(2)N3C12, respectively. The ex- 
change interaction between Cu(I1) centers was con- 
firmed only by the presence of the fragment su- 
perhyperfine structure in the low field part of the 
spectrum (A = 48 Oe). The EPR spectrum at 4.2 K 
indicated the same character as at the higher tem- 
peratures. Only lowering values of the spectroscopic 
splitting factors were observed k1 =2.19 and 
g,, = 2.00). 

Magnetic data for a powdered sample of the 
binuclear complex were collected over the temper- 

ature range 4.2-295 K. Plots of inverse magnetic 
susceptibility, xcUel, and peff as a function of tem- 
perature are shown in Fig. 3. The data revealed a 
linear course of the xc” - ’ =f(r) relation, although 
the different C and 0 constants observed for tem- 
perature ranges 4.2-25 K (C=O.484 cm3 mol-’ K, 
0= - 1.1 K, R=5.92~ 10e4) and 50-295 K (C=O.446 
cm3 mol-’ K, 8=0.1 K, R=5.16~ lo-‘), respectively 
[R= C(X~XP-,$")~]. On cooling the system the peff 
exhibits an increase from 1.886 BM at 295 K, and 
reaches a maximum of 1.919 BM at 15 K. Such an 
increase could be combined with an intramolecular 
ferromagnetic interaction. Further temperature low- 
ering results in a decrease of perr to 1.758 BM at 
4.2 K, characteristic of a weak antiferromagnetic 
interaction between the binuclear units within the 
crystal lattice, superimposed on the ferromagnetic 
intramolecular coupling. The energy separation, Zr, 
between the ground triplet and excited singlet states 
can be derived from the following equation for the 
magnetic susceptibility for two exchange coupled 
copper(I1) ions [21], with a molecular field correction 

122, 231 

x”c:‘= xcJ[l - (~‘xc,/Np282)1 
-1 

xcu = Qvp*g2/3KT) 1+ 1 
[ 

3 exp(2JIKTYI 
I 

where all the symbols have their usual meaning. The 
observed experimental magnetic susceptibility data 
were fitted by the least-squares method to the above 
model and the best fit values obtained were 2/=5.6 
cm-’ ,J’ = - 0.6 cm-’ (forz = 4) and agreement factor 
R= 1.25 X lo-‘. The spectroscopic splitting factor 
(s) =2.15 (obtained from the EPR spectrum) was 
used in the fitting process as a constant. 

A further insight concerning the electronic struc- 
ture, as well as the exchange mechanism of the 
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TABLE 6. Hydrogen bonds (A) and angles (“)” 

D-H D. .Ab H. .Ab D-H. .Ab 

C(2)-H(2) C(2). .Cl(l) H(2). .Cl(l) C(2)-H(2). .CI(l) 
1.112(6) 3.219(S) 2.669(l) 109.7(3) 
1.080 2.680 110.3 

C( 12)-H(2) C(12)’ .C1(2) H(12). .C1(2) C(12)-H(12). .Cl(Z) 
1.116(6) 3.336(6) 2.761(l) 112.4(3) 
1.080 2.761 113.1 

0( l)-H(lO1) O(1). .Cl(3) H(lOl)..C1(3) O(l)-H(101). .C1(3) 
0.982(4) 3.254(5) 2.328(2) 156.9(3) 
0.938 2.368 157.3 

O(l)-H(102) O(1). .C1(4) H(102). .C1(4) O(l)-H(102)..C1(4) 
0.999(5) 3.183(S) 2.206(2) 165.4(2) 
0.938 2.265 165.8 

O(2)-H(202) O(2). . Cl(4) H(202). .C1(4) O(2)-H(202). .C1(4) 
0.972(5) 3.149(5) 2.205(2) 163.5(2) 
0.938 2.237 163.7 

O(2)-H(201) O(2). . Cl(2)’ H(201). . Cl(2)’ O(2)-H(201). .C1(2)’ 
0.909(5) 3.277(5) 2.412(2) 159.0(2) 
0.938 2.385 159.0 

N(3)-H(3) N(3). O(2)” H(3). . O(2)” N(3)-H(3). -O(2)” 
1.103(5) 2.774(6) 1.728(4) 156.5(3) 
1.030 1.795 157.5 

N( 13)-H(13) N(13). .0(l)“’ H(13). HO”* N(13)-H(13). .0(l)“* 
1.087(4) 2.727(5) 1.662(4) 165.3(3) 
1.030 1.717 165.8 

N(23)-H(23) N(23). . Cl(4)‘” H(23). . Cl(4)‘” N(23)-H(23). eCl(4)‘” 
1.135(6) 3.253(6) 2.143(3) 165.2(4) 
1.030 2.245 165.9 

“Values normalized following ref. 19. bEquivalent positions: (I) x, y, r+ 1; (II) -x+0.5, y-0.5, z-0.5; (III) -x+0.5, 
-y, 2-0.5; (IV) x-0.5, -y+o.5, -z+o.5. 

TCK) 

Fig. 3. Experimental magnetic data plotted as pLcff and 
inverse magnetic susceptibility, xcu-l vs. temperature for 

ICU,C~~(~HY,),IC~.~HZO. 

complex under investigation, was also gained through 
Extended Hiickel Molecular Orbital Calculations 
(EHMO). These calculations were carried out on 
the actual geometry of the complex, obtained from 
the solved X-ray structure, with parametrization pub- 
lished elsewhere [24, 251. Furthermore, to limit the 
calculation time and the basis set, the benzimidazole 
ligands were substituted by the model molecular 

fragment [HN=CH,], with the copper-nitrogen bond 
lengths being those found in the actual structure. 

The net charges calculated for the atoms of main 
interest, as well as the overlap populations for all 
the coordination bonds, are depicted schematically 
in Fig. 4. Despite the quite different environment 
of each copper atom the net charges calculated were 
almost identical. This is also true for the two bridging 
chlorine atoms. These facts along with the small 
negative values of the other bonded atoms support 
the idea of an extended covalency of all the 
metal-ligand bonds in the complex. Of particular 
interest are the overlap populations calculated for 

Cl 
the bonds in the Cu< >Cu moiety. Thus the negative 

Cl 
repulsive Cu-Cu overlap population calculated 
( - 0.057) excludes any bonding interaction between 
the two metallic centers. Furthermore the four bridg- 
ing Cu-CI bonds are apart from been symmetric. 
The bonds between the copper atoms and the one 
bridging chlorine, Cl(l), are stronger than the cor- 
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Fig. 4. EHMO net charges and overlap populations of 
selected atoms and bonds calculated for the complex under 
investigation (labelling scheme as in Fig. 1). 

responding bonds for the second bridging atom, Cl(2). 

Thus, due to the quite small overlap population 

values of the latter bonds, semicoordination is a 

better suggestion for them, in close agreement with 
the crystallographic data of the complex. 

The mechanism of the magnetic coupling present 
in the complex was also investigated on the basis 
of the orbital model developed by Hoffmann and 
co-workers [25]. The most possible pathway existing 
in this complex is the intramolecular one, because 
of the absence of intermolecular distances between 
the copper atoms indicative for an intermolecular 
interaction. The two single occupied molecular or- 
bitals (SOMOs), obtained by the EHMO calculations 
are shown in Fig. 5. In these SOMOs, located mainly 
on each 4~ atomic orbital of the copper centers, 
there is a partial delocalization of the spin density 
on the two bridging chlorine atoms and the other 
atoms ligated to each center. Such a localization of 
the spin density on the coordination sphere of the 
one magnetic center only is due to the low symmetry 
of the molecule and accounts well for the observed 
ferromagnetic interaction. 

Hodgson and co-workers [12] have shown that for 
bis-chloro-bridged Cu(I1) binuclear complexes, 
wherein the copper centers adopt square-pyramidal 
or trigonal-bipyramidal geometry, an empirical cor- 
relation exists between the exchange energy 21 and 
the p/H ratio, where cp is the Cu-Cl-Cu bridging 
angle and R the longer Cu-Cl distance within the 
bridge. Due to existence of the two non-equivalent 
Cu-Cl-01 bridges in the present complex one can 
calculate a mean q/R ratio equal to 33.9. For this 
q/R value the empirical correlation predicts weak 
ferromagnetic exchange for this complex with an 
exchange energy, U, of few cm-’ in agreement with 
the observed ferromagnetic interaction. 

SOM02 
f: 

0 

N 

CN 

m 
c I 

N 

SOMO 1 

Fig. 5. The two SOMOs of the complex under investigation. 

Supplementary material 

Tables of observed and calculated structure factors 
are available from the authors. 
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