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Abstract 

The reaction of CuC12.2H,0 and 3(5),4-dimethyl-5(3)-phenylpyrazole (hereafter Hdmppz) gives green 
crystals that analyze as CuCl,(C,,H,,N,), (1). The green filtrate produces brown crystals of composition 
Cu40Cln(C,,H,?N2), (2). The crystal structure of both compounds was determined from single-crystal 
X-ray data. Crystals of bis[~-chloro-chloro-(3,4-dimethyl-5-phenylpyrazole)-(4,5-dimethyl-3-phenylpyr- 
azole)copper(II)] (1) are triclinic, space groupPT; a =9.071(l), b = 11.008(l), c = 11.358(l) A, (Y= 93.42(l), 
p= 97.50(l), y= 96.16(l)“, Z= 1. The dinuclear unit is located on a crystallographic inversion center. 
The copper ion is five-coordinated by two pyrazole nitrogen atoms and one bridging and one non- 
bridging chloride anion. The coordination is best described as a distorted square pyramid with the 
long bridging chloride as the top. Surprisingly the two pyrazole ligands are coordinating through 
different nitrogen atoms, one through the nitrogen atom close to the phenyl substituent and the other 
through the nitrogen close to the methyl substituent. Crystals of (p.,-oxo)hexakis(p-chloro)tetrakis(4,5- 
dimethyl-3-phenyl-pyrazole)tFtra-copper(I1) (2) are monoclinic, space group 12/a; a =20.836(l), 
b= 11.161(l), c=22.996(1) A, p= 104.54(l)“, Z=4. The copper ions are coordinated by five ligands 
in a trigonal-bipyramidal arrangement. The pyrazole nitrogen and the oxo-anion form the two tops 
of the bipyramid and the chlorides form the basal plane. Magnetic susceptibility measurements of 1 
and 2 show that there is considerable antiferromagnetic interaction in these compounds as can be 
expected. For 1 the experimental data could be fitted to a model for a dinuclear compound with 21 
as the singlet triplet splitting and z;l’ the inter-dinuclear exchange. The best fit was found for g=2.13, 
J/k= -5.8 K and zJ’/k = -0.22 K. For 2 a model was used with two different exchange parameters 
J, and J,,. The best fit was obtained for g= 2.11 and J,/k= -51 K and J,,/k= -33 K. 

Introduction 

Polynuclear compounds of copper( with small 
anions as bridging groups, are the subject of numerous 
papers in contemporary literature [l--5]. Compounds 
with fluoride as a bridging anion are the least- 
prominent family. With substituted azole ligands 

With 3(5)-methyl-S(3)-phenylpyrazole (Hmppz 
hereafter) as a ligand we were able to solve the first 

crystal structure of a fluoro-bridged dinuclear, planar 
copper(I1) compound with a considerable magnetic 
interaction [S]. Recently we published the crystal 
structure of a rather uncommon compound [14] with 

4-ethyl-3(S)-methyl-S(3)-phenylpyrazole (Hemppz 
however, several compounds with fluoro bridges are 
known [6-131. 

*Author to whom correspondence should be addressed. 

hereafter), containing a non-linear chain of copper 
ions linked by fluoro bridges. For this and two other 

copper compounds, the magnetic and spectroscopic 

properties were studied in detail [15]. 
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In order to make a detailed comparison with other TABLE 1. Crystal and diffraction data for [CuC12- 

bridging anions, we undertook to prepare chloro- GIHIzW~I~ (1) and for P-~O~(C~IHIZN~)~~ (2) 
bridged compounds, isostructural to known fluoro 
compounds, From the reaction of CuClr-2HrO and 
Hdmppz in ethanol green crystals formed that ana- 
lyzed as CuC12(Cr1Hr2N&. Magnetic measurements 
indicated that this is a dinuclear compound, with a 
weak antiferromagnetic exchange. From the same 
solution brown, plate-like crystals were formed that 
analyzed as [CU~OC~~(C~~H~~N~)~]. A single-crystal 
analysis was undertaken for both compounds, the 
results of which are discussed here. 

Experimental 

Starting materials 
The ligand Hdmppzwas synthesized from l-phenyl- 

2-methyl-1,3-butadione and hydrazinehydrate [16]. 
CuClr .2HrO was used as commercially available (J.T. 
Baker). Satisfactory C, H, N, Cl and metal analyses 
were obtained. 

Synthesis and crystal growth 
[CU(C~~H~~N~)~C~~]~ (1). To a warm solution of 1 

mmol (0.170 g) of CuC12.2Hz0 in 2.5 ml of ethanol 
a warm solution of 1.8 mmol (0.310 g) Hdmppz in 
25 ml of ethanol was slowly added. The mixture was 
allowed to cool slowly. After several hours the com- 
pound crystallized in green parallelepipeds. The 
green crystals are separated from the solution by 
filtration. Upon standingbrown, flat crystals [Cu40C16- 
(CllH12N2)4] (2) formed in the green filtrate. 

Physical measurements and analyses 
Infrared spectra were recorded on a Perkin-Elmer 

model 580B IR spectrometer in the region 4000-180 
cm-’ as KBr pellets. Ligand field spectra were 
recorded in the region 28000-4000 cm-’ on a Perkin- 
Elmer 330 UV-Vis spectrometer, with the use of 
the diffuse-reflectance technique with MgO as a 
reference. EPR spectra were recorded on a Varian 
E3 (9.5 GHz) spectrometer by using powdered sam- 
ples. Magnetic susceptibility data were obtained on 
powdered samples in the temperature region 2-300 
K with a S.H.E. Corporation VTS superconducting 
SQUID susceptometer at a field of 5 kOe. The 
sample bucket was fabricated from an Al-Si alloy 
obtained from S.H.E. Corporation. The magnetic 
data were corrected for the magnetic susceptibility 
of the sample bucket, which was measured inde- 
pendently. The data were corrected for diamagnetism 
using Pascal constants; measurements and calibration 
procedures have been reported elsewhere [17]. El- 
emental analyses were performed by the Micro- 

Chemical formula 
Formula weight 
Space group 

= (A) 
b (A) 
c (A) 
ff (“) 
P (“) 
Y (“1 
v (A3) 
z‘ ’ 
T WI 
A (4 
D,,I, k cmm3) 
Dabs (g Cm-3) 
CL (cm-‘> 
Final R (F,,) 
Final R, (FJ 

G.&W~4C~2N~ 

957.82 
pi 
9.071(l) 
11.008(l) 
11.358(l) 
93.42(l) 
97.50(l) 
96.16(l) 
1114.8(2) 
1 
295 
0.71073 
1.427 
1.41 
12.4 
0.042 
0.045 

C44H,Cl,C~,Ns0 
1171.82 
12/a 
20.836( 1) 
11.161(l) 
22.996(2) 

104.54(l) 

5176.5(6) 
4 
295 
0.71073 
1.504 
1.49 
19.8 
0.052 
0.063 

analytical Laboratory, University College, Dublin, 
Ireland. 

X-ray data collection 
X-ray data were collected on an Enraf-Nonius 

CAD4F diffractometer for crystals (1 green; 2 brown- 
ish) glued on top of a glass fibre. Crystal data and 
numerical details of the structure determinations are 
given in Table 1. Unit-cell parameters and their 
standard deviations were derived from the SET4 
setting angles of 25 reflections in the range 14 < 0 < 20” 
for 1 and 10 < 0< 15” for 2. The space group of 2 
was determined from the observed systematic ex- 
tinctions as Ia or 12/a. The latter one was adopted. 
There was no significant decay during data collection. 
The intensities were corrected for Lorentz and po- 
larization effects but not for absorption (in view of 
only minor intensity variations observed for 360” $- 
scans for close to axial reflections). Crystal 2 was 
found to include a minor twin component affecting 
the intensities of a few reflections. 

Structure determination and refinement 
The structures were solved with standard Patterson 

and Fourier methods (SHELXS-86 [IS]) and refined 
on F by full-matrix least-squares with SHELX-76 
[19]. All non-hydrogen atoms were refined with 
anisotropic thermal parameters. Hydrogen atoms 
were introduced on calculated positions and refined 
with fixed geometry with respect to their carrier 
atoms with common isotropic thermal parameters, 
except for the two pyrazole hydrogen atoms in 1 
that could be located from a difference map. Final 



TABLE 2. Final coordinates and equivalent isotropic 
thermal parameters for the non-hydrogen atoms of 
[C~CWT-M%)~l~ (1) 

cu 1.07796(4) 
Cl( 1) 0,84396(S) 
Cl(2) 0*99132(Q) 
N(l1) 1.2973(3) 
N(12) 1.2830(3) 
N(31) 1.1059(4) 
N(32) 1.1191(3$ 
C(13) 1.4204(3) 
C(34) 1.5218(3) 
C( 15) X.4395(3) 
C(16) 1.4521(4) 
C(17) l&859(4) 
C(B) 1,4792(3) 
C( 19) 1.6272(4) 
C(20) 1.6634(4) 
C(21) 1.5542(4) 
C(22) 1.4070(4) 
C(23) 1.3696(4) 
C(33) 1.1667(3) 
C(34) 1.1839(4) 
C(3.5) X1436(4) 
C(36) 1.1353(6) 
C(37) 1.2292653 
C(38) 1.1886(4) 
C(39) 1.0845(5) 
C(40) 1.1050(6) 
C(41) 1.2266(8) 
C(42) 1.3307(7) 
C(43) 1.3124(5) 

0.09562(4) 
0.06554(8) 

-0.01605(Q) 
0.1242(3) 
0.1256(2) 
0.2461(3) 
0.2472(2) 
0.1615(3) 
0.1827(3) 
0.1564(3) 
0.1743(4) 
0.2250(5) 
0.1580(3) 
0.1676(3) 
0.1680(4) 
0.1558(4) 
0.1441(5) 
0.1452(4) 
0.3639(3) 
0.4363(3) 
0.3567(3) 
0.3769(4) 
0.5719(4) 
0.3991(3) 
0.3535(4) 
0.3841(S) 
0.4616(5) 
0.5098(5) 
0.4789(4) 

0.13326(3) 0.0354(l) 
0.0219817) 0.0435(3) 
0.27980(7) 0.0494(3) 
0.3477(2) 0.0371(8) 
0,2274(Z) 0.0359(8) 

-0.0708(3~ 0.~9(1) 
0.0481(2) 0.0394(8) 
0.2024(3) 0.0369(9) 
0.3074(3) 0.042(l) 
0.3992(3) 0.0350(9) 
0.0782(3) 0.054(l) 
0.3114(3) 0.072(2) 
0.5292(3) 0.0361(g) 
0.5818(3) 0.051(l) 
0.7040(3) 0.055(l) 
0.7748(3) 0.056(l) 
0.7245(3) 0.072(2) 
0.6028(3) 0.062(l) 
0.0876(3) 0.042(l) 

-0.0083~3) 0*051(l) 
-0.1086(3) 0.052(l) 
-0.2382(3) 0.078(Z) 
-0.0053(4) 0.074(2) 
0.2165(3) 0.048(l) 
0.2877(3) 0.059(l) 
0.4099(4) 0.082(2) 
0.4599(4) 0.099(3) 
0.3916(5) 0.096(2) 
0.2689(4) 0.071(2) 

“U,, = l/3 of the trace of the orthogonaiized U tensor. 

coordinates are listed in Tables 2 and 3. Neutral 
scattering factors were obtained from ref. 20 and 
corrected for anomalous dispersion [21]. Three re- 
flections, seriously affected by the minor twinning, 
were left out of the final weighted refinement cycles 
of 2. The program PLATON of the EUCLID package 
[22] was used for the geometrical calculations and 
the thermal motion ellipsoid plots. All calculations 
were carried out on a Micro VAX cluster. 

The corresponding labelling of the atoms is given 
in Figs. 1 and 2. See also ‘Supplementary Material’. 

Results and discussion 

The structure and atomic labellin~ of I is depicted 
in Fig. 1, and relevant interatomic distances and 
angles are given in Table 4. The unit cell of 1 is 
shown in Fig. 3. The copper ion is coordinated by 
two pyrazole nitrogen atoms at 2.00.5(3) and 2.003(2) 

187 

TABLE 3. Final coordinates and equivalent isotropic 
thermal parameters for the non-hydrogen atoms of 
[CU~OC~~(C,~H~~N~)~I (2) 

Atom n Y 2 uq= b-u 

cw 
w7J 
CW) 
Cf (2) 
CV3) 
C&4) 

&II) 
NW 
N(31) 
~(32) 
CG3) 
CU4) 
CW) 
W@ 
Cc171 
CPI 
C(lQ) 
cm9 
ww 
cw9 
C(23) 
CC331 
C(34) 
C(35) 
C(36) 
CC371 
C(38) 
WQ> 
Cc401 
Ci41) 
Cc421 

0.21126(4) 1.037~(8) 0.04886(4~ 0.0398(3) 
0.18230(4) X.23993(8) -0.04651(4) 0.0418(3) 
0.25 0.8777(3) 0.0 0.064(l) 
0.1102(l) 1.1407(Z) 0.~215(9~ 0.0602(8) 
0.25 1.3991(3) 0.0 0.064(l) 
0.2093(l) 1.1389(3) - 0.13440{9) 0.091(i) 
0.25 1.1384(6) 0.034(2) 
0.2006(3) 0.9446(6) ::!632(2) 0.044(2) 
0.1X9(3) 0.9374(5) 0.1037(2) 0.040(2) 
0.1035(3) 1.3328(6) -0.1589(3) 0.045(2) 
0.1164(3) 1.3434(6) -0.0989(3~ 0.046(2) 
0.1288(4) 0.8551(7) 0.0948(3) 0.047(3) 
0.1225(4) 0.8097(7) 0.1497(4) 0.05(3) 
0.1704(4) 0.8690(7) 0.1933(3) 0.045(3) 
0.0901~5) 0.8224(Q) 0.0332(4) 0.077(4) 
0.0714(6) 0.720(l) 0.1566(6) 0.108(S) 
0.1887(4) 0.8647(7) 0.2590(3) 0.049(3) 
0.1704(S) 0.7714(9) 0.2902(4) 0.073(4) 
0X+79(6) 0.771(l) 0.3528(S) 0.084(5) 
0.2238(6) 0.862(l) 0.3853(4) 0.090(5~ 
0.2446(5) 0.955(l) 0.3558(4) O.OQO(5) 
0.2257(5) 0.9575(g) 0.2918(4) 0.075(4) 
0.0839(4) 1.4412(8) -0.0897(4) 0.057(3) 
0.0498(4) X4914(8) -0.1446(4) 0.061(3) 
0.0636(4) 1.4208(7) -0.1878(4) 0.049(3) 
0.0857(5) 1.480(l) -0.0269(5) 0.087(4) 
0.0108(6) 1.6069(g) -0.1496(6) 0.107(5) 
0.0445(4) 1.4248(7) -0.2538(4) 0.055(3) 
0.0844~5) 1.3744(8) -0.2871(4) 0.067(3) 
0.0668(6) 1.3784(g) -0.3499(4) 0.086(4) 
0.0100(7) 1.434(l) -0.3789(S) 0.111(6) 

- 0.0312(6) 1.481(l) -0.3461(6) O.lll(6) 

“V,, = If3 of the trace of the orthogonali~ed U tensor. 

A and two chloride ions at 2.3047(P) and 2.297(I) 
A. One chloride ion is bridging to the next copper 
ion, yielding a dinuclear unit, positioned around an 
inversion center. The long Cu-Cl(l)’ distance is 
26420(P) A. The copper-copper distance is 3.6164(7) 
A and the Cu-Cl-&’ angle is 93.70(3)“. The co- 
ordination can be described as a distorted square 
pyramid [23], with Cl(l)’ at the apical position. 

The basal plane is rather flat, the maximum de- 
viation from the least-squares plane (N12, N32, Cll, 
ClZ) is f0.2 A. The angle between this plane and 
the apical Cu-Cl(l)’ bond is 83.60(5)” and the copper 
ion is 0.23 A above the plane. The next nearest 
copper is at &965(l) A. The non-bridging chloride 
ion and the pyrazole N-H are linked by hydrogen 
bonding; distances and angles are given in Table 5. 
In the present literature there are several well char- 
acterized examples of dinuclear compounds, con- 
taining five-coordinated copper, Hodgson and CO- 
workers [2] studied a series of these compounds and 
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Fig. 1. Thermal motion effipsoid pfot (40% probabifity) of [CuCf2(CllHf2N2)& (1) with atomic labefting. The hydrogen 
atoms are omitted for clarity. 

Fig. 2. Thermal motion ellipsoid plot (40% probabiIi~) of [C~~~Cl~(C*~~~~~~~~] (2) with atomic fab~ffi~g. The hydrogen 
atoms are omitted for clarity. 

described an empirical relation between the structural 
and magnetic parameters. The distances and angles 

compound contains twu monodentate ligands per 

in 1 are normai, compared to the known compounds 
copper. Strikingly the two pyrazole ligands are co- 

so far. 
ordinated in different ways, one via the nitrogen 

Most dinuclear compounds of this type, that are 
(N(12) next to the methyl group (hereafter L(N12)) 

found SO far, contain chelating ligands. The present 
and the other (hereafter L(N32)) via the nitrogen 
(N(32)) atom next ro the phenyl substituent. In 
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TABLE 4. Relevant distances (A) and angles (“) in 
[CLIC~~(C~~H~~N~)~]~ (1). Primed atoms are generated by 

2--x, -Y, -2; double primed by 2-x, -y, l-z 

cu-Cl( 1) 2.3047(9) 
cu-CI( 2) 2.297( 1) 
Cu-N( 12) 2.005(3) 
Cu-N(32) 2.003(2) 
cu-Cl(l)’ 2.6420(9) 
cu-Cu’ 3.6164(7) 
cu-Cu” 8.965(l) 

cu-Cl(l)‘-Cu’ 93.70(3) 
Cl( l)-cu-Cl(2) 90.70(3) 
Cl(l)-Cu-N(32) 87.87(S) 
U(2)-Cu-N(12) 90.79(7) 
N(12)-Cu-N(32) 90.6( 1) 
Cl( l)-Cu-N( 12) 178.44(7) 
C1(2)-Cu-N(32) 1X32(8) 
Cl( l)‘-cu-Cl(l) 86.30(3) 
cl(1)‘-cu-cl(2) 105X2(4) 
Cl(l)‘-Cu-N(12) 93.76(7) 
Cl( l)‘-Cu-N(32) 98.67(7) 

solution of such ligands both tautomers are known 
to be present. 

So far five crystal structures, containing 3(S)- 
phenylpyrazole derivatives as a ligand [8, 14, 24, 251 
have been reported. In these structures the ligand 
coordinates via the nitrogen away from the phenyl 
substituent, i.e. as is found for ligand L(N12) in this 

compound, presumably for steric reasons. Coordi- 
nation via the nitrogen close to the phenyl substituent 
is not impossible, two structures are known that 
contain 3,5-diphenylpyrazole coordinating to cop- 
per(I1) [26, 271. The angle between the phenyl and 
the pyrazole ring is 42.5(2)O for ligand L(N32); this 
relieves some of the steric hindrance. 

As can be seen from Fig. 1 there is some interaction 
between the pyrazole ring of ligand L(N12) and the 
phenyl ring of ligand L(N32), that would not have 
been possible if both ligands were coordinated as 
ligand L(N12). The angle between the least-squares 
planes through these rings is 23.2(2)“. The shortest 
distance is N(12)-C(38) 3.222(4) A. 

Description of the structure of Cu40C16 (C,,H12N2), 

(2) 
The final fractional atomic coordinates are given 

in Table 3. The structure and atomic labelling of 2 
is depicted in Fig. 2, and relevant interatomic dis- 
tances and angles are given in Table 6. A projection 
of the unit-cell packing of 2 is shown in Fig. 4. The 
structure consists of a pb-oxide surrounded by four 
copper ions, in a distorted tetrahedron. The cluster 
is positioned on a two-fold axis (through Cl(l) and 
Cl(3)). A chloride ion is bridging between each pair 
of copper ions. Two of the six chloride ions are 
positioned on the two-fold axis. The copper ions are 

Fig. 3. Projection of the unit-cell contents of [CUCI~(C~~H~~N~)~]~ (1). 
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TABLE 5. Hydrogen bond distances (A) and angles (“) 
for [C~CI~G&WZII (1) and [C@CJ4C1J%~W~l (2). 
Primed atoms are generated by 2-x, -y, -z; double 
primed by 4 -x, y, 1 -z 

D-H.. .A D.. .A D-H ’ ..A H...A 

1 
N(U)-H(11). .Cl(Z) 3.010(3) 125(3) 2.40(4) 
N(31)-H(31). .Cl(2)’ 3.329(5) 163(3) 2.65(3) 

2 
N(ll)-H(11). . .Cl(4) 3.047(7) 126.6(5) 2.383(7) 
N(31)-H(31). . .Cl(4)’ 3.040(7) 126.1(5) 2.380(7) 

TABLE 6. Relevant distances (A) and angles (“) for 
[CLI~OCI~(C~~H~~N~)~] (2). Primed atoms are generated by 
t-x, y, 1-z 

Cu( I)-Cu(2) 3.097( 1) Cu( l)-Cl( 1) 2.359(3) 
Cu( l)-Cu( 1)’ 3.079( 1) Cu(l)-Cl(2) 2.402(2) 
Cu(l)-Cu(2)’ 3.173(l) Cu( l)-CI(4) 2.499(3) 
cu(2)-Cu(2)’ 3.083(l) Cu(2)-C!(2) 2.362(2) 
Cu(l)-0 1.905(4) Cu(2)-U(3) 2.352(3) 
Cu(2)-0 1.913(4) Cu(2)-Cl(4)’ 2.499(3) 
Cu(l)-N(12) 1.964(6) Cu(2)-N(32) 1.960(7) 

Cu( l)-Cl( l)-Cu( 1)’ 81.5(l) 
al(l)-C1(2)-Cu(2) 81.10(7) 
Cu(2)-C](3)-Cu(2)’ 81.9(l) 
Cu(l)-C](4)-Cu(2)’ 78.81(7) 

Cu(l)-O(l)-Cu(2) 108.45(4) 
Cu(l)-O(l)-G(l)’ 107.8(3) 
Cu(l)-O(l)-Cu(2)’ 112.41(4) 
Cu(2)-O(l)-G(2)’ 107.4(3) 

O(l)-Cu(l)-N(12) 176.3(2) 
Cl(l)-Cu( 1)-C](2) 121.03(6) 
cq 1)-Cu( I)-Cl(4) 118.60(8) 
C1(2)-Cu(l)-Cl(4) 118.0(l) 

0( l)-Cu(2)-N(32) 175.8(2) 
C1(2)-Cu(2)-Cl(3) 121.26(6) 
a(2)-Cu(2)-Cl(4)’ 118.1(l) 
C](3)-Cu(2)-Cl(4)’ 118.51(S) 

five-coordinated by three bridging chloride ions in 
equatorial and the oxide and a pyrazole nitrogen in 
axial positions, the ligands form an almost regular 
trigonal bipyramid. In this compound the pyrazole 
ligands are coordinating via the nitrogen next to the 
methyl group as is the case for ligand L(N32) of 
compound 1. Cu-0 distances are 1.905(4) and 
1.913(4) A, Cu-N,, distances 1.960(7) and 1.964(6) 
8, and Cu-Cl distances range from 2.352(3) to 2.499(3) 
A. The Cu-Cu distances range from 3.079(l) to 
3.173(l) 8, and Cu-Cl-Cu angles from 78.8(7) to 
81.9(l)“. Clusters of this type have been reported 
before [28, 291. The pyrazole N-H are hydrogen 

bonding to Cl(4); distances 
Table 5. 

Spectroscopic measurements 

and angles are given in 

The infrared spectra of 1 and 2 show vibrations, 
characteristic for pyrazole and phenyl rings. The 
ligand field spectra are normal for five-coordinated 
copper(I1) [30, 311. The spectrum of 2 shows a 
maximum at 13.3 X 10’ cm-’ with a pronounced low 
energy shoulder and a Cu-Cl charge transfer at about 
24.6 X lo3 cm-‘. The spectrum of 2 shows a symmetric 
maximum at 11.7 X lo3 cm-’ with a charge transfer 
band at about 26.3~ lo3 cm-‘. 

The EPR spectrum of 1 is anisotropic withg, = 2.06 
and g,, =2.26 at room and liquid nitrogen temper- 
ature. The spectrum of 2 shows a very weak EPR 
signal, probably due to a small impurity in the bulk 
sample. 

Magnetic measurements 
The susceptibility of 1 and 2 was measured in the 

temperature region 2-300 K, the susceptibility per 
mole of copper ions is plotted as a function of the 
temperature in Figs. 5 and 6. For 1 the dominant 
feature of the data is a maximum near 7 K. A 
Curie-Weiss analysis of the data above 50 K gives 
the parameters 0= - 3.2 K and C = 0.42 emu K/mol, 
g= 2.13. 

The equation for the susceptibility for a dinuclear 
molecule with spin S, =SZ = l/2 is 

W&T2P2 exp(W 
“= kT x 1+3 exp(2w) (1) 

where x= -JlkT and 2J is the separation of the 
singlet and triplet energy levels with a negative J 
value denoting a ground-state singlet. Accounting 
for inter-dinuclear exchange zJ’ and temperature 
independent paramagnetism (TIP) yields the follow- 
ing equation for the susceptibility 

The results were fitted to eqn. (2). During the fitting 
procedure the value of TIP was held constant 
(60 x 10e6 emu/mol). The results of the best fit are 
shown as the solid curve in Fig. 5. The best-fit 
parameters are g= 2.13, J/k = - 5.8 K, zJ’/k = - 0.22 
K. These parameters fit well with the empirical 
relation for these compounds, as described by Hodg- 
son and co-workers [2]. 

For 2 a maximum in the susceptibility is found 
around 60 K, the maximum is broader than found 
for 1. The data may be analyzed under a first 
approximation by using the simple model for di- 
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Fig. 4. Projection of the unit-cell contents of [CU~OC~~(C~~H~~N&] (2). 

6 

-----(r 1 IKI 

Fig. 5. Magnetic susceptibility measurements of 
C~C~Z(CIJGN&& (1). 

nuclear compound (eqn. (l)), corrected for a weak 
interaction to compensate for the presence of a 
tetranuclear molecule (eqn. (2)). 

A fit of the experimental magnetic susceptibility 
data to eqn. (2) gives the parameters g=2.10, 
J/k = - 54 K, zJ’/k = - 8.5 K. Here the TIP (this value 
is given per tetranuclear molecule) is 0.001717 emu/ 
mol and there is 5.6% paramagnetic impurity. The 
zJ’ is large enough, compared to the primary exchange 
interaction (J) to require a spin Hamiltonian for a 
tetranuclear cluster. The complete exchange inter- 
action component of the spin Hamiltonian for a four 
spin system is given in eqn. (4). 

.OZ I 

0 100 200 300 
Temperature (Kelvin) 

Fig. 6. Magnetic susceptibility measurements of 

[C~~OCUGH~~W~l (2). 

For a perfect tetrahedral arrangement of copper(I1) 
ions, all exchange parameters Jij are equal (J) and 
a closed form magnetic susceptibility equation may 
be generated as shown in eqn. (4). 

Ng’cL’ 
x= kT x 

6 exp(2x) + 10 exp(6x) 

2 + 9 exp(2x) + 5 exp(6x) 

where x = 2JIkT 

(4) 
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A fit of eqn. (4) to the magnetic susceptibility data 
gives the parameters g=2.43, J/k= -52 K, 
TIP=O.OOOSl emu/mol, and 4.8% paramagnetic im- 
purity, however, this fit is not as good as the fit 
obtained from eqn. (2). The addition of a zJ’ term 
to the susceptibility calculation (following eqn. (2)) 
resulted in an improvement of the goodness of fit 
and an improvement in the reasonableness of the 
parameters (g= 2.10, J/k= -52 K, zJ’/k= 17 K, 
TIP=O.O0133 emu/mol, and 5.9% paramagnetic im- 
purity), but the inter-tetranuclear exchange term 
(zJ’) is too large and its use is difficult to rationalize 
in the context of the crystal structure data. Since 
the quality of the fit to eqn. (4) is only marginal, 
this indicates that the exchange symmetry is sub- 
stantially less than tetrahedral. Therefore an attempt 
to improve the fit was made by reducing the high 
symmetry of the tetrahedral exchange field. 

A square exchange model was attempted that 
retained a lower symmetry and two exchange values. 

‘The spin Hamiltonian in eqn. (4) was used with 
Jlz = J34 = J, and J13 = Jz3 = Jz4 = Jal = Jb. By using the 
four spin S = l/2 basis set for copper(I1) (p= I &, 
&, &, &), where & = l/2 etc.) a 16 x 16 matrix is 
obtained. Diagonalization of this energy matrix yields 
energy levels corresponding to different total spin 
quantum numbers &=O, 1, 2, with degeneracies of 
2, 3 and 1, respectively. By use of the van Vleck 
equation, the magnetic susceptibility may be cal- 
culated for this model. A fit of the exchange and 
g value parameters of this model to the magnetic 
susceptibility data gives the parameters g=2.11, 
J,/k= -51 K, J,/k= -33 K, TIP=O.O0141 emu/mol, 
and 5.6% impurity. This fit gives a significant im- 
provement over the simple tetrahedral model and 
indicates that the distortions from tetrahedral sym- 
metry are significant, and a square model is preferred 
to the tetrahedral model. 

A third model was attempted that consisted of a 
further reduction of the symmetry from square to 
rectangular. This model contains three exchange 
parameters. The spin Hamiltonian in eqn. (4) was 
used with the restriction J12 = J34 = J,, Jz3 =Jdl = Jb and 
J13=Jz4=Jc. The fit of this model to the data gave 
the parametersg=2.04, J,lk= -51 K, JbJk= -23 K, 
J,=22 K, TIP=O.O0149 emu/mol, and 5.8% para- 
magnetic impurity. The quality of the fit of the 
‘rectangular’ model to the magnetic susceptibility 
data was marginally better than the square model, 
however the degree of improvement is not sufficient 
to warrant the introduction of an additional term, 
and just two terms J, and J,, are needed to adequately 
describe the magnetic behavior of this system. 

Conclusions 

The reaction of CuClr.2HzO with 3(5),4_dimethyl- 
5(3)-phenylpyrazole in ethanol yields two chloro- 
bridged copper compounds. In the dinuclear com- 
pound 1 the pyrazole ligand is bonding to the copper 
ion in two different ways. The magnetic and spec- 
troscopic properties of 1 and 2 are consistent with 
their crystal structures. 

Supplementary material 

The following material can be obtained from the 
authors on request. 

Table SO lists additional crystal and diffraction 
data. Tables Sl and S2 list the anisotropic temper- 
ature factors for the non-hydrogen atoms. Tables S3 
and S4 list the positional and isotropic temperature 
factors of the hydrogen atoms. Tables S5, S6, S7 
and S8 list bonding distances and angles in 1 and 
2. Tables SO to S8 amount to a total of 11 pages. 
Table S9 (31 pages) and SlO (33 pages) list observed 
and calculated structure factors. 

Acknowledgements 

This research is sponsored by the Netherlands 
Organization for Chemical research (SON), with 
financial aid of the Netherlands Organization for 
the Advancement of Pure Research (NWO) and the 
Leiden Material Science Center (Werkgroep Fun- 
damenteel Materialenonderzoek). The authors are 
indebted to A.J.M. Duisenberg for X-ray data col- 
lection. 

References 

R. D. Willett, D. Gatteschi and 0. Kahn (eds.),Mu@ero- 
Structural Correlations in Exchange Coupled systems, 
NATO AS1 Series No. 140, Reidel, Dordrecht, The 
Netherlands, 1984. 
W. E. Marsh, K. C. Patel, W. E. Hatfield and D. J. 
Hodgson, Inorg. Chem., 22 (1983) 511. 
J. C. Livermore, R. D. Willett, R. M. Gaura and C. 
P. Landee, Inorg. Chem., 21 (1982) 1403. 
W. E. Marsh, W. E. Hatfield and D. J. Hodgson, Znorg. 
Chem., 27 1819 (1988), and refs. therein. 
B. J. Hathaway, in G. Wilkinson, R. D. Gillard and 
J. A. McCleverty (eds.), Comprehensive Coordination 
Chemistry, Vol. 5, Pergamon, Oxford, U.K., 1987. 
J. Reedijk, Comments Inorg. Chem., 1 (1982) 379. 
J. Reedijk and R. W. M. ten Hoedt, Reel. Trav. Chim. 
Pays-Bas, 101 (1982) 49. 
W. C. Velthuizen, J. G. Haasnoot, A. J. Kinneging, 
F. J. Rietmeijer and J. Reedijk, J. Chem. Sot., Chem. 
Commun., (1983) 1366. 



193 

9 F. J. Rietmeijer, R. A. G. de Graaff and J. Reedijk, 
Inorg. Chem., 23 (1984) 151. 

10 F. J. Rietmeijer, J. G. Haasnoot, A. J. den Hartog 
and J. Reedijk, Znorg Chim. Acta, 113 (1986) 147. 

11 J. C. Jansen, H. van Koningsveld and J. Reedijk, Nature 
(London), 269 (1977) 318. 

12 M. Mikuriya, S. Kida and I. Murase, Bull. Chem. Sot. 
Jpn., 60 (1987) 1681. 

13 J. Emsley, M. Arif, P. A. Bates and M. B. Hursthouse, 
J. Chem. Sot., Dalton Trans., (1989) 1273. 

14 F. S. Keij, R. A. G. de Graaff, J. G. Haasnoot, A. J. 
Oosterling, E. Pedersen and J. Reedijk, J. Chem. Sot., 
Chem. Common., (1988) 423. 

15 A. J. Oosterling, R. A. G. de Graaff, J. G. Haasnoot, 
F. S. Keij, E. Pedersen and J. Reedijk, Znorg Chim. 
Acta, 163 (1989) 53. 

16 J. Elguero and R. Jacquier, Bull. Sot. Chim. Fr., 9 
(1966) 2832. 

17 C. J. O’Connor, Prog. Znorg. Chem., 29 (1982) 203. 
18 G. M. Sheldrick, SHELXS-86, a program for crystal 

structure determination, University of Gottingen, 
F.R.G., 1986. 

19 G. M. Sheldrick, SHELX-76, a program for crystal 
structure determination, University of Cambridge, U.K., 
1976. 

20 D. T. Cromer and J. B. Mann, Acta Crystallogr., Sect. 
A, 24 (1968) 321. 

21 D. T. Cromer and D. Liberman, Z. Chem. Whys., 53 
(1970) 1891. 

22 A. L. Spek, in D. Sayre (ed.), Computational Crystal- 
lography, Clarendon, Oxford, p. 528. 

23 J. T. Blanchett and R. D. Willett, Znorg. Chem., 27 
(1988) 843. 

24 F. S. Keij, R. A. G. de Graaff, J. G. Haasnoot, E. 
Pedersen and J. Reedijk, Znorg. Chim. Actu, 156 (1988) 
65. 

25 P. D. Verweij, F. J. Rietmeijer and A. Erdonmez, 
Znorg. Chim. Acta, 163 (1988) 223. 

26 F. J. Rietmeijer, Thesis, Leiden, 1986. 
27 H. H. Muray, R. G. Raptis and J. P. Fackler, Znorg. 

Chem., 27 (1988) 26. 
28 J. T. Guy Jr., J. C. Cooper, J. D. Gilardi, J. L. Flippen- 

Anderson and C. F. George Jr., Znorg. Chem., 27 (1988) 
635. 

29 (a) A. Erdonmez, J. H. van Diemen, R. A. G. de 
Graaff and J. Reedijk, Acta CTstaUogx, Sect. C, 46 
(1990) 402; (b) R. E. Norman, N. J. Rose and R. E. 
Stenkamp, Acta CTstaZZogr., Sect. C, 45 (1989) 1707. 

30 A. B. P. Lever, Inorganic Electronic Spectroscopy, EI- 
sevier, Amsterdam, 2nd edn., 1984. 

31 B. J. Hathaway and D. E. Billing, Coord. Chem. Rev., 
5 (1970) 143. 


