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Single crystal EPR spectra of Ki2[As2Wi8O66Cu3(H2O)2] , 11H2O exhibit an orientation-dependent fine structure of 
an S=3/2 system which is accounted for by the exchange and magnetic dipole interactions among the three Cu2+ 
ions. The hyperfine structure and the lines from the S=l/2 manifolds have not been observed. The isotropic exchange 
parameters determined from the magnetic susceptibility data at 5-300 K are Ji=j2= —7.8 cm-1. The magnitude of 
J values suggests that the unpaired electrons on three Cu2+ ions interact through a sequence of six bonds involving 
two tungsten atoms and three oxygen atoms. The Cu-Cu distance, 4.37 A, determined from the EPR spectra is consider
ably smaller than the value from the X-ray crystal structure determination, 4.76± 0.03 A, indicating that the point
dipole model underestimates the dipolar interaction.

Introduction

Although EPR spectra of monomeric transition metal com
plexes are well understood, a detailed description of the EPR 
spectra for oligomeric metal ion clusters is still in a devel
oping stage. The EPR spectrum of the binuclear copper(II) 
acetate, first studied by Bleaney and Bowers in 1952,1 has 
revealed that both exchange and dipole-dipole interactions 
are important for this complex, in which the Cu-Cu separa
tion is 2.6 A. When the metal-metal separation is large and 
the exchange interaction is small, the metal separation may 
be determined from the dipolar splitting in the EPR spectra.2 
This technique has been used to deduce the metal ion sepa
rations for a number of dimers of copper(II), oxovanadium 
(IV), and titanium(III) which have unknown structure. The 
accuracy of the metal separations determined by this tech
nique has not been tested with sufficient number of com
pounds whose structures are known. In addition, when the 
principal axes of the two metal ions are not parallel, a pertu
rbation expression can be derived only for zero exchange 

interaction.2 Recently we have found that both analysis of 
the EPR spectra and determination of the metal separation 
are not very reliable, if a small exchange interaction is neg
lected for this type of compound.14

As the number of paramagnetic transition metal ions in
creases, the EPR spectrum gets more complicated. In order 
to understand their EPR spectra, we need to study compou
nds with known structures. Some polyoxometalates were 
suggested as good systems for studying magnetic interactions 
among the metal ions, and some powder EPR spectra have 
been reported.6 We have been studying single cryst지 EPR 
spectra of some polyoxometalates containing more than one 
paramagnetic transition metal ion. This paper reports the 
single crystal EPR spectra of a copper trimer, 
(H2O)2]12- (hereafter denoted as AS2CU3). The X-ray crystal 
structure of this anion (Figure 1) shows three Cu(II) ions 
sandwiched between two ASW9O33 subunits.4 There are two 
types of copper ions, arranged in an isosceles triangle; Cu(l) 
is in a square planar environment and Cu(2) and Cu(3), relat
ed by a mirror plane, are in square pyramidal environments.
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Figure 1. The structure of (reproduced
from ref 4).

The structure of the heteropolyanion is slightly distorted 
from Z)3h symmetry. The powder EPR spectrum of this com
pound was reported before, and the EPR parameters were 
determined by analyzing the AM=2 and AM=3 transitions. 
5.6

Experimental

Ki2EAs2Wi8O66Cu3(H2O)2] - 11H2O (I) and the corresponding 
sodium salt (II) were prepared according to the literature 
method.4 Large single crystals were grown by slowly evapo
rating saturated solutions. Their powder EPR spectra agreed 
with the reported one.5,6 A single crystal of I was mounted 
on a quartz rod attached to a goniometer, and EPR spectra 
were recorded every 5° with the magnetic field in three 
mutually perpendicular planes. The microwave frequency 
was me#s냐！"ed by an Anritsu frequency counter and DPPH 
was used as a g marker. The magnetic susceptibility mea
surements at 5-300 K were performed using a SQUID mag
netometer.

Results and Discussion

Magnetic Susceptibility. The magnetic susceptibility 
data of II at 5-300 K are 아】own in Figure 2. Since there 
are two kinds of Cu2+ ions in As2Cu3, the spin Hamiltonian 
appropriate to describe 아le exchange interactions has the 
following form.

R= ~Ji(S r S2+Sr S3) ~]^2 , S3 (1)

Here represents the exchange interaction between Cu(l) 
and Cu(2) or Cu(3), and J2 the interaction between Cu(2) 
and Cu(3).

Figure 2. Temperature dependence of the molar magnetic sus
ceptibility of NaizlAszWiQ^CiUHQ)：?] FH2O. The line represe
nts the calculated values, and the circles the experimental val
ues.

Energy Spin |s,s*>

-J丄-1/2 J2 -------------- 13/2,1>

3/2 J2 -------------- 11/2,0>

2 - 그/2 J2 -------------- 11/2,1>

Figure 3. Energies of the spin states for isosceles three (S= 1/2) 
spin-coupled systems. S=Si+52+S3 and S*=S2 + S3.

The 응pin states can be represented by S=Si + S2+S3t and 
S*=S2 + S% The resulting spin states are two doublets (S= 
1/2) and one quartet (S=3/2); their energies are 아lown in 
Figure 3. The molar magnetic susceptibility for this system 
can be expressed as7'8

枷=-£判。)号 +国 Mw

X=10 exp{(l/2 4+1/4 ・/2)/kT} + exp{(-人+1/4 J2)/kT| 
+ exp{—3陽4虹}

Y=4 exp{(l/2 + 1/4 J2)/kTt + 2 exp{(—人+1/4 /2)/kT}
+ 2 exp{-必/4kT} (2)

where Mw is 사le m이ecular weight and &皿 is the diamagnetic 
susceptibility. The g value was determined from the EPR 
spectra. The experimental susceptibility values at 5-300 
K have been fit to this equation by treating 人，J2, 0, and 
Xm as adjustable parameters. The best least square fit is 
achieved with人느/2= 一7.8 cm1, 0=1.0 K, and)g=-3.6X

7 emu/g (Figure 2). Since the Cu(l)-Cu(2) and Cu(2)-Cu 
(3) separations are slightly different (4.736 vs. 4.782 A), 
and J2 need not be the same. However, it was not possible 
to determine them separately, because using different values 
for Ji and J2 did not improve the fit.

The J values are considerably larger than the previously 
reported value,9 —3.4 cm The diamagnetic susceptibility 
is also larger than x妃=—0.12X10 2 emu/g of a diamagnetic 
heteropoly compound,10 (CN3H6)4V2W4Oi9. Since the maxi
mum susceptibility is expected to be found b이ow 5 K, mea
surements at 0-5 K would give more accurate J values.
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Figure 4. (a) The full-field region of the polycrystalline EPR 
spectrum of KizlAszWiQ^CiHHQTTlHQ (b) The single crys
tal spectrum with the smallest g value and the largest dipolar 
splitting, (c) The sin이e crystal spectrum with the largest g value.

An 이 e a (degree)
Hgure 5. Angular dependence of the EPR spectrum of K. 
[As2Wi8O66Cu3(H2O)2] - 11H2O with the magnetic fi이d in the yz 
plane. Symbols represent the observed values (O, M= —1/2; •, 
M= 1/2; △, M=3/2) and the lines the calculated values. See 
Eq. (4) for the meaning of M.

The magnitude of J values indicates that there is signifi
cant magnetic interactions among the Cu2+ ions. The un
paired electron occupies the 电2* orbital in the Cu2+ ion, 
and a direct through-space overlap between two 3dX2-y2 orbit
als can be ruled out. The isotropic exchange interaction must 
therefore occur through six bonds involving two tungsten 
atoms and three oxygen atoms.

EPR Spectra. Single crystal EPR spectra were measu
red at room temperature with the magnetic field in three 

mutually perpendicular planes. Each spectrum consists of 
three lines at the full field region and a weak line at the 
half-field region. The one third-field line was too weak to 
be observed in the single crystal spectrum. The full-field 
spectra for two different directions of the magnetic field are 
shown in Figures 4b and 4c.

The three-line spectra may be attributed to the fine struc
ture of the S —3/2 manifold (Figure 3). The hyperfine struc
ture and the lines from the S=l/2 manifolds have not been 
observed. Since each fine line is expected to be split into 
up to 64 lines by three copper nuclei (7 = 3/2), the hyperfine 
lines will not be resolved in the spectra of concentrated sin
gle crystals.

The absence of the S=l/2 lines may be associated with 
relaxation processes within the two S —1/2 manifolds. If l/J 
> I/2I. the ground state is 丨1/2, 1>, and it may be represented 
schematically as11

If l/i I < If2, the ground state is 11/2, 0>, and it may be 
represented as

3t

If J1—J2, the two doublet states are degenerate. In this 
situation the system hesitates as for the nature of its ground 
state: the system is frustrated. Spin frustration seems to 
cause rapid relaxation of the spins, which explains the ab
sence of the 5=1/2 lines in the EPR spectra. For linearly 
arranged trinuclear copper systems, the EPR transition with
in the S—1/2 manifold was observed.7

The EPR spectra for an S=3/2 system can be interpreted 
by the following spin Hamiltonian:

A=BS・g・H+D{S2-S(S+l)/3}+E(&2—SQ (3)

The EPR transitions derived from this Hamiltonian are given 
by the following equation:12

hN =Em—Em— I =g^H0 + (M—1/2) ：Z)(^2cosW -1)
+ 3Ecos2())(l —幻们刿/妒)]

一 (Z)^^±cosGsinG/^)2 [4S(S +1)一24A/(Af-1)一9]/々瓯
+ (Z)^?sinW)2 [2S(S+1) —6MCM— 1) — 3]/传昭 (4) 

where

H。나

妒=g丄％订1令+^2cos20
g 丄2 =&言乂汚% +gy2sin%

The spectrum in Figure 4b has the smallest g value and
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Magnetic Field (mT)

Figure 6. (a) Experimental and (b) calculated powder EPR spec
trum of Kl2[As2Wi8O66Cu3(H2O)2j - 11H2O at room temperature.

the largest dipolar splitting, and its highest field line coin
cides with the highest-field line in the polycrystalline spec
trum (Figure 4), indicating that the magnetic field is parallel 
to the 'C/ (z) axis of the heteropolyanion. This spectrum 
was best simulated using g=2.060, 2)=0.0189 cmf w (line
width) =4.0 mT, and the Gaussian line shape. The single 
crystal spectrum with the largest g value is shown in Figure 
4c. This spectrum, which is expected when the magnetic 
field is perpendicular to the z axis, was best simulated using 
gsx=2.23& 2)=0.0189, E=0.0 cm-1, and w = 7.5 mT.务心 

was identified to be gx by simulating the powder spectrum 
(see below). Then 务= 2.231 was determined from the single 
crystal spectrum with the magnetic field perpendicular to 
both the z and x axes. The angular dependence of the spec
trum with the magnetic fi이d in the yz plane is shown in 
Figure 5.

In order to simul가e the powder spectrum, we use the 
following expression for the linewidth, for it originates main
ly from the unresolved hyperfine splitting:

宓二以2 sin20 (5)

The EPR parameters obtained from the single cry닧al 
spectra were used to simulate the powder spectrum measu
red at room temperature (Figure 6). A perfect fit to the ex
perimental spectrum could not be obtained using one set 
of linewidths because the line shape, which is determined 
by the hyperfine structure, deviates significantly from the 
Gaussian line shape. For example,皿=4.0 and 叭= 7.5 mT 
produce a good fit near 300 mT, but a poor resolution near 
340 mT. The spectrum shown in Figure 6b was calculated 
using 务=2.238,务=2.231,幻=2.060,1)=0.0189, E=0.0 cm-1, 
以=3.0 and w± = 7.5 mT. The EPR parameters agree reaso
nably with those determined from AM=2 and AM=3 tran
sitions of a powder spectrum.5 Since the g anisotropy is quite 
small and E=0.0, this system has essentially axial symmetry. 
It is noted that two lines attributable to the spectrum with 
the magnetic fi이d along the z axis are clearly seen in the 
powder spectrum. Two parameters g2 and D can be deter

mined from these two lines, even when single crystal spect
rum is not available.

The D value, containing both direct and pseudo dipolar 
contributions, does not give the metal-metal distance directly.1 
In order to get the metal-metal distance and the exchange 
interaction (when it is comparable to the dipolar interaction), 
we may use an alternative spin Hamiltonian containing the 
exchange and dipolar interactions among the Cu2+ ions. If 
it is as옹umed that the exchange and dipolar interactions be
tween two Cu24 ions are the same for all three pairs, the 
spin Hamiltonian has the following form:

含=6 £ s,• S2+S2• S3+s3• so +Hdllm, (6) 
1 = 1

噸= 2 (号 s，s*+j,『 Si,s*+/*3 $2母)

where

寿=gh{ E g20灿一阮 Z

J^=gU 1 2 g30k0L% 2 』由아%

/=x3/353
— E 2 gz内 £ gpd 臨

I=x2y2^2 "=*3 丿 3Z3
{d也一 3 2 4q허3 Z %冋아] 旳户

，>1=勺叩1 /»=*1心Z]

The expression for // based on the point-dipole model 
was given previously for the binuclear systems.2 Here g(m) 
represents the g matrix for a CuO4 group, while g in Eq. 
3 represents the molecular g matrix. And r is the Cu-Cu 
distance, d's are direction cosines connecting the 1 and 2 
(or 3) coordinate frames, and ofs are direction cosines of 
the Cu-Cu vectors with respect to 北，and zx. Each Cu2+ 
ion was assumed to have axial symmetry with the same 幻 

(wt) and g丄 (tn) values, and the three axe응 were assu
med to be perpendicular to the *C39 axis.

The advantage of this Hamiltonian i옹 that it can be used 
for any value of J. 8X8 energy matrices were set up and 
solved numerically to obtain the line positions and the tran
sition probabilities for variou옹 orientations of the magnetic 
field. Although this spin Hamiltonian gives the transitions 
from both the S=3/2 and S = 1/2 manifo너s, only those from 
the S = 3/2 manifold were used for simulating the spectra. 
Since the J value has little effect on the EPR spectra when 
Ul >0.3 cm-1 (the microwave frequency), J cannot be deter
mined from the EPR spectra. /= 一 7.8 cm-1 determined from 
the magnetic susceptibility data was used. Other parameters 
determined by simulating the spectra are gS)=2410, g丄伽) 

= 2.060, and r=4.37 k.
Because of the geometrical arrangements of the CuO4 

groups, their perpendicular directions agree with the z axi옹 
of the heteropolyanion, and thus g丄(rn)=&. When the mag
netic field is in the plane perpendicular to the z axis, the 
average g value of the three CuO4 groups calculated from 
幻(師)=2.410 and g丄(彻)= 2060 is 2.239, which agrees with 
gx. The r value is considerably smaller than the values from 
the X-ray crystal structure determination, 4.736 A for Cu(l)- 
Cu⑵ and 4.782 A for Cu(2)-Cu(3). This indie간es that the 
point-dipole model underestimates the dip이ar interaction for 
this system. It was shown that delocalization of the unpaired
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Figure 7. (a) Experimental and (b) calculated powder EPR spec
trum of Ki2[As2WiaO66Cu3(H2O)J - 11H2O at 77 K.

electrons onto the ligands could increase the dipolar interac
tion and thus decrease the estimated value of r for VFg.13

The powder spectrum measured at 77 K was also simu
lated using the Hamiltonian in Eq. (4); see Figure 7. The re
sulting parameters are gx =gy = 2.226,务=2.062, Q=0.0223 
cm-1, E=0.0,以=4.0, and 紗丄= 8.0 mT. The D value is con
siderably larger than the room temperature value (0.0189 
cm1). The dipolar splitting at 77 K corresponds to a metal
metal separation of 4.20 A, which is about 0.2 A smaller 
than the room temperature value. This probably reflects the 
contraction of the heteropolyanion at 77 K.

We have shown that both single crystal and powder EPR 
spectra of a Cu(II) trimer could be interpreted using two 
different spin Hamiltonians. Although the Hamiltonian con
taining the exchange and dipolar interactions among three 
copper ions is more complex, it gives the metal-metal sepa
ration directly. However, the metal-metal distance determi
ned by using the point-dipole model is considerably smaller 
than the value from the X-ray crystal structure determina

Bull. Korean Chem. Soc. 1995t Vol. 16, No. 3 247

tion.
Acknowledgment. Financial assistance from the Minis

try of Education is gratefully acknowledged. We thank Dr. 
Namhwi Hur of the Korea Standards Research Institute for 
the magnetic susceptibility measurements.

References

1. Bleaney, A.; Bowers, K. D. Proc. Roy. Soc. (London) 1952, 
A214, 451.

2. Smith, T. D.; Pilbrow, J. R. Coord. Chem. Rev. 1974, 13, 
173.

3. Carr, S. G.; Smith T. D.; Pilbrow, J. R. J. Chem. Soc. 
Faraday II 1974, 497.

4. Robert, F.; Leyrie, M.; Herve, G. Acta Cryst. 1982, B38, 
358. The powder EPR spectra of I and II were the same, 
indicating that the anions in these salts are essentially 
the same.

5. Siedle, A. R.; Padula, F.; Baranowski, J.; G이dstein, C.; 
Deangelo, M.; Kokszka, G. F.; Azevedo, L.; Venturini, 
E. L. J. Am. Chem. Soc. 1983, 105, 7447. Their EPR pa
rameters are & = 2.075, gL =2.243, and 0.019 cm-1.

6. Kokoszka, G.; Padula, F.; Siedle, A. R. Biological & Inor
ganic Copper Chemistry; Karlin, K. D.; Zubieta, J. Eds.; 
Adenine Press: 1985; p 209.

7. Chaudhuri, P.; Winter, M.： Vedova, B. P. C. D.; Bill, E.; 
Trautwein, A.; Gehring, S.; Fleischhauer, P.; Nuber, B.; 
Weiss, J. Inorg. Chem. 1991, 30, 2148.

8. Brown, D. B.; Wasson, J. R.; Hall, J. W.; Hatfi이d, W. 
E. Inorg. Chem. 1977, 16, 2526.

9. The value reported in ref 5, —1.7 cm-1, corresponds 
to —3.4 cm-1 in our expression of the spin Hamiltonian.

10. Flynn, Jr. C. M.; Pope, M. T. Inorg. Chem. 1973,12, 1626.
11. Kahn, O. Molecular Magnetism; VCH: New York, 1993; 

p 241.
12. See, for example, Orton, J. W. Electron Paramagnetic Res

onance; Gordon and Breach: New York, 1968; p 61.
13. Smith, S. R. P.; Owen, J. J. Phys. C. 1971, 4, 1399.
14. Our unpublished results.


