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Single crystal EPR spectra of Ki:[As;W;s06Cus(H;0).]-11H,O 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 Cu?*
ions. The hyperfine structure and the lines from the S=1/2 manifolds have not been observed. The isotropic exchange
parameters determined from the magnetic susceptibility data at 5-300 K are /;=J/,=—7.8 cm™'. The magnitude of
J values suggests that the unpaired electrons on three Cu’?* 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 .&, 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(ll)
acetate, first studied by Bleaney and Bowers in 1952,! 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.?
This technique has been used to deduce the metal ion sepa-
rations for a number of dimers of copper(Il), 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.? 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.™

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® We have been studying single crystal 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, [ As,W3s0sCus
(H:0);12~ (hereafter denoted as As,Cuz). The X-ray crystal
structure of this anion (Figure 1) shows three Cu(I) ions
sandwiched between two AsWyOs; subunits.* There are two
types of copper ions, arranged in an isosceles triangle; Cu(1)
is in a square planar environment and Cu(2) and Cu(3), relat-
ed by a mirror plane, are in square pyramidal environments.



244 Bull. Korean Chem. Soc. 1995 Vol. 16, No. 3

Figure 1. The structure of [As,Wi306Cus(H20),1%" (reproduced
from ref 4).

The structure of the heteropolyanion is slightly distorted
from Dy, 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.

56

Experimental

K[ As;W1506:Cu13(H;0); 1 11H;0 (I} and the corresponding
sodium salt (II) were prepared according to the literature
method.* Large single crystals were grown by slowly evapo-
rating saturated solutions. Their powder EPR spectra agreed
with the reported one>® 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 measured 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 shown in Figure 2. Since there
are two kinds of Cu®** ions in As;Cu;, the spin Hamiltonian
appropriate to describe the exchange interactions has the
following form.

A= —Ji(S1°S2+81-S3) — 5.+ S5 (6))

Here J; represents the exchange interaction between Cu(1)
and Cu(2) or Cu(3), and J, the interaction between Cu(2)

and Cu(3). cutty
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Figure 2. Temperature dependence of the molar magnetic sus-
ceptibility of Naj..[ As;W1s06Cus(H;0):]- nH,O. The line represe-
nts the calculated values, and the circles the experimental val-
ues.
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Figure 3. Energies of the spin states for isosceles three (S=1/2)
spin-coupled systems. S=S5,+5,+S; and $*=5,+S..

The spin states can be represented by S=S,+S,+S;, and
§*=8,+8Ss The resulting spin states are two doublets (S=
1/2) and one quartet (§=3/2); their energies are shown in
Figure 3. The molar magnetic susceptibility for this system
can be expressed as™®

2
__Niﬁ_xlﬂm M,

W= Y

X=10 exp{(1/2 J1+1/4 J.)/kT}+exp{(—J,+1/4 J,)/kT}
+exp{—3/,/4kT}

Y=4 exp{(1/2 Ji+1/4 J)/kT}+2 exp{(—Ji+1/4 J)/kT}
+2 exp{—3/,/4kT} 2)

where M, is the molecular weight and 4, 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 /i, J,, 6, and
X#a as adjustable parameters. The best least square fit is
achieved with /;=/,=—78 cm™?, 8=10 K, and y;,= —3.6 X
1077 emu/g (Figure 2). Since the Cu(1)-Cu(2) and Cu(2)-Cu
(3) separations are slightly different (4.736 vs. 4.782 A), N
and J; need not be the same. However, it was not possible
to determine them separately, because using different values
for J; and J, did not improve the fit.

The J values are considerably larger than the previously
reported value,” —34 cm™’. The diamagnetic susceptibility
is also larger than xu,= —0.12X107% emu/g of a diamagnetic
heteropoly compound,’® (CN3He);V:W,05. Since the maxi-
mum susceptibility is expected to be found below 5 K, mea-
surements at 0-5 K would give more accurate J values.
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Figure 4. (2) The full-field region of the polycrystalline EPR
spectrum of Kio[ As;W1s0sCu3(H,0),]- 11H,0. (b) The single crys-
tal spectrum with the smallest g value and the largest dipolar
splitting, (c) The single crystal spectrum with the largest g value.
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Figure 5. Angular dependence of the EPR spectrum of Ky
[As;W1506Cus(H,0),1- 11H,O with the magnetic field in the yz
plane. Symbols represent the observed values (O, M= —1/2; @,
M=1/2; A, 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 Cu?* ions. The un-
paired electron occupies the 3d,,_,» orbital in the Cu®** ion,
and a direct through-space overlap between two 3d,;-,; 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
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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 $=3/2 manifold (Figure 3). The hyperfine struc-
ture and the lines from the S=1/2 manifolds have not been
observed. Since each fine line is expected to be split into
up to 64 lines by three copper nuclei ({=3/2), the hyperfine
lines will not be resolved in the spectra of concentrated sin-
gle crystals.

The absence of the S=1/2 lines may be associated with
relaxation processes within the two S=1/2 manifolds. If |J;|

>|J.l, the ground state is 11/2, 1>, and it may be represented
schematically as'!

12 31

If |J;I<l/e, the ground state is 11/2, 0>, and it may be
represented as

or

12 31 12 31

If 1=/, 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 §=1/2 lines in the EPR spectra. For linearly
arranged trinuclear copper systems, the EPR transition with-
in the $=1/2 manifold was observed.’

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

H=pS-g-H+D{52—S(S+1)/3} +ES2—S,) 3)

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

hv=Ey—Ey_,=gpH,+ M —1/2) [D(3g2cos’8/g*>— 1)
+ 3Ecos2d(1 —g,2cos’0/g%)]
—(Dg. g . cosBsin®/g?)? [4S(S+ 1) — 24M (M — 1)—91/2¢BH,
+(Dg. %sin0/g?)? [25(S+1)—6MM —1)—31/8¢BH, )
where
H,=hv/gp
g =g . ’sin0+g.2cos0
g.2=glcos’dp+g, sin’d

The spectrum in Figure 4b has the smallest g value and
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Figure 6. (a) Experimental and (b) calculated powder EPR spec-
trum of Ki:[As;Wis0eCus(H:0);]-11H,0 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 ‘Cs’ () axis of the heteropolyanion. This spectrum
was best simulated using g,=2.060, D=0.0189 cm ', 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
Gmax=2.238, D=0.0189, E=00 cm™}, and w=75 mT. gy
was identified to be g, by simulating the powder spectrum
(see below). Then g,=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 field in the yz plane is shown in
Figure 5.

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

w?=w,? cos’®+w,® sin’d (5)

The EPR parameters obtained from the single crystal
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, w,=4.0 and w. =75 mT
produce a good fit near 300 mT, but a poor resolution near
340 mT. The spectrum shown in Figure 6b was calculated
using g, =2.238, g,=2.231, g,=2.060, D=0.0189, E=0.0 cm !,
w,=3.0 and w, =75 mT. The EPR parameters agree reaso-
nably with those determined from AM=2 and AM=3 tran-
sitions of a powder spectrum.® 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 field along the z axis are clearly seen in the
powder spectrum. Two parameters g; and D can be deter-
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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.!
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 Cu?* ions. If
it is assumed that the exchange and dipolar interactions be-
tween two Cu®’ ions are the same for all three pairs, the
spin Hamiltonian has the following form:

i{:B il Si'gi(m)'H_](Sl'52+82'53+83‘S1)+i{d¢d 6)

Hapa= ” Z Ui' $1Sy+Ji® SuSati® SySa)
LLk=1pyyey
where
Ji=gil 2 gdidi—30; Z duo.)} B
[=xpy32) m=xpypel
]ua2=g1,{ z Zxduldy—3o; Z G} [32/1’3
1=x3)323 m=x13121
]jk3:|: Z gzrd;‘l Z Ganlen
1=x2y222 n=x3y323
=3 2 dwox’ D duot] B
m=x)y121 p=x32y

The expression for J;# based on the point-dipole model
was given previously for the binuclear systems.” Here g(m)
represents the g matrix for a CuQ, group, while g in Eq.
3 represents the molecular ¢ matrix. And r is the Cu-Cu
distance, di’s are direction cosines connecting the 1 and 2
{or 3) coordinate frames, and o;'s are direction cosines of
the Cu-Cu vectors with respect to x;, y,, and z;. Each Cu**
ion was assumed to have axial symmetry with the same g,
(m) and g, (m) values, and the three g,(m) axes were assu-
med to be perpendicular to the ‘C; axis.

The advantage of this Hamiltonian is that it can be used
for any value of J. 8 X8 energy matrices were set up and
solved numerically to obtain the line positions and the tran-
sition probabilities for various orientations of the magnetic
field. Although this spin Hamiltonian gives the transitions
from both the $=3/2 and S=1/2 manifolds, 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
/1303 cm™! (the microwave frequency), J cannot be deter-
mined from the EPR spectra. J= ~7.8 cm™! determined from
the magnetic susceptibility data was used. Other parameters
determined by simulating the spectra are g,(m)=2410, g.(m)
=2060, and r=437 A,

Because of the geometrical arrangements of the CuO,
groups, their perpendicular directions agree with the z axis
of the heteropolyanion, and thus g,(m)=g,. When the mag-
netic field is in the plane perpendicular to the z axis, the
average g value of the three CuQ, groups calculated from
g,m)=2.410 and g.(m)=2060 is 2.239, which agrees with
2.. The r value is considerably smaller than the values from
the X-ray crystal structure determination, 4.736 A for Cu(1)-
Cu(2) and 4.782 & for Cu(®)-Cu(d). This indicates that the
point-dipole model underestimates the dipolar interaction for
this system. It was shown that delocalization of the unpaired



Single Crystal EPR Spectra of a Copper(Il) Trimer

{a)

240 280 320 360 400
’ Magnetic Field (mT)

Figure 7. (a) Experimental and (b) calculated powder EPR spec-
trum of Ku[ASszOSGCUg(HzO)z]'lleO at 77 K.

electrons onto the ligands could increase the dipolar interac-
tion and thus decrease the estimated value of » for VF."

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 g,=g,=2.226, g,=2.062, D=0.0223
cm™ !, E=00, w,=4.0, and w, =80 mT. The D value is con-
siderably larger than the room temperature value (0.0189
cm™ ). The dipolar splitting at 77 K corresponds tc a metal-
metal separation of 4.20 i, which is about 02 & 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(Il) 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-
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tion.
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