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Pure crystals of cis-bis( l-phenyl-l,3-butanedionato)oxovanadium(IV) display anomalous fine structure in their EPR spectra; 
13 or fewer distinct features appear depending upon orientation. The  features originate in a combination of 51V hyperfine 
structure with fine structure caused by dipolar and exchange coupling of nearest-neighbor molecules related by inversion 
through the unit cell origin. The spectra can be simulated to reasonable accuracy with coaxial g and A matrices, a spin-spin 
coupling tensor D based on point dipoles a t  the metal nuclei, a small ferromagnetic exchange coupling, and an orienta- 
tion-dependent line width predicted by the Van Vleck dipolar broadening formula. The best-fit parameters are g, = l .982, 
gI1 = 1.943, All = -510, A ,  = -210, D,, = -7.92, Dyy = 143.85, D,, = -130.53, D,, = 201.90, and J = -540 (A ,  D, and 
J in units of MHz) .  Both direct and indirect paths are  available for the intersite exchange process, which corresponds 
to an exchange rate of - 109/s. 

Introduction 
This work is an outgrowth of our interests in the coordi- 

nation chemistry of oxo~anad ium(IV)*-~~  and in the use of 
electron paramagnetic resonance both to characterize tran- 
sition-metal ions9-29 and to study interelectronic coupling 
between neighboring  site^.'^-'' 

Electron paramagnetic resonance has been used extensively 
in investigating bonding30 and  interaction^^^ of transition-metal 
complexes. Among these metal complexes those of vanadium 
occupy a unique position due to the extreme stability of the 
V 0 2 +  oxo ion.32 Although there have been many EPR studies 
of oxovanadium systems, most have involved liquids or frozen 
solutions.33 The possibility of single-crystal work is limited 
by the scarcity of suitable host lattices, although a few such 
studies have been reported.1° Measurements on pure single 
crystals seldom yield much information on account of magnetic 
concentration. The many neighboring dipoles in the crystal 
split the resonance lines; consequently the spectrum is un- 
usually broadened to such an extent that no hyperfine structure 
is resolved. (See, for example, ref 13.) Extended exchange 
interactions further degrade the spectra. However, there are 
rare examples of concentrated paramagnetic samples which 
display some fine structure. W e  have found such structure 
in an  unusual pattern in pure crystalline cis-bis( l-phenyl- 
1,3-butanedionato)oxovanadium(IV), VO(benzac)2. Hon, 
Belford, and Pfluger2b determined the crystal and molecular 
structure. The molecule can have cis and trans isomers; only 
the cis has been isolated to date. The crystals are monoclinic 
with four molecules per unit cell. The molecules are associated 
in inversion pairs as shown in Figure 1, with a vanadium- 
vanadium distance of 5.7 A. 

Here we report a study of the anomalous orientation- and 
temperature-dependent EPR spectra of single crystals of 
VO(benzac)2. The unusual hyperfine structure and the an- 
isotropic line widths are analyzed in terms of exchange and 
dipolar interactions. The associated large Hamiltonian matrix 
problem is solved by approximations described in the Ap- 
pendix. 
Experimental Section 

The compound was prepared as reported previously.2b Elemental 
analysis of the powder gave the following results: % C calcd 61.33, 
found 61.7; % H calcd 4.58, found 4.66. The  compound was re- 
crystallized from acetone which had been boiled to remove oxygen. 
The  air-sensitive solution was kept in a desiccator under its own vapor. 
Single crystals suitable for X- and Q-band work grew in about a day. 

E P R  spectra of single crystals at  room temperature were recorded 
at  both X-band (-9.5 GHz)  and Q-band (34.4 G H z ) ~ ~  frequencies 
with Varian E-9 and E-15 spectrometers. Also, Q-band spectra of 
a crystal a t  77 K were recorded. The  magnetic field was calibrated 
by proton resonance, and the frequencies were computed from the 
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Figure 1. Skeletal structure of inversion pairs of vanadyl bis(ben- 
zoylacetonate). The vanadium-vanadium distance here is 5.7 A. 
resonance line center of powdered D P P H  (g = 2.0036). For X-band 
work a single crystal was oriented by X-ray precession methods and 
then transferred to a single-circle goniometer designed for the purpose. 
In this way the orientation was known to within about a degree. 

For Q-band measurements the crystal was transferred to a small 
quartz rod protruding from the bottom plate of the EPR cavity. The 
uncertainty of orientation was greater here due to the method of placing 
the cavity in the magnetic field. However, comparison of the angular 
dependence of these spectra with that at  X-band frequencies aided 
in assigning the orientations. 

Computational analyses employed the IBM 360-75 and DEC-PDP 
10 computers at  the University of Illinois with programs written 
specifically for this problem (cf. Appendix). Simulated spectra were 
displayed on a Calcomp plotter. 
Results 

The marked orientational dependence of the experimental 
spectra is exhibited in Figure 2. At the orientation of 
maximum spectral width (-0.16 T)  there are nine equally 
spaced peaks, the intensity of the two outermost derivative 
maxima being roughly half the intensity of the others. The 
overall width then decreases to a minimum (-0.06 T) at  which 
no hyperfine structure is resolved. The nine-line pattern 
suggests that interaction between inversion pairs is of ap- 
proximately the same magnitude as the hyperfine interaction. 
Oxovanadium complexes, in which the magnitude of these 
interactions is much less than the hyperfine interaction, exhibit 
spectra35 with eight peaks of about equal intensity. For in- 
teractions the magnitude of which is much greater than that 
of the hyperfine in te ra~t ion ,~  each electron is equally affected 
by both nuclei; therefore each is coupled t o  a quantized total 
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Figure 2. Orientational dependence of Q-band (34.4 GHz) EPR 
spectra of an undiluted single crystal of vanadyl bis(benzoy1acetonate). 
Spectra were recorded in the a, c* crystallographic plane. The solid 
lines are the experimental spectra. Simulations are given by the broken 
lines. 

nuclear spin. The resulting 15 lines have relative intensities 
1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 7 , 6 , 5 , 4 , 3 , 2 , 1 .  

The Hamiltonian used for spectral simulations is given in 
eq 1, where SI, I ,  and S2, Z2 are spin operators for center 1 
H = PBv-gS + h(SI.DS2 + Sl*A*Zl+ S2.A.Z2 + JS1.5'2) 

(1) 
and center 2, respectively, of an exchange-coupled pair of 
vanadium centers. The 256 X 256 Hamiltonian matrix was 
prepared in a basis of simultaneous eigenvectors of S2, S,, I,, 
and Z,' (Zz' E ZZ1 - Z,J. Certain approximations considerably 
simplified the calculations. In particular, interactions between 
states of different M, were neglected; see Appendix for details. 

The molecular coordinate system was defined so that the 
vanadyl (V=O) bond is directed along the z axis, with x and 
y directions chosen so as to simplify the D tensor, Le., to make 
Dry = Dyr = 0. The molecular coordinate system is related 
to an orthonormal crystal coordinate system (with axes chosen 
to coincide with the crystallographic a, b, and c* axes) by the 
direction cosines given in eq 2.  The relationship between these 

-0.00301 1 0.937968 -0.346706 u 
-0.862035 0.173292 0.476305 E] =[ 0.506839 0.300301 0.808039 

two coordinate systems is shown in Figure 3. The angle 
between the magnetic field vector and the a axis in the a, c* 
plane (the molecules are magnetically equivalent in this plane) 
is denoted as p.  

A comparison of simulated with experimental spectra for 
various orientations is shown in Figure 2. These spectra show 
that the effective hyperfine splitting reaches a maximum for 

1i.1 (2) 
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Figure 3. The relationship between the molecular (x ,  y ,  z)  coordinate 
system and the orthonormal coordinate system (a, b, c*). The 
orientation of the magnetic field vector, q, is given by p ,  with 0' being 
along the a axis and the positive sense of rotation toward c*. 
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Figure 4. A comparison of effective dipolar splitting, A, with effective 
hyperfine splitting, 4, in crystalline vanadyl bis(benzoy1acetonate). 
The effective dipolar splitting was calculated by a point dipole-point 
dipole model with spins located at the nearest-neighbor vanadium 
nuclei. 

p = 60'. At this angle the magnetic field vector is closest to 
the molecular z axis (0 = 17'). The minimum hyperfine 
spacing occurs when the magnetic field vector passes through 
the molecular x ,  y plane ( p  = 150'). 

Examination of the unusual spectral structure suggests a 
dipolar and/or exchange interaction. Previous  calculation^^^ 
showed the dipolar interaction to have approximately the right 
magnitude but the wrong orientational dependence to explain 
this structure. By means of a point dipole model, with electron 
spins located a t  the vanadium nuclei, we have calculated the 
effective dipolar splitting for each orientation. Elements of 
the D tensor calculated in the molecular coordinate system 
are D, = -0.000264, Dyy = 0.004795, D,, = -0.004351, and 
D,, = -0.006 730 cm-'. A rotation about the y axis gives a 
diagonal D matrix, the elements of which are D ,  = 0.004276, 
D2 = 0.004 795, and D3 = -0.009 341 cm-'. The g anisotropy 
prevents this matrix from being traceless. A comparison of 
the effective dipolar splitting with effective hyperfine splitting 
is shown in Figure 4. At  the point of maximum hyperfine 
splitting the dipolar splitting has just reached a minimum. 
Clearly, the additional splitting needed to give the unusual 
structure cannot be the result of a pure dipolar interaction. 
Addition of an exchange interaction of comparable magnitude 
and correct sign alters the predicted orientational dependence. 
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Figure 5. The effective line width due to interaction of a vanadium 
nucleus with other vanadium nuclei other than the inversion twin in 
an undiluted crystal of vanadyl bis(benzoy1acetonate). The line width 
was estimated by use of Van Vleck's dipolar broadening formula. 

Attempts to simulate spectra with an empirical isotropic line 
width were unsuccessful for spectra like that for p = 173'. 
Therefore, an anisotropic line width contributed by dipolar 
interaction with dipoles of neighboring pairs was introduced. 
Positions of all dipoles in all the unit cells which border and 
include a particular unit cell were calculated. Then the ef- 
fective line width, AB, was estimated through Van Vleck's 
dipolar broadening formula3' (eq 3). Here g is the g factor, 

p is the Bohr magneton, rjk is the distance between the j th  and 
kth dipoles, and e,, is the angle between rjk and the magnetic 
field vector. This orientational dependence is shown in Figure 
5. The maximum in the dipolar line broadening occurs for 
p = Oo (Le,, Blla) because neighbors are spaced closely along 
the a axis. 

The set of parameters listed provided very good simulations 
of the experimental spectra. Because of the many approxi- 
mations employed, we would not expect, and did not find, any 
one set of parameters to fit all spectra perfectly. The sim- 
ulations generally deteriorated when any parameter was 
outside the given range. 

g11 = 1.943 f 0.001 

g ,  = 1.982 f 0.001 

A,,  = -510 f 30 M H z  (-0.0170 f 0.0010 cm-l) 

A ,  = -210 f 15 M H z  (-0.0070 f 0.0005 cm-') 

J = -540 f 45 M H z  (-0.0180 f 0.0015 ~ r n - ' ) ~ ~  

D,, = -7.91 M H z  (-0.000264 cm-') 

Dyy = 143.75 M H z  (+0.004795 cm-') 

D,, = -130.44 M H z  (-0.004 351 cm-') 

D, = -201.90 M H z  (-0.006730 cm-') 

Discussion 
Our success in simulating the spectra indicates that the 

interactions of this system occur mainly between the two 
molecules related by inversion; interactions with other mol- 
ecules affect only the line width. The principal interaction 
within each inversion pair is exchange. 

We were able to determine not only the magnitude of J but 
also its sign because J and D are of similar magnitude. The 
sign of the exchange interaction is revealed by its interplay 

Figure 6. An orthogonal projection of part of an inversion pair of 
vanadyl bis(benzoy1acetonate) onto the molecular x, y plane. The 
dg-9 orbitals of the two vanadium nuclei have lobes which are directed 
toward the projection of the other in this plane. One vanadium lies 
4.5 A out of this plane; the other lies in the plane. 

12 

C-C 
9 - 0  

0 - v  
Figure 7. An orthogonal projection of part of an inversion pair of 
vanadyl bis(benzoy1acetonate) onto the molecular x, z plane. The 
two rings shown are parallel and situated favorably for the interaction 
of their a systems. The nearest carbon-vanadium distance here is 
4.1 A. 

with the effective dipolar splitting. The exchange is ferro- 
magnetic in nature (J < 0); Le., the ground state is a triplet, 
the singlet lying 0.018 cm-' above it. In favorable cases such 
as this, exchange values of this small magnitude can be readily 
determined by EPR methods but not by the usual magnetic 
susceptibility techniques. 

Exchange interactions within dimers have received a great 
deal of s t ~ d y . ~ ~ , ~ ~  Both d i r e ~ t ~ ' - ~ ~  (Le., metal orbital-metal 
orbital overlap) and i n d i r e ~ t ~ , ~ ~  (the so-called superexchange) 
exchange mechanisms are well established. The structure of 
VO(benzac), prevents a clear-cut decision between these two 
mechanisms. Figure 6 shows an orthogonal projection of an 
inversion pair onto the molecular x, y plane. The unpaired 
electron resides in the d,2-y2 orbital; the relationship between 
the d,24 orbitals of the two centers is shown. Center 2 lies 
about 4.5 8, out of the plane. The d+2 orbitals of the two 
centers will overlap to some extent in the vicinity of the in- 
version center (2.8 A from each V atom). Even though the 
radial distribution function for this orbital is small for large 
values of r, the observed magnitude of the exchange interaction 
is so small that direct overlap cannot be ruled out. Similarly, 
a superexchange mechanism is possible. Figure 7 shows an 
orthogonal projection of an inversion pair onto the molecular 
x, z plane. The relationship between one vanadium-containing 
ring of a molecule and the vanadium atom of its inversion twin 
is shown. This ring and its inversion partner are fairly close 
(3.4 A), parallel, and situated favorably for interaction of their 
ir systems (see also Figure 6). The nearest carbon-vanadium 
distance is about 4.1 A. Exchange interaction could occur 
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Figure 8. Q-band (34.6 GHz) EPR spectra at 77 K of an undiluted 
single crystal of vanadyl bis(benzoy1acetonate) for several orientations 
of magnetic field in the a, c* plane. Note that at one orientation, 
p = 1 2 3 O ,  ten distinct features are resolved. 

through the ir-ir interaction path. Note that in this system 
the chelate rings are not in the x ,  z plane, and the metal d, 
orbitals are not orthogonal to the a orbitals of the chelate rings; 
there is an indirect path. 

Most studies of exchange coupling have employed systems 
with much smaller metal-metal distances, but there are several 
reports of small exchange coupling. For example, Davis and 
Belford16 found J = 0.0050 cm-’ for Cr3+-Cr3+ airs having 

and Gill46 and Svare and Seide148 determined J = 0.034 and 
J = 0.045 cm-I, respectively, for Cu2+-Cu2+ exchange-coupled 
pairs having large center-to-center distances. James and 
Luckhurst4’ and Hasegawa, Yamada, and MiuraS0 found low 
J values for two binuclear vanadyl tartrate complexes in 
solution, although the exact nature of each of these species 
was not well-known. For the much larger exchange coupling 
constants of more tightly linked copper systems, Hatfieldsl 
obtained a rough relationship between the Cu-0-Cu angle 
and exchange value. Until further magnetic studies of ox- 
ovanadium systems with known structures can be done, any 
discussion relating structure to exchange value would be 
inordinately speculative. 

Extended exchange interaction throughout the VO(benzac)2 
crystal is probably much less than that in similar complexes 
of copper(I1) because in the vanadyl system the unpaired 
electron resides in a nonbonding orbital which is rather 
localized. In contrast, the unpaired electron in a corresponding 
copper(I1) system would reside in an antibonding (dxy) orbital 
which would interact more strongly with the ligand rings and 
provide a more efficient mechanism for extended magnetic 
interactions in the crystal. Magnetic concentration should be 
much more severe in copper(1I) than in vanadyl crystals. We 

a nearest neighbor distance of approximately 7 R . Meredith 
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expect that studies such as this one could be carried out on 
several vanadyl systems. 

In an attempt to see more detailed structure, we also re- 
corded spectra of an oriented VO(benzac), crystal at 77 K and 
35 GHz  (see Figure 8). Although there was no further 
resolution of each hyperfine line, these spectra show modified 
splitting patterns with up to ten lines. This further splitting 
we attribute to an increase in both IJI and ID1 caused by 
contraction of the crystal. Davis and Belford16 used tem- 
perature variation to study internuclear-distance-dependence 
of exchange for a system involving Cr3+-Cr3+ pairs. In the 
absence of low-temperature structural data, which would 
provide a priori values for the elements of the dipolar splitting 
matrix, the large line widths involved here would make such 
a determination very difficult for VO(benzac),. 

We thank Dr. Michael Valek and 
Professor N .  Dennis Chasteen for preliminary studies of this 
problem and Mr. Kevin Klotter for obtaining some preliminary 
spectra. The US.  National Institute of General Medical 
Sciences, National Science Foundation, and the donors of the 
Petroleum Research Fund, administered by the American 
Chemical Society, provided support. 
Appendix 

A computer program was written to construct and ap- 
proximately diagonalize the spin Hamiltonian (eq 1) which 
contains the electronic spin operators for the two electrons (SI 
and S,) and the nuclear spin operators (II and Z2) for the two 
vanadium nuclei. The matrix representation of the Hamil- 
tonian took a convenient form when reexpressed in terms of 
sum and difference operators. 

Acknowledgment. 

H = PB7.g-S + (S.A*I+ S’*A-I9/2 + 
(S*D.S - S’*D.S’)/4 + J ( S 8  - S’.S’)/4 

where S = S1 + Sz, I = II + I,, S’ = SI - S2, and I’ = I l  - 
12. 

The appropriate 256 X 256 matrix operators were built by 
direct-product operations upon the smaller individual-particle 
spin matrices (i.e., the 2 X 2 matrices for each electronic spin 
and the 8 X 8 matrices for each nuclear spin). Electronic spin 
matrices were developed in the four-dimensional electronic spin 

Similarly, nuclear spin matrices were developed in the 64- 
dimensional nuclear spin space (Le., (11)64x64 = ISx8 QP 18x8; 
(12)64X64 = IsXs 8 ISx8). Finally, nuclear and electronic spin 
operators were directly multiplied as prescribed by the terms 
of the spin Hamiltonian to provide the 256 X 256 full-matrix 
representation. The electronic Zeeman term was diagonalized 
by a similarity transformation. In general three Euler angles 
(a, p, 7 )  are required for this transformation, but if the 
molecule possesses axial symmetry49 only two are required. 
A proper choice of the third simplifies the Hamiltonian matrix. 
The choice of y = 0 causes A, and A,, to vanish and 
eliminates all the imaginary parts of the hyperfine interaction 
matrices. 

space (i.e.9 ( s114X4 = s 2 X 2  @ 12x23 ( s 2 1 4 X 4  = 12x2 @ SZXZ). 

The full Hamiltonian matrix takes the form shown. 

- G + D ,  + J - A ,  1 + J + A ,  -A2’ A, + D ,  D3 
-(DI +D,) A,’ A,’ 

D , - D ,  + J  A , - D ,  

= gDB l 6 4 X 6 4  

At = I/2(ArzIz + AXJX)  

A2 = )/221/2(A,,I, + A,J, - iAyyIy) 

DI = D z z / 4  X 164x64 



2428 Inorganic Chemistry, Vol. 17, No. 9, 1978 

D 2  = 1/4(Dxx + 4,) 
D3 = 1/4(Dxx - 2Dxy - O y y )  

D 4  = (21’2/8)(Dxz - iDyz)  

1 6 4 x 6 4  

l 6 4 X 6 4  

I 6 4 X 6 4  

= J 1 6 4 x 6 4  
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