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The results of an electron paramagnetic resonance (EPR) study of vanadyl ion V 0 2 + doped in 
single crystals of Ba(C104)2 - 3 H 2 0 are reported. The spectra indicated the presence of two substi-
tutional and interstitial sites depending on the orientation. The spin-Hamiltonian parameters were 
determined from single crystal and powder EPR data. These parameters were found to be axial 
symmetric for the powder sample, whereas they showed deviations from axial symmetry for the 
single crystal. 

1. Introduction 

E P R studies of t ransi t ion metal complexes give 
valuable informat ion abou t the bond ing of the central 
metal ion with the ligands. The bond ing parameter is 
obtained from the sp in-Hamil ton ian constants which 
describe the resonance spectra. Since the vanadyl ion 
E P R spectrum is very sensitive to the crystalline-field 
environment , it has been the subject of a number of 
studies in crystals, some of which are alkaline earth 
formates [1 -5 ] , tu t ton salts [6 -12] , oxalates [13,14] 
and citrates [15, 16]. The metal ion is usually sur-
rounded by a distorted oc tahedron of oxygen ligands. 
However, the behaviour of unpai red electron in 
vanadyl complexes is domina ted by the strong V = O 
bond. As a result, mos t of the complexes posses a 
square pyramid symmetry and the g and A tensors are 
found to be axially symmetric. It is, therefore, interest-
ing to study the local symmetry and the bonding of the 
vanadyl complex by correlat ing E P R and optical re-
sults. In this paper, E P R studies have been carried out 
on V 0 2 + doped in single crystal o f B a ( C 1 0 4 ) 2 • 3 H 2 0 
(BPTH). 

2. Crystal Structure 

The crystal s t ructure of B P T H is hexagonal bi-
molecular with unit cell d imensions a = 0.72944 nm 
and c = 0.96744 nm. Two possible space groups, P6 3 

and P3 /m, have been suggested in an X - r ay crystallo-
graphic study [17]. It was found that the Ba a tom is 
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surrounded icosahedrally by six water and six 
Perchlorate oxygen atoms. The C 3 v symmetry of the 
CIO4 te t rahedron is along the c-axis of the crystal. 
The position of the p ro tons is proposed to be between 
the water oxygen and the Perchlorate oxygen. There 
are three protons near three oxygens in the base of 
each Perchlorate te t rahedron. The p ro ton posit ions 
have not been determined. The centro-symmetr ic 
structure differs f rom the non-centrosymmetr ic one 
only in a slight displacement of the C 1 0 4 t e t rahedron 
along the c-axis accommodat ing in the mir ror plane. 

3. Experimental Details 

Commercial B P T H was f rom Aldrich. Single crys-
tals were grown at room tempera ture f rom a sa tura ted 
aqueous solution of B P T H to which a small a m o u n t 
of V 2 O s was added as impurity. When heavily doped, 
the crystals were dark grey and shapeless. E P R spec-
tra were recorded on an X-band 9.2 GHz) E P R 
spectrometer (Varian model E-109C) with 100 k H z 
field modulat ion. The crystals were moun ted on a 
single circle goniometer which can be fitted with the 
EPR rectangular cavity operat ing in TE102 mode. 
The spectra were recorded as funct ions of the orienta-
tion of the magnetic field at intervals of 20° in the three 
mutually perpendicular planes be, a*b and ca* defined 
as morphologically shown in Figure 1. The micro-
wave resonance frequency was determined by using a 
s tandard field marker ( D P P H , g = 2.0036). E P R spec-
tra of a powdered sample (crystal crushed to a fine 
powder) were recorded at room tempera ture (RT) and 
liquid nitrogen tempera ture (LNT). 
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Fig. 1. The single crystal with the axes selected for the EPR 
measurements. 

4. Results and Discussion 

The E P R spectra of V 0 2 + doped in B P T H single 
crystals for three typical or ientat ions are shown in 
Figure 2. Fo r an arbi t rary or ientat ion of the magnetic 
field B, four sets of typical V 0 2 + spectra with two sets 
of s t rong intensity (in Fig. 2 b indicated with I and II) 
and two sets of much weaker intensity (in Fig. 2 a, c 
indicated with III and IV), characterised by eight 
V 0 2 + allowed hyperfine (hf) lines each were observed. 
Their intensities are found to be equal. Angular varia-
tion of the field posit ions of the hf lines corresponding 
to two sets of s t rong intensity are shown for the differ-
ent or ientat ions of B about the axes a*, b and c in 
Fig. 3, where a* refers to the direction perpendicular 
to the be plane. The analysis has been carried out only 
for the two strong groups (I, II), since the weak lines 
were quite difficult to follow. 

The V 0 2 + ion has the electronic configurat ion 
(Ar1 8) 3d1 . The E P R spectra of vanadyl complexes can 
be satisfactorily explained in terms of an unpaired 
electron ( 5 = 1/2) interacting with a vanadium nucleus 
(51V, 99.8% abundan t , 7 = 7/2). The spectrum can be 
described in terms of a sp in-Hamil tonian of the form 

J? = ß BgS + S A / , (1) 

where the first and the second terms describe the elec-
tron Zeeman and nuclear hyperfine interactions, re-
spectively. The spin-Hamil tonian parameters have 
their usual meaning. Addit ional terms, including 
quadrupo le coupling, zero field splitting and nuclear 
Zeeman interactions, are sufficiently small to be ne-
glected. 

The g2 and A2 matrices cor responding to I, II com-
plexes were diagonalized using s tandard procedures. 
The eigenvalues were found by calculating the second 
order per turbat ion term, and the eigenvectors were 
obtained in the a*, c and b coord ina t system. The K 
values were evaluated by the use of a least squares 
fitting procedure [18-20] , applicable to noncoinci-
dent principal axes of the g2 and A 2 tensors. The 
values obtained f rom single crystals for V 0 2 + ions I 
and II and powder da ta at RT and at L N T are listed 
in Table 1. Although the powder spectra at RT and 
LNT have given almost the same E P R parameters , the 
powder spectrum shows axial symmetry as shown in 
Figure 4. The single crystal does not show axial sym-
metry due to low symmetry. It is obvious f rom the 
characteristics of the E P R spectrum of the polycrys-
talline sample that all the sites are chemically equiva-
lent at RT and at LNT. B P T H contains two molecules 
in the unit cell. The var ia t ion of line posi t ions of I and 
II ions indicates that these are two subst i tut ional sites 
being chemically equivalent but magnetically inequiv-
alent. It also showed tha t the morphological ly chosen 
axes coincide with the crystal lographic axes. When the 
magnetic field lies a long all of the axes and in the a*b 
plane, the two sites become equivalent. Therefore the 
a*b plane is the intersection plane of two sites indicat-
ing the presence of a mir ror plane. This strongly sup-

Table 1. The EPR spin-Hamiltonian parameters of V0 2 + 

doped in single crystal and powder BPTH. 

Complex Principal values Direction cosines 
(hf in units of 
10~4 c m " 1 ) a* c b 

I Sa-a-= 1.993 ±0.001 0.460 - 0 . 8 8 2 - 0 . 0 9 5 
See = 1.987 ±0.001 0.378 0.292 - 0 . 8 7 8 
S bb = 1.937 ±0.001 0.803 0.368 0.469 
A a.a, ,= 197 + 2 0.763 0.416 0.494 
Acc = 8 7 + 1 - 0 . 6 3 1 0.313 0.709 
^b = 62 + 1 0.141 - 0 . 8 5 3 0.502 

II So'a' = 1.992 ±0.001 - 0 . 1 7 1 - 0 . 8 9 9 - 0 . 4 0 3 

8cc 

SM 

= 1.987 ±0.001 0.584 0.236 - 0 . 7 7 6 8cc 

SM = 1.937 ±0.001 0.793 - 0 . 3 6 8 0.484 
A„.a. , = 198 ± 2 0.759 - 0 . 4 2 6 0.491 
Acc = 88 ± 1 0.632 0.303 - 0 . 7 1 3 
A,, = 61 ± 1 0.155 0.852 0.499 

Powder 8 I = 1.992 ±0.001 
at RT g „ 

A , 
A 

= 1.937 ±0.001 
= 73 ± 1 
= 1 9 0 ± 2 

Powder g i = 1.992 ±0.001 
at LNT g// 

A x 

A 

= 1.938 ±0.001 
= 73 ± 1 
= 191 ± 2 
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Fig. 3. Angular variation of the EPR lines of V 0 2 + in BPTH versus the orientation of the magnetic field for the two sets 
with strong intensity indicated I, II in Figure 2. 

ports the space group is P6 3 /m. O n the other hand , the 
weak lines (III, IV) were at t r ibuted to interstitial sites 
and found to be orientat ion dependent . The intersti-
tial site was observed to be isotropic in the study of 
V 0 2 + doped Barium formate [1], whereas it is found 
to be anisotropic in this study. 

In the a * b plane, the lines indicated with I and II 
show maximum separation, while the lines indicated 
with III and IV show minimum separat ion. When the 
magnetic field is in the a * b plane, the spectrum shows 
a maximum at an angle of 60° with a* axis, and it 
shows minimum at 160". The obtained values for these 
two oriented spectra almost equal the A / ; and A ± 

values of the powder spectrum given in Table 1. These 
two special orientat ions correspond to a magnet ic 

field almost parallel and perpendicular to the V = 0 
bonding of two sites. 

Barium is surrounded icosahedrally by six water and 
six Perchlorate oxygen atoms. It is most probable that 
the VO 2 + ions also have a similar environment of the 
substitutional sites. Thus the wavefunctions and expres-
sion for the spin-Hamiltonian parameters in the present 
case will be the same as those for the V 0 ( H 2 0 ) 5 2. The 
spin-Hamil tonian parameters for V 0 ( H 2 0 ) 5 2 a r e 

given in [21 - 2 4 ] : 

A ,, = P 

A , = P 

4 , 3 
-y ß l (8e 8//) y (ße 8 . 

2 , 11 

, ( 2 ) 
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Fig. 4. The EPR spectrum of a powder sample of the V 0 2 + doped in BPTH, a) at RT and b) at LNT. 
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where P is the parameter which is a measure of the 
radial distribution of the unpaired electron wavefunc-
tions (P = 2.0023 gN ßN ßN < r 3 » , k is the Fermi contact 
parameter which is related to the unpaired electron 
density at the vanadium nucleus, and ß\ is the molec-
ular orbital coefficient indicating the extent of overlap 
of the vanadium orbitals with ligand orbitals. As the 
ground state of the V 0 ( H 2 0 ) 2 + complex is a non-
bonding orbital, one should expect a value of unity 
for ß\. The deviation from unity indicates the overlap 
of ligand orbitals. If ß\ is taken as unity [24], it is 
possible to make rough est imations of P and k. Substi-
tuting the values of g / / ? g x , A ; / and A ± evaluated from 
the powder E P R spectrum in the above equat ions, one 
gets P= - 1 2 7 x 1 0 ~ 4 c m _ 1 and k = 0.85. The values 
of P and k are close to the values observed for V 0 2 + 

in C d ( C O O ) 2 3 H 2 0 [13], C d ( N H 4 ) 2 S 0 4 6 H 2 0 [25] 
and ( N H 4 ) 2 M g ( S 0 4 ) 6 H 2 0 [7], where the ion is sur-
rounded by oxygen or water molecules in which the 
covalency effect is small. In addi t ion to this, the prin-
cipal values of the g and A tensors of V 0 2 + in B P T H 
are approximately in the same order as in previous 
studies on various lattices [7, 9, 13, 14, 25]. The devia-

tions of the spin-Hamil tonian parameters f rom the 
axial symmetry in Table 1 indicate that in B P T H the 
ligand field symmetry of oxygens a round V 0 2 + is 
lower than axial. 

6. Concluding Remarks 

• V 0 2 + enters the B P T H lattice, both substi tut ion-
ally and interstitially. The substi tutional incorpora-
tion is much more favourable than the interstitial 
one, and both are orientation dependent . 

• There is no detail information about B P T H crystal. 
The E P R results support the P 6 3 / m space g roup 
a m o n g P6 3 and P6 3 /m, both of which are suggested 
by X-ray study for the B P T H crystal. 

• Heavy doping affects the crystallisation. 
• The powder spectra show axial symmetry but the 

crystal da ta show deviation from axial symmetry. 
• The large value of k indicates a large contr ibut ion 

to the hyperfine constant by the unpaired S-elec-
t ron and probably also a contr ibut ion f rom spin 
polarisat ion. 
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