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Electron paramagnetic resonance (EPR) studies are carried out on vanadyl (VO2+) ions in diammo-
nium tricadmium tetrakis (sulfate) pentahydrate single crystals at room temperature. The EPR spectra
of a single crystal exhibit resonance signals characteristic to VO2+ ions. The analysis of EPR spectra
indicates that the VO2+ ions in single crystals show two magnetically inequivalent VO2+ sites in
distinct orientations occupying substitutional positions in the lattice and showing very high angular
dependence. They form in octahedral coordination with tetragonal compression with C4v symmetry.
The spin Hamiltonian parameters are determined, and these parameters have been used to estimate
the bonding coefficients of the VO2+ ion in a diammonium tricadmium tetrakis (sulfate) pentahydrate
lattice. The parallel and perpendicular components of axially symmetric g and hyperfine (A) tensors
are evaluated and the results are discussed and compared with previous reports.
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1. Introduction

The electron paramagnetic resonance spectroscopy
is one of the suitable techniques for studying transi-
tion metal complexes which have at least one unpaired
electron on their d orbitals. It is also useful for studying
the bonding of metals to organic and inorganic ligands
[1, 2]. Paramagnetic VO2+ ions with 3d1 configuration
are often used as a probe in crystalline materials re-
flecting the local symmetry and the structural proper-
ties of the host. Therefore, the EPR spectra of VO2+

ions in different diamagnetic lattices have been studied
by many workers to get information about the struc-
ture, dynamics, and environment of the host lattices
[3 – 9]. The behaviour of an unpaired electron in VO2+

complexes is dominated by the strong V=O bonding
and it is always in a non-degenerate state leading the
EPR spectra. As a result, most of the complexes form
distorted octahedral sites (C4v) compressed along the
z-axis and both g and A values are found to be axially
symmetric [10 – 12].

Sulfates are important as well as in biological and
medical applications, therefore its derivatives and their
metal complexes are widely studied. Because of their
wide applications in technology, impurities in sulfate
crystals, including divalent and trivalent metal ions, are
introduced and investigated to show the effects on op-
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tical, electrical, and other physical properties [13 – 15].
EPR studies of VO2+ in some sulfate complexes have
also been reported [16 – 20]. Since there is no report
in literature on the EPR studies of VO2+ doped in di-
ammonium tricadmium tetrakis (sulfate) pentahydrate
single crystals to our knowledge, we have undertaken
the aforesaid investigation.

2. Experimental

An aqueous solution of (NH4)2SO4 and
3CD(SO4)·8H2O with equal molarity is prepared.
About one percent of VOSO4·3H2O is added to the
solution as impurity. The solution is left to evaporation
at room temperature slowly. Well developed single
crystals of diammonium tricadmium tetrakis (sulfate)
pentahydrate (DATTS) are obtained in about one
week. DATTS single crystals belong to the monoclinic
system, space group P21/c [21], and contain four
molecules in a unit cell. The unit cell parameters
are: a = 19.678 Å, b = 9.872 Å, c = 10.073 Å, and
β = 102.097 ◦.

The EPR spectra are recorded on a Varian E-109
Century Series X band EPR spectrometer with a
magnetic field modulation frequency of 100 kHz.
The single crystal is mounted on a goniometer and
the spectra are recorded at room temperature in three
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Table 1. Principal values and direction cosines of the g and A tensors of VO2+ doped (NH4)2Cd3(SO4)4·5H2O single crystals.
∆g = ±0.005 and ∆A = ±2 G.

Site g Direction cosines A(G) Direction cosines
a∗ b c a∗ b c

gx = 1.988 0.781 0.621 0.062 Ax = 79 0.741 0.670 0.035
I gy = 1.990 0.189 −0.331 0.924 Ay = 75 0.252 −0.326 0.911

gz = 1.950 −0.595 0.711 0.376 Az = 197 −0.622 0.667 0.411

gx = 1.994 0.760 −0.650 0.012 Ax = 77 0.703 −0.705 −0.091
II gy = 1.992 0.238 0.296 0.925 Ay = 75 0.344 0.226 0.911

gz = 1.943 0.605 0.700 −0.379 Az = 199 0.622 0.672 −0.402

Fig. 1. EPR spectrum of VO2+ doped DATTS
single crystals, the magnetic field is along the
b-axis.

mutually perpendicular planes (a∗c, bc, and a∗b),
respectively, with 10◦ intervals, where the a∗-axis is
perpendicular to the crystallographic b and c-axes. An
EPR spectrum of a powder sample is also recorded at
room temperature. A diphenylpicrylhydrazyl sample
(g = 2.0036) is used as a reference to correct the g
values.

3. Results and Discussions

The V4+ ion has a 3d1 electronic configuration and
is found as VO2+. It is paramagnetic and has eight
hyperfine lines originating from the 51V isotope with
a natural abundance of 99.8% and a nuclear spin of
I = 7/2. The EPR spectrum of a VO2+ doped DATTS
single crystal taken at room temperature is shown in
Figure 1, with the magnetic field along the b-axis. The
spectrum consists of two sets of eight hyperfine lines,
and in this orientation both sites demonstrate the mon-
oclinic crystal symmetry. Figure 2 shows line positions
and fitted curves, when the magnetic field is in a∗c, bc-
and a∗b-plane, respectively. Only one site is observed

in the a∗c-plane as expected for the monoclinic sym-
metry and two sites are observed in two other planes.
Both of the sites have the same intensity and therefore
the same populations. The g2 variation of a specific line
with respect to the rotation angle in each plane is fitted
to the expression,

g2
k(θ ) = g2

ii cos2 θi +g2
j j sin2 θ j +2g2

i j sinθi cosθ j, (1)

where i, j, k, and θ represent x-, y-, z-axes, and the
rotation angle, respectively, which is used to resolve
the spectra [22].

The EPR spectra of vanadyl complexes can be sat-
isfactorily explained in terms of an unpaired elec-
tron (S = 1/2) coupled with a vanadium nucleus (I =
7/2). The spectra can be described in terms of a spin-
Hamiltonian of the form

H = βeH ·g ·S+ S ·A · I, (2)

which includes only electronic Zeeman and hyperfine
interactions, respectively [22]. Quadrupol and nuclear
Zeeman terms are not included in (2) due to the smaller
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Fig. 2. Angular variations of hyperfine lines in the VO2+ doped DATTS single crystals.

Fig. 3. (a) EPR spectrum of a VO2+ doped
DATTS single crystal at room temperature,
with the magnetic field in the a∗c-plane
and an angle of 60◦ to the a∗-direction,
(b) recorded in a small scan field in the
same direction to show the proton super
hyperfine splitting caused by two water
molecules.

magnitudes of these interactions. The spin orbit inter-
action is intrinsic in the g value. In order to find the
g and A values, we have used an iterative numerical

technique. After the calculations, g and A tensors are
constructed and digonalized to find principal g and A
values. The results are given in Table 1. Both sites are
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Table 2. Principal g, hyperfine (A) values, and molecular orbital coefficients for vanadyl ion complexes in DATTS single
crystals compared with the literature. A and P are in units of 10−4 cm−1.

Complex Site g‖ g⊥ giso A‖ A⊥ Aiso P κ β 2
2 References

DATTS I 1.950 1.989 1.976 184.2 72 109.4 131 0.86 0.99 This work
II 1.943 1.993 1.976 186 71 109.2 134 0.84 0.98 This work

NaHC2O4·H2O 1.931 1.999 1.976 183.2 65.4 104.6 137 0.79 1.00 [9]
(NH4)HC2O4·0.5H2O 1.947 1.997 194.4 63.5 152 0.72 1.00 [26]
C6H4AsNO(H2O)2 1.919 1.995 1.969 191.2 76.8 113.4 144 0.81 1.00 [37]

Fig. 4. (a) Powder sample EPR spectrum
of VO2+ doped DATTS crystals, (b) com-
puter simulation of the spectrum.

nearly axially symmetrical. There exist two magneti-
cally inequivalent and chemically equivalent sites for a
DATTS single crystal, because principal g and A values
of two sites are equal within the experimental error.

Figure 3 shows the EPR spectrum of a VO2+ doped
DATTS single crystal at room temperature, with the
magnetic field in the a∗c-plane and an angle of 60◦
from the a∗-direction. Figure 3a includes 16 hyper-
fine lines because of the two VO2+ sites in the crystal.
Super hyperfine splitting which originates from two
nearby water molecules are shown in Figure 3b. Four
equivalent hydrogen atoms of nearby water molecules
splits each of the VO2+ lines equally with the value
3.4 G and intensity distribution 1 : 4 : 6 : 4 : 1. This su-
per hyperfine splitting in VO2+ doped sulfate com-
plexes is also observed in literature [23 – 25]. Figure
3b shows the expended part of the spectrum in Fig-
ure 3a indicated with arrows. In DATTS single crys-
tals, each Cd2+ ion forms an octahedral environment
with six oxygen atoms, four of them belong to sulfate
ions and the next two oxygen atoms belong to two wa-

ter molecules. The two Cd atoms (Cd1 and Cd2) share
one of the five water molecules existing in the crystal
whereas the other four water molecules are not shared
with Cd atoms. Consequently, water molecules, coor-
dinated to the Cd3 atom, are not shared by other two
Cd atoms [21]. From these result we conclude that the
VO2+ ions substitute the Cd3 ions. Figure 4a shows the
powder EPR spectrum, recorded at room temperature.
The computer simulation of this spectrum is shown in
Figure 4b. We have used the average values of Table 1
for the simulation, given as g⊥ = 1.991, g‖ = 1.947,
a⊥ = 76.5 G, and a‖ = 198 G. The powder and the sim-
ulated spectra also indicate that these sites are chemi-
cally equivalent.

An octahedral complex with a tetrahedral distor-
tion has ge > g⊥ > g‖ and |A‖| > |A⊥| [9, 26 – 29].
The deviation of the g‖ and g⊥ values from the ge
value free electron is generally denoted by ∆g‖ and
∆g⊥, respectively. The ∆g‖/∆g⊥ ratio that measures
the tetragonality of the VO2+ sites is calculated to be
4.9, which is greater than unity and therefore it can
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be said that the VO2+ ions environment is tetragonaly
distorted.

The parallel and perpendicular components of the
hyperfine interaction, A‖ and A⊥ are related to the
molecular orbital coefficients by the following expres-
sions [30 – 37]:

A‖ =−P
[

κ +
4
7

β 2
2 +

(
ge −g‖

)
+

3
7

(ge −g⊥)
]
, (3)

A⊥ = −P
[

κ − 2
7

β 2
2 +

11
14

(ge −g⊥)
]
, (4)

where P = gegnβeβn〈r−3〉 is the dipole-dipole interac-
tion constant of the magnetic moments of electron and
vanadium nucleus [38], κ is the Fermi contact term
indicating the d-orbital population for unpaired elec-
trons, β2 is the in-pane π-bonding coefficient of a vana-
dium ion with the ligands. ge and gn are the g values of
electron and nucleus, βe and βn are the Bohr magne-
tons of electron and nucleus, respectively, and r is the
electron radius.

Neglecting the second order effects and taking the
negative values for A‖ and A⊥, P values are calculated
from the following equation and the results are given
in Table 2 [39]:

P =
7(A‖ −A⊥)

6 +(3/2)(λ/∆‖)
, (5)

where λ (= 170 cm−1 [32, 33]) is the spin-orbit cou-
pling constant of the vanadium ion and ∆‖ is the
2B2g →2B1b electronic transition of the vanadium d-
electrons. The second term may be neglected in the
dominator in (5). Isotropic g and A values are found
as:

giso =
2g⊥+ g‖

3
, (6)

Aiso =
2A⊥ + A‖

3
. (7)

Using (5), (6), and (7), the Fermi contact term is calcu-
lated by using the following formula:

κ = −Aiso

P
− (ge −giso) . (8)

After calculating P and κ and inserting into (3) and
(4), β 2

2 is obtained. All parameters are given in Table
2. For a free electron, the P value is 160 · 10−4 cm−1

[1, 40]. The calculated values in DATTS (Table 2) are
smaller than this value. By comparing the calculated
values of the P parameter it is found, that the com-
plex has a fairly covalent nature. The deviation of β 2

2
from unity usually represents the degree of admixture
of the ligand orbitals and increase in the degree of the
covalency. Because of the nearly equality of unity of
β 2

2 , in-plane π-bonding is part of the ionic character
and the ligands have poor π-bonding. Because κ is
lower than β 2

2 , the delocalization of the electron is not
great and the in-plane π-bonding ability of the ligand
is poor.

4. Conclusion

The EPR spectra of VO2+ ions doped in DATTS
single crystals have been studied at room temperature.
The EPR spectra show a well-resolved hyperfine struc-
ture pattern. The angular variation of the EPR spectra
reveals the presence of two magnetically inequivalent
vanadyl complexes. The detailed EPR analysis shows
that the vanadyl ions occupy the substitutional posi-
tions of the Cd2+ ions in the crystal lattice. The spin-
Hamiltonian parameters are evaluated and the g and
A tensors are found to have an axial symmetry. For
both sites, the g‖ < g⊥ < ge trend shows the presence
of an unpaired electron in the dxy orbital. The results
show that for two VO2+ sites are g‖ < g⊥ < ge and
|A‖| > |A⊥|. So it is confirmed that the VO2+ ions in
DATTS are in octahedral coordination with tetragonal
distortion.
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