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Single crystal EPR study of VO(Il)-doped cadmium potassium
phosphate hexahydrate: A substitutional incorporation
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Abstract. Single crystal EPR studies of VO(ll)-doped cadmium potassium
phosphate hexahydrate (CPPH) have been carried out at room temperature. The
angular variation spectra in the three orthogonal planes indicate that the paramagnetic
impurity has entered the lattice only substitutionally in place of Cd(ll). Spin
Hamiltonian parameters have been obtained from single crystal data. Powder spectra
show a set of eight parallel and perpendicular features indicating the presence of only
one site. The admixture coefficients have been calculated from the data, which agree
well with the literature values.
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1. Introduction

Vanadyl ion (V3" is the most stable and widely used EPR probe for probing the site
symmetry of the central metal ion and the nature of the bonding with the ligands and this
has also been used as an impurity for understanding the defect, structural, phase transition
and orientation properties of the host lattice Studies of VO(II) in glasses and other
systems have attracted attention very recé&ftlyvanadyl ion with 8" configuration

allows paramagnetic resonance to be observed at ambient temperatures and hence many
studies have been reporfef. The interesting behaviour of the VO(II) ion in different
crystalline matrices is due to the different orientations of the V=0 ion. In one of the
previous communications dealing with VO(II) in zinc ammonium sulphate hexahydrate,
Tutton’s salt (ZASHY, the authors have reported three types of vanadyl centres with
intensity ratios of 20:5:1. However, spin Hamiltonian parameters were given only for the
substitutional one, which has the highest intensity. They also mentioned that the other
two low intensity sites also have similar spin Hamiltonian parameters. In addition, an
extensive report on EPR study of VO(Il) in40(SQy),.6H,0 and kKMg(SQy),.6H,O
indicated that the impurity entered divalent metal sites and preferentially oriented in the
direction of water moleculé€sIn the case of Kn(SQ),.6H,0, three sites of VO(II) ions

were found with intensity ratios oftE3[75:02 and the directions of thgtensors were
collaborated with metal-water distances in the lattice. However, in case of VO(II) in
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magnesium potassium sulphate hexahydrate (MPSidhd magnesium ammonium
phosphate hexahydrate (MAPH) only two types of vanadyl centers were reported,
corresponding to substitutional and interstitial locations. Hence, in order to understand
the nature and position of the impurity, we have studied the EPR spectra of VO(II) in yet
another host lattice, i.e., cadmium potassium phosphate hexahydrate (CPPH) and the
results are reported in this communication.

2. Experimental

Single crystals of cadmium potassium phosphate hexahydrate doped with VO(II) were
grown by slow evaporation of a saturated solution containing equimolar amounts of
cadmium sulphate and potassium dihydrogen phosphate. To this, a small amount of the
paramagnetic impurity is added in the form of vanadyl sulphate. Good blue coloured
crystals were obtained within a fortnight. EPR spectra were recorded on a JEOL JES-
TE100 ESR spectrometer operating at X-band frequencies, having a 100 kHz field
modulation to obtain a first derivative EPR spectrum. DPPH witlvaue of 20036 was

used forg-factor calculations. Angular variations were made at room temperature by
rotating the crystal along the three mutually orthogonal axegndc (see below).

3. Crystal structure

CPPH belongs to the series of struvite analogs, CAMIPED with M = K, TI, NH;,, or

Rb. The host lattice crystallizes in the orthorhombic space groo®; with unit cell
parametersa = 6873, b = 6160 andc = 11087 A and contains two molecules per unit
cell’”. The structure contains cadmium ions surrounded by six oxygen atoms of the water
of hydration. The six Cd—O bond distances (A) @892, 2103, 2071, 2042, 2071 and

2[042. Similarly none of the O—Cd-O bond angels are 90 or 180°.P'Di'e group is

held together by a network of hydrogen bonds. The crystal data also indicates that the
packing of Cd(ll), K(I) andPO;~ ions occur in planes approximately parallel to the (101)
and (011) planes.

4. Results and discussion

A good single crystal of the proper axis is selected and mounted on to the goniometer
with a particular axis (e.ga axis) and is inserted into the EPR cavity for room
temperature measurements. A few EPR spectra, at two different orientation of the crystal
in thebc plane, recorded at room temperature are shown in figure 1. Generally, an eight-
line pattern is expected for a vanadyl impurity when the applied magnetic field is parallel
to a crystallographic axis, since the nuclear spin of vanadium is 7/2 and all the
magnetically different sites will coincide with the particular axis. Otherwise, in some
cases, a set of resonance lines with very close hyperfine values can be seen. As the crystal
is rotated, the lines split and then, one can observe more than eight lines. Hence, in the
present case, in order to obtain the spin Hamiltonian parameters, the crystal was rotated
for every 10 degrees in the three orthogonal planes and the isofrequency plots were
plotted from the resonance lines. However, as expected in most of the vanadyl systems,
the isofrequency plots were nearly similarbio andac planes, whereas the resonance
lines are almost invariant in theb plane of rotation. This clearly indicates the axially
symmetric nature of the VO(II) impurity in the lattice. When the crystal is rotated in the
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bc plane, we notice two sets of eight lines, indicating the angular variation of the
impurity, expected from the crystal structure of the host lattice. Figgiee2 the angular
variation of vanadium hyperfine lines in the plane. Considering the nature of the
isofrequency plots, one can assume without much error that the impurity is
substitutionally incorporated into the host lattice in the place of Cd(ll). This is also true if
one considers the charges of various ions in the host lattice. As the maxima and minima
of hyperfine resonances agdralues occur at the same angle, it implies that the principal

Figure 1. Single crystal room temperature EPR spectrum of VO(II)/CPPH at two
different orientations of the crystal bt plane. Frequency 8324 GHz.
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Degrees [0]

Figure 2. Isofrequency plot for VO(Il)-doped CPPH lix plane of rotation. Similar
plot was obtained imc plane whereas the resonance lines are invariaab jplane
(see text). Frequency 1824 GHz.
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axes ofg andA tensors are coincident. The variation in resonance positicarsandbc
planes, as mentioned earlier, are identical within the linewidth. Also, very minimal
change in line positions is observed in #ieplane. The spin-Hamiltonian parameters
obtained from the isofrequency plot, using the standard procEdare given in table 1,
along with few more data from literature. As was mentioned in the case of VO(II) in
K»,Zn(SQy),.6H,0O, we also tried to compare the direction of the VO(II) impurity with
those of metal-water bonds. The direction cosines of the imp@ity6Q9°, ¢ = 00°)

are somewhat closer to the direction cosines of the longest metal-wate9orRdaqd’®,

¢ =50°), thus agreeing well with the reported data of Kasthurirengan and
Soundararajahand Borcherts & KikucHi Here polar angl® is defined as the angle of
the applied magnetic field from tlzeaxis and azimuthal anglg as the angle from thee

axis in theab plane. According to them, the direction of princigalalue of highest
intense line should lie along the direction of longest metal-water bond.

In order to confirm the spin Hamiltonian parameters obtained from single crystal data,
the powder spectrum of VO(II)/CPPH was recorded at room temperature and is given in
figure 3. Here, we can see only one set of eight parallel and perpendicular lines,
confirming the strictly axial symmetric nature of the impurity. The spin-Hamiltonian
parameters obtained from the powder spectrum are:

gy = 119340;g;, = 19815,A, = 1978 mT;A; = 691 mT.

These values slightly differ from single crystal data, espediallyalue. Hence, in order

to confirm the powder data, the EPR spectrum of the powder sample was simulated using
the program EPR-NME with the data mentioned above. The agreement is very good.
We have also simulated a few spectra at certain orientations using the single crystal data.
Here also, we notice a fair amount of agreement. An interesting feature of the powder

Table 1. EPR parameters for vanadyl ions in a few selected diamagnetic host

lattices.

Host a oo A (mT) A; (MT) Ref.
Cadmium struvite Mm31 1993 1830 720 [11]
GeQ 1929 1976 1785 682 [20]
Apophyllite 1934 1998 1834 24 [5]
CdNH,PQ,.6H,0 1931 1993 1830 720 [12]
ZnKPQ,.6H,0 1936 1976 2010 760 [21]
ZnNH4PO,.6H,0O 1929 1979 2000 800 [22]
K2Zn(SQy),.6H,0 1932 2006 194 3 [9]
KoMg(SQy),.6H,O 1036 2003 198 74 [9]
MPSH

Site 1 1954 1998 1980 761 [15]
Site 2 1993 1952 166 1985 [15]
MAPH

Site 1 1941 1994 1923 114 [16]
Site 2 1946 1997 1908 729 [16]

CPPH 1943 1989 1845 871 Present study
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335 mT

Figure 3. EPR spectrum of powdered sample of VO(II)/CPPH recorded at room
temperature. Frequency #276 GHz.

spectrum is the appearance of only two parallel resonance lines (the third one is very
weak and can be seen at higher gains) on the high field side. As far as we are aware, a
typical powder EPR spectrum of a vanadyl impurity consists of two parallel lines on low
field side, a bunch of lines due to the overlap of three parallel and eight perpendicular
lines, followed by three parallel lines. Our spectrum shows difference from the normal
behaviour. When the EPR spectrum is recorded at higher amplitudes, the eighth line is
noticed. A similar observation was noticed in yet another system reported from our
laboratory*®.

We have also calculated the admixture coefficients from the spin-Hamiltonian
parameters. I€,, C, andC; are the admixture coefficients, where the ground siaiean
mix respectively withd,_., d,, and d,, these are related to the spin Hamiltonian
parameters by the relatiotfs

9= 2(3012 _sz - 20??)3 0n = 4C4(CCy).
These equations along with the normalization conditi@f +C2+CZ2 =1) can be
solved iteratively to obtain the admixture coefficients. The values thus obtained are given
in table 2, along with the data reported for other systems. Using these coefficients and

spin-Hamiltonian parameters, two more parameters(a dimensionless constant
describing core-polarization) and® have also been calculated using the equations,

A= P{(417) =k + (9= 8e) + (3/7)@1—ga)},

Aq=P{(2/7) — k + (11/14)5 — go)}-
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Table 2. Orbital admixture coefficients and bonding parameters for a few

vanadyl ions.
Host C G, Cs K Px10*cn? Ref.
Apophyllite (7018 Q7124 00529 86 1227 [5]
MPSH Q7000 7130 0404 @85 1331 [15]
MPPH Q7014 7128 o067 @83 1307 [23]
MAPH 07019 Q7111 0400 91 1120 [16]
CPPH 07015 Q7115 00016 Q77 1419 Present study

MPSH — magnesium potassium sulphate hexahydrate
MPPH — magnesium potassium phosphate hexahydrate

The values oP andk, obtained form the above equations are also given in table 2. The
standard value d® for a free ion is @16 cm™ The calculated value & in the present
system is 0142 cm®, which is considerably reduced to indicating a fair amount of
covalent bonding, around 89%, in the complex.

5. Conclusions

The previous studies of VO(II) indicate that the behaviour of vanadyl ion in a doped
matrix is highly unpredictable, as regards its location. The impurity may enter
substitutional, interstitial or both. Our current study indicates that the impurity has
entered only one site, that too, the substitutional one. The spin Hamiltonian parameters
have been derived from single crystal data. The principal value of ithegrix is along

the direction of longest metal-oxygen bond. An interesting observation is the pattern of
powder spectrum. An extra insight is necessary to observe this kind of behaviour only in
a few systems. The calculated admixture coefficients follow the normal trend. Other
paramagnetic ions in this host lattice may throw some more light on understanding the
effect of the host lattice indicating the various spin Hamiltonian parameters.
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