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Abstract— Single crystal analysis of the EPR spectra of 

VO(II) ion in various diamagnetic host lattices indicates that 

the paramagnetic impurity was found to enter the host lattice 

either substitutionally or interstitially or both.  EPR studies 

have been carried on VO(II) ion in 

aqua(malonato)cadmium(II) hydrate single crystal at room 

temperature and it indicates that number of sites present in 

the lattice is found to be independent of concentration of the 

dopant.  EPR spectrum of VO(II) ion showing two 

magnetically inequivalent sites present in the lattice but only 

one site is analysed because of the very low intensity of the 

other site.  Single crystal rotated along the three orthogonal 

crystallographic axes has yielded spin Hamiltonian 

parameters g and A as: gxx=1.968; gyy=1.967; gzz=1.924; 

Axx=7.49 mT; Ayy=7.50 mT; Azz= 18.09 mT., which 

indicate that the impurity is rhombically distorted.  Angular 

variation studies in all the three orthogonal planes confirm 

that the VO(II) ion has occupied an interstitial position in the 

lattice.  The powder spectrum at room temperature contains 

only one site.  The admixture coefficients and other 

parameters are calculated.  From the optical data, the crystal 

field parameter (Dq) and the tetragonal field parameters (Ds 

and Dt) have been evaluated.  The covalency of the metal 

ligand bond is deduced as 18%.  The FTIR spectrum helps to 

confirm the host lattice structure.  
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I. INTRODUCTION 

EPR spectroscopy, by virtue of its application to 

paramagnetic molecules, has become a major technique to 

gather information on the electronic structure and other 

related properties of the paramagnetic ion under study.  The 

ligands around the metal ion dictate the properties of the 

paramagnetic guest.  For example, oxoanions are highly 

versatile and form stable, tight and compact three-

dimensional structure complexes with most of the metal ions, 

due to their unique multidentate capacity [1, 2].  Regarding 

first-row transition metal ions, vanadium readily reacts to 

form a number of oxycations, the simplest being the vanadyl 

ion, VO(II).  This vanadyl ion is the most stable cation among 

a few molecular paramagnetic transition metal ions that are 

used extensively as an impurity probe for EPR studies.  The 

biological importance of vanadium is attributed to the fact 

that it is known to occur naturally in mushrooms and is as an 

essential cofactor in certain haloperoxidases and nitrogenases 

[3, 4].  Vanadium is responsible to be an essential trace 

element for humans as vanadate [5] and is known to affect 

phosphate metabolism.  Various forms of vanadium have 

proven to have insulin mimetic effects [6]. Due to the 

possible different orientations of the V=O ion in metal 

complexes, the location of this ion in paramagnetic hosts may 

be either substitutional or interstitial or both.  The ability of 

vanadyl ion to substitute for divalent diamagnetic cations 

such as Mg(II), Cd(II), Ca(II) and Zn(II) has increased the use 

of this ion as a paramagnetic probe for biological systems 

using EPR, electron spin echo envelope modulation 

(ESEEM) and electron nuclear double resonance (ENDOR).  

The EPR of VO(II) ions, studied in a variety of lattices [7-16] 

fall into two categories, those in which the ion is free to rotate 

(at least at normal temperature) and those in which it is 

preferentially oriented.  Since the vanadyl ion in different 

crystalline field environments is found to have interesting 

effects on the EPR spectra, single crystal and optical studies 

of VO(II) impurity in aqua(malonato)cadmium(II) hydrate; 

abbreviated hereafter as AMCH has been studied.  

II. EXPERIMENTAL 

A solution of malonic acid is added to the solution of CdCO3 

in 1:2 molar ratios [17] to get AMCH.  The product is stirred 

for 1 hour and then filtered.  To this a few drops of vanadyl 

sulphate is added as paramagnetic impurity.  Single crystals 

of VO(II)/AMCH are grown by slow evaporation at room 

temperature.  Light Purple colour single crystals are obtained 

from the filtrate after one month.  The crystals are optically 

transparent and free from visible inclusions.  The grown 

crystals are characterized by UV and FT-IR spectral studies. 

III. CRYSTAL STRUCTURE 

The AMCH complex [17] belongs to tetragonal crystal class 

with space group R3.  The unit cell dimensions of cadmium 

complex is a=b=1.7035, c=1.239 nm and α==γ= 90º and Z 

= 18.  Fig. 1 gives the perspective view of complex AMCH.  

In the title compound AMCH, the metal atom is seven 

coordinate; the atom is chelated by the two O atoms of two 

carboxyl entities as well as by one malonate dianion through 

its two carboxyl ends and seventh coordination is occupied 

by a water molecule in pentagonal bipyramidal geometry.  

The two O atoms derived from two carboxyl entities and one 

O atom of malonate dianion are located (O1i, O2i, O3ii, O4ii, 

O3) in equatorial plane, and the other two O atoms derived 

from malonate dianion and water molecule (O1, O1w) occupy 

the axial positions.  The malonate dianion links the water 

coordinated cadmium ions into a three dimensional network 

structure.  The coordinated water molecule is hydrogen 

bonded to uncoordinated water molecule and also to an 

adjacent carboxyl atom.  The uncoordinated water molecule 

consolidates the crystal structure by forming hydrogen bond 

to another coordinated water molecule and also to an adjacent 

carboxyl oxygen atom.  The hydrogen bonding scheme 

renders all four carboxyl oxygen atoms as four coordinate. 
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Fig. 1: Crystal Structure of AMCH showing the complete 

coordination 

IV. RESULTS AND DISCUSSION 

A. Analysis of single crystal EPR spectra: 

VO(II) ion has the electronic configuration [Ar]3d1, which 

thereby leads to paramagnetism in VO(II).  The 51V nucleus 

(99.8% abundant) has a nuclear spin I=7/2 and a large 

magnetic moment.  Hence the EPR of VO(II) ions could 

consist of different orientations of VO(II) sites in a lattice.  

The EPR spectra are recorded for VO(II) ion doped in AMCH 

single crystal in the three mutually perpendicular planes ab, 

bc, and ac at 10º regular intervals.  Crystals are grown with 

three different concentration of dopant ion VO(II), namely 

0.05, 0.10, 0.15% respectively. Because of the crystal with 

dopant concentration of 0.05% gave very weak resonance 

signals, we could not follow during crystal rotation.  The high 

concentrated (0.15%) crystal gave more than one sites which 

also overlap with each other, so it is difficult to follow.  In the 

present single crystal EPR investigation, the moderate 

concentration (0.10%) crystal shows two sites, in which one 

site is clearly showing and another site is very weak and 

overlap with other site.  Reasonably sharp EPR spectra are 

observed, because the host is diamagnetic.  Usually EPR 

spectrum consists of eight hyperfine lines for VO(II) ion, 

arising due to the interaction of a single unpaired electron 

(S=1/2) with 51V nucleus (I = 7/2).  These lines are not equal 

in intensity and spacing between them is not same.  This 

immediately suggests the quadrupolar nature of the 51V 

nucleus.  

Single crystal of VO(II)/AMCH is rotated along axis 

a and EPR spectra at different orientations recorded at room 

temperature in the bc plane.  Single crystal EPR spectrum of 

VO(II)/AMCH in bc plane is recorded at room temperature, 

when the applied magnetic field (B) parallel to axis c is given 

in Fig. 2, which shows more than eight lines may be due to 

another weak site of VO(II) ion.  The weak lines could not be 

noticed at all orientations during crystal rotations due to 

overlap with strong lines which is indicated by numbers (1-

8). EPR spectra of VO(II)/AMCH recorded at room 

temperature for an orientation in the ac plane is shown in Fig. 

3.  In plotting the isofrequency plots, only strong resonances 

are considered.  One such plot in bc plane is given in Fig. 4. 

The isofrequency plot for ac plane is given in Fig. 5. 

 
Fig. 2: Single crystal EPR spectrum of VO(II)/AMCH in bc 

plane at room temperature when the applied magnetic field 

(B) is parallel to axis c. Frequency = 9.05413GHz. 

 
Fig. 3: Single crystal EPR spectrum of VO(II)/ AMCH in ac 

plane at room temperature when the applied magnetic field 

(B) makes an angle 20º with axis c. Frequency = 9.05685 

GHz. 

B. Spin-Hamiltonian parameters: 

EPR spectra of vanadyl complexes can be satisfactorily 

explained in terms of an unpaired electron (S=1/2) coupled 

with a vanadium nucleus (I=7/2).  After identifying all the 

EPR transitions in the three planes, the spin-Hamiltonian 

parameters have been evaluated from the program EPR-NMR 

[18] using the spin-Hamiltonian, 

H=Σ[(gi.Bi.Si)+Si.Ai.Ii],i = x, y and z                (1) 

where x, y and z are the principal axis of the g and 

A values, the symbols have their own usual meaning.  The 

principal values of the g, A and their direction cosines are 

given in Table 1.  It is clear from that they deviated from the 

axial symmetry.  This deviation may be due to the asymmetry 

in the local environment.  The values represent the 

orthorhombic nature of the impurity.  The direction cosines 

of various M-L bonds in the lattice are calculated from 

crystallographic data of the host lattice (AMCH) and are 

given in Table 2.  The isofrequency plots for bc and ac planes 

have been simulated and are also given in Fig 4 and 5 

respectively.  In all these figures, the solid circles represent 

experimental points, whereas the continuous lines represent 

calculated points.  A relatively good agreement is noticed in 

all the planes, confirming the accuracy of spin-Hamiltonian 

parameters. 
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 Fig. 4: Angular variation of hyperfine lines for the single 

crystal of VO(II)/AMCH in bc plane at room temperature.  

The solid circles correspond to experimental values and 

solid lines represent the theoretical values.  Frequency = 

9.05413GHz. 

 
Fig. 5: Angular variation of hyperfine lines for the single 

crystal of VO(II)/AMCH in ac plane at room temperature.  

The solid circles correspond to experimental values and 

solid lines represent the theoretical values.  Frequency = 

9.05685 GHz. 

C. Analysis of the polycrystalline Sample: 

The spin Hamiltonian parameters obtained from single 

crystal analysis are further confirmed by doing 

polycrystalline EPR studies.  Powder EPR spectrum of 

VO(II)/AMCH is shown in Fig. 6 The spin Hamiltonian 

parameters have been calculated from the polycrystalline 

spectrum and are given below;  

g║ = 1.923, g┴ = 1.975;    A║ = 19.37 mT, A┴ = 7.26 mT. 

 
Table 1: Spin-Hamiltonian parameters calculated for VO(II) 

ion doped in AMCH using program EPR-NMR. 

 
Table 2: Direction Cosines of Cd-O Bonds in AMCH 

Lattice Calculated from X-Ray Crystallographic Data [18]. 

The corresponding data obtained from single crystal 

analysis is 1.968, 1.967, 1.904 and 17.89, 7.59, and 7.60 mT.  

The powder values slightly differ from single crystal data. 

The orthorhombic nature is noticed in single crystal data 

parameters, generally not seen in powder spectrum, due to 

higher line widths.  Due to the closeness of g and A values 

for x and y components (corresponding to the parallel 

directions), these are not resolved in the powder spectrum, 

which is a common observation for VO(II) impurities.  These 

parameters are coinciding with the principal values obtained 

from the single crystal EPR spectra.  Since the polycrystalline 

EPR spectrum has shown that all the vanadyl complexes in 

the host under considerations are essentially identical in 

nature, the powder EPR data are used for the calculation of 

Admixture and Molecular Orbital coefficients.  The powder 

EPR spectrum at RT is simulated using SimFonia program.  

The simulated spectrum is also given in Fig. 6. 

D.  Location of The Vanadyl Ion: 

The impurity can enter into the lattice either by substituting 

the cadmium ion or by occupying an interstitial space in the 

lattice.  If the impurity replaces the cadmium ion, then more 

than eight lines are expected during crystal rotations, since 

the unit cell contains eighteen molecules (Z = 18).  However, 

in all the three planes of crystal rotation, more than eight lines 

are not observed.  The impurity might not have entered into 

the lattice substitutionally.  In addition, the comparison of the 

direction cosines of the spin Hamiltonian parameters with the 

direction cosines of Cd-O bond in the structure given in Table 

2 will give information about the location of the dopant ion.  

However, in the present case, the direction cosines of spin 

Hamiltonian do not match with any of the direction cosines 

of the Cd-O bonds, concluding that the vanadyl ion has 

entered into the lattice interstitially.  For this to happen in the 

crystal lattice, two positive charges must be set free to restore 
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the charge neutrality of the interstitially occupying divalent 

vanadyl ion.  Hence, an interstitial position has been 

suggested for the vanadyl ion. 

 
Fig. 6: Powder EPR spectrum recorded at room temperature 

for VO(II)/AMCH.  Top one is experimental and bottom 

one is simulated spectrum.  Frequency = 9.36187 GHz. 

E. Admixture coefficients and other parameters: 

In order to get information regarding the mixing of ground 

state with excited state, the admixture coefficients (C1, C2, 

C3), when the ground state dxy mixes with dx
2
-y

2, dyz and dxy 

are calculated from the spin-Hamiltonian parameters, 

obtained from EPR single crystal rotations and powder 

spectra.  These coefficients are calculated from the spin-

Hamiltonian parameters by the equations [19]. 

g║ = 2(3C1
2-C2

2
 -2C3

2)                                         (2) 

g┴ = 4C1(C2-C3)                                               (3) 

along with the normalization condition, 

C1
2+C2

2+C3
2 = 1                                             (4) 

The values are obtained by iterative procedure are 

given in Table 3 along with a few literature values.  Using 

these coefficients and spin-Hamiltonian parameters of EPR 

single crystal data and powder EPR spectra, two more 

parameters κ (Fermi contact term) and P (dipolar hyperfine 

coupling constant) have also been calculated using the 

expressions 

A║ = P{(-4/7)-κ+(g║-ge)+(3/7)(g┴-ge)              (5) 

A┴ = P{(2/7)-κ+(11/14)(g┴-ge)                       (6) 

Here P represents the dipole-dipole interaction of 

the electronic and nuclear moments (P=gegnen <r-3>), κ is 

the Fermi contact parameter, which is related to the unpaired 

electron density at the vanadium nucleus and the other 

symbols have their usual meaning. The calculated values are 

given in Table 4, along with data from other systems.  The 

standard value of P is 0.016 cm-1.  The percentage covalency 

calculated for the present system is 18 %. 

 
Table 3: Admixture coefficients of VO(II) ion doped in 

AMCH and similar host lattices. 

AMCH  -  Aqua-(malonato)cadmium(II) hydrate.                                                                                        

DABMZ -  DiAquaBis[Malonato(1-)- K2O,O’] Zinc (II). 

MAPH   -  MagnesiumAmmoniumPhosphate hexahydrate  

ZAPH     -   ZincAmmoniumphosphate hexahydrate. 

CAPH     -   CobaltAmmoniumPhosphate hexahydrate. 

 
Table 4: Bonding parameters of VO(II)/AMCH and similar 

host lattices. 

ZLT  - Zinc Lactate Trihydrate . 

MPPH - Magnesiumpottassiumphosphate hexahydrate.   

AMCH - Aqua-(malonato)cadmium(II) hydrate 

F. Optical Absorption Studies: 

VO(II)/AMCH crystals of 2 mm thickness are selected for 

optical absorption studies and the spectrum, recorded at room 

temperature using a Varian Cary 5000 UV-Vis-NIR 

spectrometer in the range of 200- 1200 nm is shown in Fig. 

7.  

The ground state term for VO(II) ion is 2D. In an 

octahedral symmetry, the d -electron occupies t2g orbital and 

gives rise to 2T2g ground state.  On excitation, the d-electron 

goes to eg orbital and gives rise to 2Eg state.  Thus, only a 

single transition from 2T2g to 2Eg is expected for VO(II) ions 

in an octahedral symmetry.  However, if the symmetry is 

lowered, the upper 2Eg splits into 2B1g and
 

2A1g and the lower 

level 2T2g splits into 2B2g and 2Eg, giving rise to more than one 

band.  Generally the site symmetry reduces either to C4v or 

C2v because of the non-symmetrical alignment of the V-O 

bond along the symmetry axis.  In case of C4v symmetry, three 

bands are expected, whereas four bands are expected for C2v
 

symmetry.  In the present investigation, four bands are 

observed at RT.  

The optical absorption spectrum of vanadyl ion in 

AMCH consists of four bands observed at 285, 330, 554 and 

803 nm. The strong band at 285 nm (35,051 cm-1) is assigned 

to charge transfer band, which is usually occurs in the range 

35,000 – 50,000 cm-1
.  By comparison with the optical 

absorption spectra of other complexes containing VO(II), the 

other three bands are assigned due to the transitions 2B2g    
2A1g , 2B2g    2B1g ,  2B2g  2Eg [21].  The assigned values are 

given in Table 5. 

The crystal field parameters for the vanadyl 

complex are calculated by the following relations [22]  
2B2g  2Eg   E1 = -3Ds + 5Dt                (7) 
2B2g  2B1g  E2 = 10Dq                              (8) 

B2g  2A1g  E3 = 10Dq - 4Ds – 5Dt           (9) 

Here Dq is the octahedral crystal field parameter and 

Ds and Dt are the tetragonal crystal field parameters.  The 

calculated parameters are: Dq =1803 cm-1, Dt =373 cm-1
 

and 

Ds = -3529 cm-1.  The Crystal field parameters of similar host 

lattices are given in Table 6. 
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Fig. 7: Optical absorption spectrum of VO(II)/AMCH at 

room temperature. 

 
Table 5: Optical absorption spectral data of VO(II)/AMCH 

at room temperature. 

 
Table 6: Crystal field parameters of VO(II)/AMCH and for 

similar host lattices. 

AMCH - Aqua-(malonato)cadmium(II)hydrate. 

ZSSH - Zinc sodium sulphate hexahydrate. 

PMZD - Dipottassium diaquabis(malonato-K2O,O’) 

                 zincate dihydrate. 

DABMZ- Diaquabis[Malonato(1-)- K2O,O’] Zinc (II). 

DAMZ   - Diaquamalonatozinc (II) 

 

G.  Calculation of Molecular Orbital bonding co-efficients: 

The molecular orbital bonding (2 and ε2), are calculated from 

the following formulae [30]. 

g║=ge-8(λ/E1)                                               (10) 

g┴=ge-2(λε2/E2)                                              (11) 

where the terms 2 and ε2 are bonding coefficients 

of  │x2- y2> and (│xz>,│yz>) orbitals, which represent the 

in-plane σ-bonding, respectively.  λ is the spin-orbit coupling 

coefficient, which is assumed to be 170 cm-1 for VO(II) ion 

[30].  E1 and E2 are energy separation from the ground state 
2B2g to the nearest exited states 2Eg and 2B1g respectively. ge 

is the free electron g value (ge = 2.0023).  The values of 

molecular coefficients obtained in the present work are 2 = 

1.04 and ε2 = 0.99 respectively.  The parameters (1-2
 ) and 

(1-ε2) are the measure of the covalency rates, the former gives 

an indication of the influence of σ-bonding between 

vanadium atom and equatorial ligands while the latter 

indicates the influence of π-bonding the vanadyl oxygen.  The 

calculated values of 2 and ε2 indicate that both the in-plane 

σ-bonding and the out –of plane π-bonding is significantly 

ionic. 

 The values of 2 and ε2 are calculated using the 

above expressions and are listed in Table 4 itself, along with 

P and κ values with similar host lattices.  The parameter κ 

indicates extreme sensitivity to the deformations of the 

electron orbitals of the central vanadium ion.  The large value 

of κ indicates a large contribution to the hyperfine constant 

by the unpaired s-electron and also probably a contribution 

from spin polarization.  The calculated value of P = -0.131cm-

1 and κ = 0.82 in the present system.  

H. IR Studies: 

IR spectra are recorded at room temperature using Shimadzu 

FTIR-8300/8700 spectrometer in the range of 4000–400 cm-

1.  Fourier transform infrared spectroscopy is employed to 

identify the nature of the bonding between the various groups 

and the metal ions present in the clusters of the sample [31].  

Depending on the environment around the functional group, 

a shift in the stretching and bending vibrations is generally 

observed. The FTIR spectra of AMCH and VO(II) doped 

AMCH at room temperature is shown in Fig. 8.  It shows 

bands around 3200-2800 cm-1, 2350-2300 cm-1, 1300-1100 

cm-1, 1000-700 cm-1.  Observed FTIR bands and their 

tentative assignments for AMCH and VO(II) doped AMCH 

are shown in Table 7. 
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Fig. 8: Powder FTIR spectra of AMCH (doted line) and 

VO(II) ion doped AMCH (solid line) at room temperature. 
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Table 7: Assignment of IR bands observed for AMCH and 

VO(II) doped AMCH.     

V. CONCLUSION 

EPR studies of VO(II) ion have been carried out in AMCH 

single crystal at room temperature and it indicates that 

number of sites present in the lattice is found to be 

independent of concentration of the dopant impurity.  Even 

though two magnetically inequivalent vanadyl ions have been 

identified, only one site is analyzed because of the very low 

intensity of the other site.  It has been confirmed that the 

vanadyl ion has entered in an interstitial position in the lattice.  

The isofrequency plots and EPR spectrum have been 

simulated, which confirms the evaluated spin Hamiltonian 

parameters.  The evaluated spin Hamiltonian parameters 

indicate that the impurity is rhombically distorted.  The 

powder spectrum at room temperature contains only one-site.  

The admixture coefficients and other parameters calculated 

from room temperature data for VO(II) are in agreement with 

reported values.  From the optical data, the crystal field 

parameter (Dq) and the tetragonal field parameters (Ds and 

Dt) have been evaluated.  From the correlation of EPR and 

optical data, different bonding parameters have been 

determined taking into account various overlap integrals and 

the nature of bonding of VO(II) in the crystal has been 

discussed.  The covalency of the metal ligand bond is 

deduced as 18%.  The FTIR spectra help to confirm the host 

lattice structure.  
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