


































































































































































































 

 

 

 

103 

 

 
Fig.1. EPR spectra of ZnO:Mn in temperature range 92-370K. 

 

We performed a fitting of a Lorentz-type curve to the EPR spectra. In this way 

we found parameters for EPR lines such as the peak-to-peak line width (ΔHpp), 

the intensity (I) as well as the resonance field (Hr). Basing on these data we 

have obtained the temperature dependences ΔHpp(T), I(T), and g(T). We used 

Curie-Weiss law to analyse the temperature dependences of integral intensity. 
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Abstract 

Spin trapping electron paramagnetic resonance (EPR) spectroscopy and density 

functional theory (DFT) were employed to investigate antioxidant properties of glycerol 

fractions (GF) obtained in biodiemresel production process. The structure of antioxidant 

species was examined via the EPR measurement of trapped radical derived from the 

H2O2 and GF reaction. As reference chemical systems pure glycerol, α- and δ-

tocopherol along with oil were used, since they are potential constituents of GF. The 

parameters of glycerol fraction-PBN adduct EPR spectra (aiso(
14

N) = 15.3 G and aiso(
1
H) 

= 3.8 G) indicate the α – tocopherol origin of PBN trapped radicals.  

Results obtained from the DFT calculations of EPR parameters stay in good 

accordance with experimental ones when the solvent effects are included - PCM 

formalism and two explicit ethanol molecules interacting with the radical center. 

Surprisingly, DFT results exclude trapping of oxygen centered radical and suggest 

carbon centered type. 

 
Keywords: EPR, tocopherol, PBN, spin trap, DFT 

1. Introduction 

Glycerol fraction (bioglycerol, GF) is a product of transesterification 

reaction of edible oils and animal fats. Presence of antioxidants and 

anticorrosive properties of glycerol fractions were established, however no 

attempts to structural investigation of compounds responsible for these features 

were made. Our previous studies based on the reaction with galvinoxyl radical 

proved existence of phenolic systems [1]. 

One of the most important and reliable technique for detection as well as 

qualitative and quantitative characterization of antioxidants is the electron 

paramagnetic resonance spectroscopy (EPR) [2-4]. Spin trapping is an approach 

to the study of unstable free radicals, in which short-living radical is allowed to 

react with diamagnetic compound (spin trap), to obtain a relatively long-living 

product called a spin adduct [5-7]. The EPR parameters are known to be 

conditional upon adduct type. Therefore, obtained EPR spectra allow to study 

and characterize initial radical and its nature (oxygen-, nitrogen-, carbon-

centered) based on the parameters from the simulation of spectra such ( e. g. 

isotopic hyperfine splittings (aiso(
14

N) and aiso(
1
H) or g factor) [8]. 
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Fig. 1. Structures of chemical 

systems under investigation: 

(A) α-tocopherol; (B) N-t 

Butyl-α-phenylnitrone 

(PBN); (C) PBN spin adduct 

of R• radical (nucleus giving 

isotropic hyperfine splittings 

are highlighted) 

 

 

The aim of this work is to determine the structures of antioxidants present in 

the glycerol fraction and their paramagnetic PBN adducts. To complete the spin 

trapping research of phenolic species in bioglycerol theoretical DFT studies 

were used. We have expected that the comparison of EPR parameters obtained 

for the PBN spin adducts of GF and different antioxidants potentially present in 

it would reveal which them are present and active in bioglycerol. Furthermore, 

the relationship between theoretically predicted EPR properties of various spin 

adducts and values experimentally obtained have been envisaged to point out 

the realistic structure of PBN trapped radical. 

 

2. Experimental and computational details 

EPR spectra were obtained at room temperature using Bruker ESP300E 

spectrometer with a 100 kHz magnetic field modulation, equipped with a 

Bruker NMR gaussmeter ER 035M and a Hewlett-Packard microwave 

frequency counter HP 5350B operating at X-band frequency (~9.7 GHz). 

Microwave power 20 mW and modulation amplitude 1 G were used. Samples 

were measured 10 minutes and 1 hour after H2O2 was added. In the first week 

reaction was sampled and measured each day, than after every few days and 

finally every week till the PBN adduct signal disappearance. Samples were 

dissolved in PBN ethanol solution except oils that were dissolved in acetone.  

All computations were performed with GAUSSIAN 09 suite of programs. 

Geometries were optimized at the UB3LYP/6-31G(d,p) theory level. The 

UB3LYP/EPR-II and UPBE0/EPR-II methods were employed to calculate the 

EPR properties. To caption the major effects of solvation Tomasi’s polarized 

continuum method (PCM) was employed using its integral equation formalism 

variant (IEFPCM) to mimic ethanol (ε = 24.852) as a solvent. Furthermore, to 

take into account the specific interactions between the solvent molecules and 

solute, the more elaborated computations including the PCM and two ethanol 

molecules interacting with the nitric oxide radical center were performed. 
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3. Results and discussion 

3.1. Formation of different PBN adducts 

The g parameter for the PBN adducts remained constant through whole 

experiment. Its value was ranged between 2.0058 and 2.0059 for GF and 

tocopherols while for the oil sample it was slightly higher (~2.0060). The 

hyperfine splittings were different depending on the investigated sample and 

time of the measurements. However, for different GT fractions only the 

hydrogen hyperfine splittings were found to be meaningful indicators of the 

structure. Within first days of measurements the sample of α-tocopherol 

exhibited the well-known α-tocopherol radical [9] (see Fig. 2A). One week after 

reaction has been started the formation of PBN spin adduct was confirmed by 

recording of its EPR spectrum (Fig. 2B). In the end only the PBN- α-tocopherol 

adduct was observed (Fig. 2C). 

 

3420 3440 3460 3480 3500 3520 3540

Magnetic Field [Gauss]  
 

Fig. 2. EPR spectra of α-tocopherol radical (A); α-tocopherol radical and 

received PBN adduct (B); PBN-α-tocopherol adduct (C) 

 

It is essential that hyperfine splitting observed for GT fractions were like for 

α-tocopherol (aiso(
14

N) =15.3, aiso(
1
H) =3.8). That proves presence of antioxidant 

similar to α-tocopherol in discussed glycerol fractions. 

3.2. DFT computations 

The aiso(
14

N) and aiso(
1
H) isotropic hyperfine splittings as well as g tensors 

were calculated for the potentially possible PBN spin adducts received as shown 

below: 

 
•
OH + R-H → R

•
 + H2O      (eq. 1) 

R
•
 + PBN → R-PBN

•
      (eq. 2) 

C: 3 weeks 
PBN-α-tocopherol adduct 

aiso(
14N) = 15.3 G;  aiso(

1H) = 3.8 G 

B: 1 week 

α-tocopherol radical 
PBN-α-tocopherol adduct 

A: 1 day 

α-tocopherol radical 
aiso(

1H) = 4.9 G 
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For every R various hydrogen atoms abstracted by the 
•
OH radical were 

considered giving different R
•
 radicals to be trapped by PBN. 

The crucial aspect of our DFT calculations was to establish solvent effect on 

the properties under investigation. The inclusion of explicit ethanol molecules 

H-bonded to the radical center was found to be essential and the impact of 

functional used in the calculations was found to be minor. The comparison of 

experimental and theoretical aiso(
14

N) and aiso(
1
H) implied strongly that the spin 

adducts in investigated systems are formed from the carbon centered radicals, 

that can be formed both at the methyl groups of aromatic ring and aliphatic 

chain of α-tocopherol. 

4. Conclusions 

Parameters simulated from PBN-adduct EPR spectra define unequivocally 

that antioxidants present in glycerol fraction from biodiesel production have 

structure of α – tocopherol. Hyperfine splitting constants of bioglycerol samples 

remained unchanged during the whole experiment and were the same as for α – 

tocopherol (aiso(
1
H)  = 3.8G aiso(

14
N) = 15.3G).  

The DFT calculations showed that accurate inclusion of solvent effects 

(combination of PCM method and explicit ethanol molecules) is mandatory for 

correct prediction of aiso(
1
H), aiso(

14
N) and g-tensor in radical systems under 

studies. Moreover, the comparison of experimental and DFT predicted aiso(
1
H) 

values reveals that the carbon centered α – tocopherol radical is trapped by 

PBN. However, this fact cannot be unambiguously associated with the 

antioxidant activity. Though it was shown that antioxidant activity of α-

tocopherol against hydroxyl radicals is not selective and can take place at 

several positions [10]. Moreover one should keep in mind that in experiments 

reported herein α-tocopherol was exposed to hydroxyl radicals constantly, even 

after exhaustion of its antioxidant capability, therefore the probability of 

formation and trapping of carbon centered radical was additionally increased. 
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The lithium and potassium-lithium tetraborate glasses (Li2B4O7 and KLiB4O7 or 

LTB and KLTB), doped with Cu and Mn were obtained in the air from 

corresponding crystalline compounds by standard glass technology according to 

[1]. The Cu and Mn impurities were added to the basic melt composition in the 

form of the corresponding oxide compounds (CuO and MnO) in amounts 0.4 

and 1.6 mol. %. On the basis of analysis of electron paramagnetic resonance 

(EPR) Li2B4O7 and KLiB4O7 glasses, doped with Cu and Mn it was shown the 

following results.  

 The Cu impurity is incorporated into the tetraborate glass network as 

Cu
2+

 (3d
9
) paramagnetic ions. The EPR spectra of Cu

2+
 centres are almost 

identical in glasses with Li2B4O7:Cu and KLiB4O7:Cu compositions and are 

characteristic for glassy compounds. The parameters of the Cu
2+

 EPR spectra 

(g-values, hyperfine constants and peak-to-peak linewidths) in the Li2B4O7:Cu 

and KLiB4O7:Cu glasses with different Cu content are determined at T = 300 K 

and 77 K. The obtained g and g values are characteristic for a Cu
2+

 (3d
9
) Jahn-

Teller ions coordinated by six O
2

 ligands that form an oxygen octahedron, 

elongated along the z-axis. The ground state for unpaired electron of the Cu
2+

 

ion is 
2
B1g (dx2–y2 orbital), because g > g > ge = 2.0023.  

 The Mn impurity is incorporated into the tetraborate glass network as 

Mn
2+

 (3d
5
) paramagnetic ions. Characteristic for glassy compounds EPR spectra 

of the Mn
2+

 paramagnetic centres are almost identical in glasses with 

Li2B4O7:Mn and KLiB4O7:Mn compositions and have been attributed to the 

isolated Mn
2+

 ions with broad distribution of crystal field parameters in the 

trigonally-distorted octahedral sites and small clusters of the Mn
2+

 ions in the 

tetraborate glass network. The parameters of the Mn
2+

 EPR spectra in the 

LTB:Mn and KLTB:Mn glasses with different Mn content are determined at T 

= 300 K and 77 K.  
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Abstract 

We demonstrate theoretically and experimentally that multiplication of spin qubits 

arises at double resonance in a bichromatic field when the frequency of the radio-

frequency field is close to that of the in the microwave field, provided its frequency 

equals the Larmor frequency of the initial qubit. The effect is investigated beyond the 

rotating wave approximation using transient nutations in the pulse EPR of E centers in 

crystalline quartz. It is show that the operational multiphoton transitions of qubits 

dressed by the bichromatic field can be selected by the choice of both the rotating frame 

and the radio-frequency phase. 

 
Keywords: pulse EPR; transient nutation; double resonance; bichromatic field; spin 

qubit; Rabi oscillation 

1. Introduction 

It is known [1] that the resonant interaction between electromagnetic radiation 

and two-level quantum system (qubit) induces Rabi oscillations, which are the 

basis for quantum operations. The Rabi frequency R is defined by the 

amplitude of the electromagnetic field and usually is much smaller than the 

energy difference 0 (in frequency units) between the qubit’s states. The 

“dressing” of qubit by the electromagnetic field splits each level into two giving 

rise to two new qubits with energy difference R. The spectrum of the 

multilevel “qubit + field” system consists of three lines at the frequencies 0 

and 0  R. The second low-frequency electromagnetic field with the 

frequency close to the Rabi frequency R could induce an additional Rabi 

oscillation on dressed states of new qubits. These qubits are attracting interest 

because their coherence time is longer than that of the initial qubit [2,3]. The 

results of studies of qubits dressed by bichromatic radiation formed by fields 

with strongly different frequencies are important for a wide range of physical 

objects, including, among others, nuclear and electron spins, double-well 

quantum dots, flux and charge qubits in superconducting systems. In NMR [4,5] 

and EPR [3,6,7] such investigations are used in the development of line-

narrowing methods. In this report, we study the dynamics of spin qubits at 

double resonance in a bichromatic field when the frequency of one (transverse 
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microwave) field is equal to the Larmor frequency of the spin system and the 

frequency of the other (longitudinal radio-frequency) field is close to the Rabi 

frequency in a microwave field. The peculiarities of Rabi oscillations are 

investigated beyond the rotating wave approximation using pulse EPR in the 

rotating frame.  

2. Theoretical background 

Let an electron spin qubit be in three fields: a microwave (mw) one directed 

along the x axis of the laboratory frame, a radio-frequency (rf) one directed 

along the z axis, and a static magnetic one also directed along the z axis. The 

Hamiltonian of the qubit in these fields can be written as follows: 

 

   0
H H H t H t


   .     (1) 

 

Here 
0 0

zH s  is the Hamiltonian of the Zeeman energy of a spin in the static 

magnetic field 
0

B , where 
0 0

B  , and   is the electron gyromagnetic ratio. 

Moreover,    1
2 cos xH t t s  


   and    2

2 cos z

rf
H t t s     are the 

Hamiltonians of the spin interaction with linearly polarized mw and rf fields, 

respectively. 
1

B  and 
2

B ,   and 
rf

 , and   and   denote the respective 

amplitudes, frequencies, and phases of the mw and rf fields. Finally, 
1 1

B   

and 
2 2

B   stand for the Rabi frequencies, whereas , ,x y zs  are the components 

of the spin operator. The mw phase 0   and the counter-rotating component 

of the mw field is neglected. We also assume that the exact resonance condition 

is fulfilled 
0

0   , and that 
1

 , 
2rf

  . We obtained the following 

expression for the absorption signal in the laboratory frame (LF):  

 

( )LF t  (1/ 2)sin cos cos sin t    

(1/ 4)sin cos cos [sin( ) sin( ) ]t t         

(1/ 4)sin sin [cos( ) cos( ) ]t t           
2(1/ 8)sin sin 2 [cos( ) cos( ) ]rf rft t           

    2 2(1 /16) cos 1 cos 1 cos2 [sin( ) sin( ) ]rf rft t                 

 2(1 /16) cos 1 sin 2 [cos( ) cos( ) ]rf rft t                

    2 2(1 /16) cos 1 cos 1 cos2 [sin( ) sin( ) ]rf rft t                 

 2(1 /16) cos 1 sin 2 [cos( ) cos( ) ]rf rft t              .     (2) 
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Here 2 2 1/2

1 2(( ) )rf BS         is the frequency of the Rabi oscillations 

between the spin states dressed simultaneously by the mw and rf field while 

2sin /    , 1cos ( ) /rf BS       , and 2

2 / 4BS rf    is the Bloch–

Siegert-like frequency shift. This shift of the dressed-state frequency is due to 

effect of the counter-rotating (antiresonance) component of the rf field  

It follows from Eq. (2) that the resonant interaction between the mw field 

and the qubit creates its dressed states and two new qubits with energy splitting 

equal to the Rabi frequency 
1

 . The rf field with the frequency 
rf

 , which is 

close to the Rabi frequency 
1

  of the new qubits, “dresses” these qubits, giving 

rise to four qubits with the energy splitting . Allowed multiphoton transitions 

between states of these qubits afford nine spectral lines observed in the 

laboratory frame.  

There is the possibility of selecting the observed transitions of four qubits 

by employing the rotating frame. In the singly rotating frame (SRF), which 

rotates with frequency   around the z axis of the laboratory frame, the 

absorption signal can by written as 

 

    

        

        

2

2 2

2 2

(1/ 8) 2sin sin sin 2

1 cos sin 1 cos sin 2

1 cos sin 1 cos sin 2 .

SRF rf rf

rf rf

rf rf

t t t

t t

t t

    

      

      

   


       

      


 (3) 

 
For the random rf phase, the absorption signal has three comparable 

oscillating components with frequencies 1  and 2 2 1/2

1 2( )BS   . For the rf 

phase 0  , the sidebands are smaller than those at the random rf phase by the 

factor 2 2 1/2

2/ ( )BS BS  . When we use / 2  , the component with 

frequency 
1

  vanishes and the sidebands are comparable to those at the random 

rf phase. Note that in the strong-field regime the counter-rotating component of 

the rf field gives rise to the Bloch–Siegert effect, and the high-frequency 

sideband is always more intensive than the low-frequency one. 

Upon the rotating wave approximation ( 0BS  ), it follows from Eq. (3) 

that for 0   only the component with frequency 1  remains. At the same 

time, for both / 2   and the random rf phase, the intensities of the 

sidebands are equal. The equalization of sidebands can be used to indicate the 

validity of the rotating wave approximation. On the contrary, their asymmetry 

reveals the effect of the counter-rotating component of the rf field.  
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In the doubly rotating frame (DRF), in which the Hamiltonian is 

diagonalized to the form z

diagH s , the absorption signal can be written as 

follows: 

 ( ) cos cos sin sin cos / 2DRF t t t       .    (4) 
 

According to Eq. (4), the absorption signal in the doubly rotating frame is 

caused by the transitions between spin states dressed simultaneously by the mw 

and rf fields. At the exact resonance ( 1 rf  ), the signal for 0   is smaller 

than the signal for / 2   by the factor 2 2 1/2

2/ ( )BS BS  . If 0BS  , the 

signal for 0   disappears. In this case, for / 2  , the absorption signal 

oscillates with the Rabi frequency 
2

 .  

3. Results and discussion 

The predicted effects are confirmed by observations of the transient nutations 

(Rabi oscillations) in the pulse EPR of E centers in crystalline quartz. We used 

the experimental method and the sample described in [3]. The experiments were 

carried out at room temperature. The duration, amplitude, and repetition period 

of the magnetic-field pulses were equal to 10 s, 0.12 mT, and 1.25 ms, 

respectively. To improve the signal-to-noise ratio, the digital summation (up to 

10
3
) of the nutation signals obtained during each pulse was used.  

 
Fig. 1. Time evolution of the absorption EPR signals in the singly rotating frame. Here, 

0  , 
1

2
rf

    1.0 MHz, 
2

2  0.24 MHz. The solid and dashed lines 

correspond to the experiment and theory, respectively. 

Fig. 2. Fourier spectra of the absorption signals shown in Fig. 1. The solid and dashed 

lines correspond to the experiment and theory, respectively. 
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Fig. 1 shows the time evolution of absorption signals observed in the 

singly rotating frames. The signals were obtained for the following parameters 

of the bichromatic field: 0  , 
1

2
rf

    1.0 MHz, 
2

2  0.24 MHz, for 

the rf phase 0   (Fig. 1a), / 2   (Fig. 1b) and the random rf phase (Fig. 

1c). The signal shown in Fig. 1c is the result of the averaging of nutation signals 

at the uniform distribution of random phases of the rf field over the interval 

from 0 to 2π. The Fourier spectra of obtained signals are presented in Fig. 2.  

The fitting of the observed signals by Eq. (3) shown by the dashed lines in 

Figs. 1 and 2 demonstrates a good agreement between the theory and 

experiment and confirms that the observed signal has three oscillating 

components with frequencies 1  and 2 2 1/2

1 2( )BS   . The predicted 

dependence of these components on the rf phase is also observed. The 

approximation of the damping of the signals was done using in Eq. (3) the 

exponential decay function with T = 14 s. 

Same difference between observed and calculated signals is due to 

inhomogeneous broadening of EPR line of our sample, which was not taken 

into account in the theoretical description. In the Fourier spectra, the broadening 

of observed lines in comparison with the calculated those is due to the limited 

time interval of the observation of the nutation signals.  

It is seen in the signal shown in Fig. 2 that the violation of the rotating-

wave approximation is manifested in the asymmetry of the amplitudes of 

signals at the frequencies 2 2 1/2

1 2( )BS   . 

4. Conclusions 

We have shown theoretically and experimentally that multiplication of spin 

qubits arises at double resonance in a bichromatic field ( 0   and 1 rf  ). 

We show that the operational multiphoton transitions of dressed qubits can be 

selected by the choice of both the rotating frame and the rf phase. The 

experimental results obtained in the two-level EPR system in the ratating frame 

demonstrate that the theory correctly describes the dynamics of spin qubits 

dressed by the bichromatic field. The effects predicted beyond the rotating wave 

approximation are also confirmed by the observation of transient nutations. 
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Abstract 

In this presentation we report on our recent studies of the Fe
3+

 centers in single crystals 

of wide-band gap semiconductors TlInS2, TlGaS2, and TlGaSe2. Superposition model 

(SPM) calculations were carried out to investigate the local environment around the 

Fe
3+

 centers. A novel approach based on the ascent in symmetry method is applied to 

the crystallographic data to quantify the structural approximation from triclinic to 

orthorhombic and to tetragonal site symmetry. Electron magnetic resonance (EMR) data 

are reconsidered to provide more meaningful interpretation of the zero-field splitting 

(ZFS) parameters obtained by fitting EMR spectra. The values of the experimental ZFS 

parameters are matched with the SPM obtained values to obtain better insight into the 

local distortions and low symmetry aspects. The SPM results indicate that Fe
3+

 ions 

substitute for the B
3+

 ions in TlBX2 (B = In, Ga, X = S, Se) crystal. 

 

Keywords: Electron magnetic resonance (EMR); Superposition Model (SPM), Zero-

field splitting (ZFS) parameters; TlInS2; TlGaS2; TlGaSe2; Fe
3+

 ions. 

 

1. Introduction 

The Fe
3+

 paramagnetic centers in the ternary thallium chalcogenides TlBX2 

(B = In, Ga, X = S, Se) have recently been intensively investigated [1-6] in view 

of potential applications. Single TlBX2 crystals belong to the class of 

ferroelectric wide-band gap semiconductors in which a complex sequence of 

structural phase transitions occurs with decreasing temperature [7,8]. Recently 

we have embarked on theoretical modeling of second- 
qB2  (

qb2 ) and fourth-rank 

ZFSPs 
qB4  

(
qb4 ) zero-field splitting (ZFS) parameters (ZFSPs) and structural 

distortions in these systems [9,10] using the superposition model (SPM) [11-

14]. In the previous studies, the SPM analysis was carried out for the ZFS 

parameters for Fe
3+

 ions in TlInS2 [9] and TlGaS2 [10] crystals. Following the 

procedure worked out in [9], SPM and crystallographic data were employed to 

determine the ZFS parameters for Fe
3+ 

ions at the two substitutional structurally 

different Ga sites (hereafter denoted 1 and 2) in TlGaSe2 crystal. In this 
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presentation preliminary results of this study are provided. Comprehensive SPM 

results together with their analysis will be presented in the full paper [15]. 

2. Crystal structure of TlGaSe2 single crystals 

The single crystals of TlGaSe2 have the monoclinic space group C2/c (No. 

15, 
6

2hC ) at room temperature [16-18]. The atomic positions of TlGaSe2 

determined in [17] and [18] and the unit cell parameters  [16-18] are listed in 

[15]. Fe
3+ 

ions doped into TlGaSe2 crystal occupy one of the two 

crystallographically inequivalent sites Ga
3+ 

sites denoted Ga(1) and Ga(2) 

[1,3,6]. For SPM calculations, a modified crystallographic axis system (CAS*) 

is adopted as: x||a, y||b||C2, and z||c* with the c*-axis perpendicular to the plane 

(ab) (see Fig. 2 in [9]). The ligand bond length ( iR ) and angular positions of 

ligands ( i , i ) for the Ga(1) and Ga(2) sites were calculated based on two sets 

of crystallographic data and used for the SPM modeling of the ZFS parameters 

for Fe
3+

 ions in TlBX2 [9,10,15]. 

3. Superposition Model analysis 

The Fe
3+

 ions doped into TlGaSe2 crystal substitute at the Ga
3+

 sites [1,3,6]. 

The spin Hamiltonian [19,20] expressed in the extended Stevens (ES) operator 
q

kO
 
notation [21] is employed: 

 

   zyx

q

k

q

kBZFSZe SSSOBHHH ,,SgB
 

     
zyx

q

k

q

kkB SSSObf ,, SgB
.  

 (1) 

The general SPM equations and details of the procedure were provided in 

[9,10]. Here we report some preliminary results for Fe
3+

:TlGaSe2. Two sets of 

the model parameters are considered in [9,10,15]. For illustration, the ZFS 

parameters for one SPM parameter set is presented in Table 1. 
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Table 1. The triclinic ZFS parameters 
q

kb  (in 10
-4

 cm
-1

) calculated using the SPM for 

the Fe
3+

 ions at the Ga sites (1) and (2) in TlGaSe2; for selection of the SPM parameters, 

see, [15]. 

Set 1 2   1 2   1 2 
0

2b  -817.3 -98.8  
0

4b
 

-3.59 -3.92     

1

2b  -5288.4 -313.2  
1

4b
 

-0.86 1.83  
3

4b
 

-6.32 13.48 

1

2

b
 

4433.5 -1355.6  
1

4

b
 

0.42 2.40  
3

4

b
 

-3.61 -14.97 

2

2b
 

1197.7 1272.5  
2

4b
 

0.55 0.63  
4

4b
 

-19.16 -19.57 

2

2

b
 

1805.1 3538.0  
2

4

b
 

-3.16 4.91  
4

4

b
 

0.44 0.3 

2

2b
/

0

2b
 

-1.47 12.88 
 2

4b
/

0

4b
 

-0.153 -0.161 
 4

4b
/

0

4b
 

5.34 4.99 

 

Since the EMR spectra indicate nearly orthorhombic site symmetry [1], next 

we employ the orthorhombic approximation [9] of the structural data for the two 

centers in TlGaSe2.  The details of the ascent in symmetry method may be 

found in [9]. In short, using the averages of the ligands spherical polar 

coordinates in Table 2, we obtained the ‘orthorhombic-like’ coordinates denoted 

as the set OR1 and OR2. Subsequently, these coordinates are used to obtain the 

best matched sets aOR1 and aOR2 by changing iteratively i  and then i  and 

comparing 
0

2b  and 
2

2b in the approximated sets with the experimental ZFSPs 

[1]. For illustration one set of the best matched ZFSP sets and the corresponding 

structural parameters are listed in Table 3 and 2, respectively. Accordingly, the 

fourth-rank ZFSPs were calculated for each pertinent structural data set for Fe
3+

: 

TlBX2 [9,10,15]. 

 

Table 2. The spherical polar coordinates of ligands in TlGaS2 ( iR , i , i ) for the local 

site symmetry approximated to orthorhombic.  

OR1 
R  = avR  = 

0.24124 

  = av  = 

55.56 

  = av  = 

44.24 

OR2 
R  = avR  = 

0.24065 

  = av  = 

54.85 

  = av  = 

44.24 

aOR1 R  = 0.2410   = 48.38   = 41.44 

aOR2 R  = 0.2400   = 48.58   = 41.58 
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Table 3. The ZFS parameters 
q

kb  (in 10
-4

 cm
-1

) for Fe
3+

 ions at the two Ga sites in 

TlGaSe2 calculated using the SPM for the local site symmetry approximated to 

orthorhombic. 

Set 

OR1 aOR1 OR2 aOR2 Exp. 

[Błąd! 

Nie 

zdefiniow

ano 

zakładki.

] 
0

2b
 

-910 7272 -131 7277 7274 

2

2b
 

1217 4673 1237 4670 4672 

0

4b
 

-3.68 -4.18 -4.01 -4.43  ─ 

2

4b
 

0.55 3.53 0.61 3.58  ─ 

4

4b
 

-19.73 -12.93 -20.21 -13.91  ─ 

 
Comprehensive SPM results together with their analysis will be presented in the 

full paper [15]. 

4. Conclusions 

A novel approach based on the ascent in symmetry method applied to the 

crystallographic data to quantify the structural approximation from triclinic to 

orthorhombic and to tetragonal site symmetry may be useful to study the 

triclinic second-rank (
qb2 ) and fourth-rank (

qb4 ) zero-field splitting (ZFS) 

parameters (ZFSPs) for the transition ions in low symmetry crystals. Current 

applications of this method comprise Fe
3+

 ions at the two Ga sites in TlInS2 [9], 

TlGaS2 [10], and TlGaSe2 [15] single crystals. The results of our SPM analysis 

provide adequate interpretation of the ZFS parameters obtained by fitting EMR 

spectra and indicate that Fe
3+

 ions substitute for the Ga
3+

 ions in TlGaSe2 

crystal. More accurate modelling for Fe
3+

 ions in TlGaSe2 may be carried out 

when better quality EMR results taking into account the low symmetry effects 

in EMR spectra and the values of the fourth-rank ZFSPs become available. 
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The EPR technique was applied to investigation of the character and amounts of 

long lived radicals present in raw leaves of wheat. It was found that healthy 

plants exhibited the EPR spectrum in which two kinds of signals of Gaussian 

shape could be separated. The intensive narrow signal, easily saturated, with gav 

= 2.0026, was attributed to primary donor P
+

 of photosystem PS I. The 

remaining signals of the spectrum showing the unusual stability were ascribed 

to long lived radicals. These signals were concentrated around g equal to about 

2.006 and their characteristic feature was the splitting of particular signals on 

two lines of hyperfine structure. On the basis of g factor value as well the HFS 

constants the signals were attributed to sugar radicals with an unpaired electron 

localized at carbon atom of glucose molecule. The high stability of the species 

suggested their bonding to molecules with high molecular weight. The 

similarity of the EPR parameters of long lived radicals present in raw leaves to 

those observed for species generated thermally in wheat starch spoke in favour 

for such assignment. In the leaves of wheat influenced by the cadmium stress, 

the strong increase in the signal intensity of long lived radicals was observed. 

This increase was accompanied with simultaneous increase of the content of 

starch, found by electron microscopy. The comparison of two genotypes of 

wheat with different susceptibility towards the stress, showed that EPR methods 

could be very useful to the investigation of the plant answer to various 

disturbances. The studies of the Finnish and the Camilla wheat revealed that 

selenium stress led to double increase of amounts of long lived radicals. 

Moreover, in the case of the Camilla wheat the increase of signal of primary 

donor P
+

 was observed. The effect of such protective activity of selenium on 

photosystem I was observed for rape leaves stressed by cadmium.  
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Abstract 
To examine the effect of solvents on the nature and amount of the spin adducts, spin 

trapping experiments with 4-POBN, the Fenton reagents and taxifolin were performed 

in solutions of ethanol or methanol and water. The addition of taxifolin resulted in a 

decrease of the spectrum intensity of the spectrum that was dependent on taxifolin 

concentration. Computer simulation revealed that 4-POBN/•CH(CH3)OH adduct 

dominated in ethanol whereas 4-POBN/•OH and 4-POBN/•CH2OH adducts are present 

in methanol.  

 
Keywords: ESR; spin trapping; simulation; taxifolin  

1. Introduction 

Flavonoids are a group of compounds abundant in plants and also present in 

human diet. Many studies confirm the role of flavonoids in preventing diseases 

like coronary heart disease, cancer and age-related neuropathologies. 

Flavonoids are able to scavenge free radicals, chelate transition metal ions and 

interact with other antioxidants [1]. Taxifolin, which is present in the plants 

from pinus genus (in pinus maritima), in the milk thistle seeds [2], and in citrus 

fruits, has a flavanonol structure and can act as an antioxidant due to reducing 

properties of its hydroxyl groups. 

The aim of this research was to study the radicals produced in Fenton reaction 

with methanol or ethanol and the mechanism of their reaction with taxifolin. 

The ESR technique, coupled with spin trapping methods and computer 

simulation has been extensively used for the detection and identification of 

short-lived free radicals. The method of spin trapping is based on the 

scavenging of the radicals by a spin trap, leading to the formation of a spin 

adduct with higher stability. In this work a 4-POBN spin trap was chosen due to 

its stability and its selectivity toward trapping of carbon-centered radical 

species. Normally, it is easy to establish the presence of the radical and more of 

a challenge to identify it. Computer simulation is the most powerful technique 

in the analysis of multi component ESR spectra.  
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2. Experimental details  

2.1. ESR spectroscopy 

ESR spectra were measured on a MiniScope MS 200 spectrometer from 

Magnettech at room temperature (23-24C) in 50 µl capillary tubes. Typical 

instrument settings were: microwave attenuation 10 dB, modulation amplitude 

of 0.5G, sweep time 20s. Measurements of kinetics were performed every 3 

minutes unless indicated otherwise. The simulations of fast motion ESR spectra 

were performed with routines implemented in EasySpin toolbox [3] for Matlab. 

The ESR spectra of 4-POBN spin adducts exhibit hyperfine splittings from one 
14

N and one 
1
H – nuclei. The hyperfine data provided a good initial guess for 

the fitting [4-6].  

2.2. Generation of free radicals for ESR 

α-(4-Pyridyl N-oxide)-N-tert-butylnitrone (4-POBN) was purchased from 

Sigma Aldrich. Solutions were prepared using distilled and degassed water. 

Taxifolin solutions (0.010 M) in methanol and (0.012 M) in 96% ethanol were 

prepared, kept in a refrigerator and protected from light. Samples were prepared 

using 20 µl of 20mM 4-POBN dissolved in water. POBN was mixed with 20 µl 

of 5mM FeSO4 prepared freshly from 0.1M stock solution and 20 µl of 25mM 

H2O2 solution, prepared from 30% solution. Finally, 20 µl of taxifolin sample 

(or solvent only) was added. The taxifolin concentration varied from 0.1mM to 

2mM.  

3. Results and discussion / Methods and results 

The Fenton reaction was the method for generating free radicals. To examine 

the effect of solvents on the nature and amount of the spin adducts, spin 

trapping experiments in the Fenton reagents in ethanol, methanol and water 

were performed first. The second set of experiments was performed in the 

presence of taxifolin solutions. 

3.1 Spin Trapping in solvents.  

The 4-POBN/•OH radical adduct was the only species obtained in the Fenton 

reactions based on Fe(II) in water. The 4-POBN/•OH adducts were unstable and 

decayed fast to ESR silent products. The hyperfine splittings obtained by 

computer simulations are aN = 14.9G and aH = 1.63 G. These values are in 

agreement with previous data [4] and were used for further simulations.  

A 6-line ESR spectrum due to 4-POBN radical adducts was recorded when 

mixing Fe
2+ 

(as FeSO4), H2O2, 4-POBN and methanol. The spectra were 

registered every 3 minutes, starting from the 4
th
 minute after the addition of 

H2O2 to the sample. Computer simulation of the spectrum (Fig. 1) revealed a 
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species having hyperfine coupling constants of aN = 15.5 G and aH = 2.8 G and 

aN = 15.0 G and aH = 1.6 G (Table 1) values reasonably close to 4-

POBN/•CH2OH and 4-POBN/•OH adducts in aqueous solution [6]. The ESR 

spectrum measured 4 minutes after the addition of H2O2 to the sample and the 

spectrum measured after 140 minutes of the reaction had a similar (30%) ratio 

of 4-POBN/•OH (Fig. 1). The ESR signal measured 20-80 minutes after H2O2 

addition to the sample was dominated by 4-POBN/•CH2OH radical adduct (Fig. 

1).  

The Fenton reaction in ethanol can generate a number of radicals [7]. Computer 

simulation of radicals that were trapped by 4-POBN revealed a mixture of C-

centered radical adducts. The 4-POBN/•CH(CH3)OH adduct, the most 

commonly detected, dominates the spectrum with hyperfine splittings: of aN = 

15.5 G and aH = 2.5 G (Table 1). However, the 4-POBN/•OH radical adduct 

was not detected in Fenton reaction with ethanol. This result suggested that •OH 

radicals rather react with ethanol producing •CH(CH3)OH radicals, and then 

they are trapped by 4-POBN. It is important to note that the reaction of ferryl 

radical, usually produced in Fenton reaction, with ethanol [8] is another 

mechanism of •CH(CH3)OH radicals production.  

 

3.2 Spin trapping in Fenton reagents in the presence of taxifolin solutions. 

Taxifolin concentration had a significant effect on the intensity of the ESR 

signal and kinetics of its decay. The taxifolin concentration of 0.1mM decreased 

the intensity by about 50% in comparison with the reference. The concentration 

of 2mM caused signal decay during 15 minutes. The spin adducts which were 

detected in the presence of taxifolin in methanol were similar to the situation in 

the absence of taxifolin, i.e. 4-POBN/•OH and 4-POBN/•CH2OH appeared. The 

first stage of the reaction, where •OH radicals were formed and trapped by 4-

POBN remained unchanged, however higher concentrations of taxifolin 

decreased the intensity of carbon-centered radical adduct signal and shortened 

the period of carbon-centered radical domination in the spectrum (Fig. 2).  

The same dominating adduct (4-POBN/•CH(CH3)OH) was identified in the 

presence of taxifolin in ethanol. The effect of taxifolin concentration on the 

ESR signal intensity was similar to the system with methanol. The taxifolin 

concentration of 0.1mM decreased the intensity by about 50 % in comparison 

with the reference, higher concentrations (1mM and 11.7mM) caused a very fast 

decay of the ESR signal (Fig.3).  

The general conclusion is that the presence of taxifolin affects the intensity of 

carbon-centered 4-POBN adduct component. There are several possible 

explanations for this effect: (i) taxifolin could react with 4-POBN radical 

adducts resulting in ESR silent products; (ii) taxifolin could react with radicals 

formed in the experimental systems (scavenging), and (iii) the reaction of 
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taxifolin with Fe(II) or intermediate radicals that are involved in 1-hydroxyethyl 

or hydroxymethyl radical production.  

 

Table 1. Isotropic hyperfine splitting of 4-POBN adducts in solutions  

system adduct hyperfine splitting, G 

aN aH 

Fe(II)/H2O/4-POBN 4-POBN/ OH 14.9 1.6 

Fe(II)/MeOH/4-

POBN 

4-POBN/ OH 15.0 1.6 

4-POBN/ CH2OH 15.4 2.8 

Fe(II)/EtOH/4-

POBN 

4-POBN/ 

CH2(OH)CH 

15.5 2.5 

 

 

335 336 337 338 339 340

140 min

46 min

Magnetic field, G

4 min

 

Fig. 1. X-band ESR spectra of 4-POBN/•OH and 4-POBN/•CH2OH spin adduct in 

Fenton reaction with methanol recorded after 4, 46 and 140 minutes of reaction (solid 

line). The dotted lines are calculated spectra using hyperfine splitting constants from 

Table 1.  
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Fig. 2. (a)2
nd

 integral of ESR signal intensity of 4-POBN radical adducts from Fenton 

reaction with methanol (■) in the presence of 0.1mM (◊), 1mM (○) and 2mM (▼) of 

taxifolin. (b) ratio between 4-POBN/OH (grey symbols) and 4-POBN/CH2OH (black 

symbols) components in reference (■) system and in the presence of 0.1mM (◊), 1mM 

(○) and 2mM (▼) of taxifolin. 
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Fig. 3. 2
nd

 integral of ESR signal intensity of 4-POBN radical adduct from Fenton 

reaction with ethanol (■) in the presence of 0.05mM (◊), 0.1mM (○), 1mM (▼) and 

11.7mM () of taxifolin.  

4. Conclusions 

The radicals formed in the Fenton reaction with methanol and ethanol were 

studied with ESR spin trapping technique and analyzed with the aid of 

computer simulations. The fitting of experimental spectra made it possible to 
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identify radical adducts that were formed in these reactions and to follow the 

kinetics of each component. It was shown that the presence of taxifolin 

decreased the ESR signal intensity, affecting mainly the c-centered radical 

adduct component. Taxifolin mechanism of the reaction with free radicals 

requires further investigation. Further experiments are in progress.  
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Abstract 

Genistein is a  naturally occurring flavonoid that has a lot of beneficial properties on 

human health. Ability to interact with the cell membranes is of crucial importance in 

some biological effects of flavonoids such as antioxidant or anticancer activity. We 

have investigated the interaction of isoflavone - genistein with multilamellar DPPC 

liposomes. The results showed that genistein (5mol%) induced increase of the 

maximum splitting parameter value (2T' || ) at the depth penetrated by 5-SASL. 

Modulation of DPPC liposomes with flavonoid had no effect on the fluidity at the 

hydrophobic core of the membrane at the depth monitored by 16-SASL. At the same 

time the results showed that incorporation of genistein into DPPC liposomes did not 

cause any changes in the partition coefficient of the Tempo spin label between the water 

and polar head group phases.  

EPR data indicated rigidifying effect of flavonoid in the region penetrated by 5-SASL. 

Alteration of the membrane fluidity by genistein might generate multiple effects, 

leading to the final anticancer action of this compound. 

 

Keywords: DPPC liposomes; EPR; flavonoids; genistein; spin labels;  

1.  Introduction 

Flavonoids occur widely in plants and are a biologically major and chemically 

diverse group of secondary metabolites. Genistein, a known isoflavone,  has 

received increased attention because of its possible role in cancer prevention 

[1]. It constitutes an important component in the majority of people’s daily 

diets. The common source of it is soybean [2]. It is known from its antioxidant 

and radical scavenging activity, and antimicrobial activities as well. It has also 

estrogenic, growth stimulatory quality. Genistein has been found to interact not 

only with lipids but also with membrane proteins [3, 4]. Thus within a cell, the 

membrane seems to be one of the targets for its activity. 
2.  Methods  

2.1.  Chemicals 

Genistein  (Sigma Chemical Co., USA) dissolved in ethanol (Merck, Germany) 

was used in the studies. The solution was kept in the dark. Spin labels:2-(14-

carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-oxazolidinyloxy free radical (16-
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SASL), 2,2,6,6-tetramethyl-1-piperidinyloxy (Tempo), 2-(3-carboxypropyl)- 

4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy free radical (5-SASL), 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were purchased from Sigma 

Chemical Co. Spin labels were dissolved in absolute ethanol and stored at 4 °C.  

2.2. Electron paramagnetic resonance (EPR) measurements 

Multilamellar liposomes were obtained by shaking. We used saturated DPPC 

liposomes, which resulted in an ordered phase that was interrupted by an 

insertion of the flavonoid. The concentration of the lipid DPPC in phosphate 

buffer was 10
−5

 M. The concentration of flavonoids was 5 mol% and of the spin 

label 1 mol% with respect to the lipid. Dispersion of multilamellar liposomes of 

DPPC (73 mg/ml of chloroform) was prepared by mixing solutions of 

respective compounds, evaporation of solvent, first in a stream of nitrogen and 

subsequently by vacuum (2 h). The samples were hydrated with phosphate 

buffer (100 mM, pH 7) by vigorous shaking at a temperature above the main 

phase transition of lipid (41 °C) until optical homogenity of the mixture was 

observed. The samples, to be measured, were placed in a 1.3-mm diameter 

capillary (Hyland Lab. Inc) and sealed with miniseal wax. EPR spectra were 

recorded with a SE/X-2547 (Radiopan, Poznań) spectrometer working in the X 

band and equipped with variable temperature - stabilizing unit under the 

following conditions: modulation amplitude 5 G in the case of spectra scanning 

and 10 G for determining an accurate position of the maxima time constant 0.3 

s, scan time 2 min, scan range 3200–3300 G.  

 

3. Results and discussion 

3.1.  The effect of genistein on structural and dynamic properties of model 

phosphatidylcholine membranes  

To asses the fluidity of membranes spin labels were introduced to multilamellar 

DPPC liposomes and examined by EPR technique. Spin labels of n-SASL are 

commonly used to monitor structural and dynamic properties of lipid bilayer 

because the shape of their EPR spectra is strongly dependent on the motional 

freedom of the free radical segment of a spin label molecule within membrane. 

The lower the maximum splitting (2T’||, the parameter closely related with order 

parameter within the membrane) the higher the fluidity of the membrane in the 

vicinity of free radicals. With the use of the polar spin label Tempo we have 

also examined the changes of partition coefficient B/A. High-field EPR spectra 

of Tempo spin label show two peaks: one correspondent to a relatively mobile 

fraction of spin label in the water phase (A) and the fraction of spin label 

immobilized within membrane (B).   

The results showed that modification of DPPC liposomes with genistein (5 

mol%) had effect on the fluidity of hydrophobic core of the membrane at the 

depth monitored by 5-SASL. Genistein induced increase of the 2T' || value at the 

depth penetrated by 5-SASL. The values of the maximum splitting 2T’|| for 5 – 
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SASL in liposomes with genistein were generaly about 1.5 - 3,5 G higher (Fig. 

1a). Modulation of DPPC liposomes with flavonoid had no effect on the fluidity 

at the hydrophobic core of the membrane at the depth monitored by 16-SASL 

(Fig. 1b). At the same time the results showed that incorporation of genistein 

into DPPC liposomes did not cause any changes in the partition coefficient of 

the Tempo spin label between the water and polar head group phases (Fig.1c ). 

3.2. Discussion 

Membrane function is of vital importance to normal processes and can be 

influence by a wide range of factors. One such factors is the modulation of 

membrane function by dietary components such as flavonoids. An 

understanding of the effects of flavonoids on biophysical properties of 

membranes may help to better elucidate their mechanism of action as anticancer 

agents as well as antioxidants. The term “fluidity” refers to the relative motional 

freedom of the lipid molecules in the membrane bilayer. By the use of 5-SASL, 

16-SASL and Tempo spin label it was possible to determine fluidity of the 

membrane as a function of depth within membrane. The results suggest that 

genistein partitioned into the hydrophobic core of the model membrane, where 

it modifies the lipid packing order within the bilayer. Genistein decerased 

membrane fluidity in the interior region of the membrane penetrated by 5-

SASL. Reports based on fluorescence anisotropy have supported genistein 

localization in this hydrophobic region of vesicles as well as  membrane 

fluidity decrease [5, 6]. In cells e.g. human colon tumor (HCT) genistein was 

also able to reduce fluidity of membranes [7]. By imposing a greater degree of 

structural order and rigidity to the membrane, genistein could reduce the 

mobility of free radicals in the lipid bilayer. In consequence, this would result in 

inhibition of lipid peroxidation due to a slow down of free radical reactions.  

 

4. Conclusions  

Localization of genistein in membranes and resulting restrictions on fluidity of 

membranes might generate multiple effect, leading to the final anticancer or/and 

antioxidant action of these compounds. 
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Fig. 1. The effect of genistein on liposomes of DPPC (a) the effect of genistein on a 

maximum splitting parameter (2T’||) as a function of temperature of 5-doxylstearic acid 

(5-SASL) spin label doped into liposomes (b) the effect of genistein on a maximum 

splitting parametr (2T’||) as a function of temperature of 16-doxylstearic acid (16-SASL) 

spin label doped into liposomes (c) temperature dependence of partition coefficient B/A 

of Tempo spin label between lipid and water phases doped into liposomes. The 

measurements were performed at various temperatures (17,5 
o
C-57,5 

o
C). 
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Abstract 

Interactions of free radicals of melanin polymers with different drugs were compared. 

Data published in our earlier works were discussed. The EPR studies of melanin 

complexes with chloroquine, netilmicin, dihydrostreptomycin, gentamicin, and 

kanamycin were presented. All the examined chemotherapeutic agents increase free 

radicals concentration in melanin. Complexing of these drugs with melanin may be 

responsible for toxic effects in organism during therapy.  

 
Keywords: EPR, free radicals, paramagnetic centers, melanin, drugs 

1. Introduction 

Melanin is the paramagnetic polymer with the high content of o-semiquinone 

free radicals [1-6]. Application of EPR spectroscopy to examination of drugs 

binding to melanin is presented in our earlier works [7-13]. The aim of this 

work is to compare effect of different drugs on free radicals in melanin. We 

used the published results for the drugs differ in toxicity [7-13] and comparative 

analysis was performed.  

2. Experimental details 

Free radicals in melanin complexes with chloroquine [7-8], netilmicin [9-10, 

13], dihydrostreptomycin [11], gentamicin [12, 13], and kanamycin [12, 13] 

were studied by an X-band (9.3 GHz) electron paramagnetic resonance 

spectroscopy. Synthetic DOPA-melanin obtained by oxidative polymerization 

of 3,4-dihydroxyphenylalanine (L-DOPA) in 0.07 M phosphate buffer at pH 8.0 

according to the Binns method [14] was studied [7-13]. Eumelanin was studied, 

because of it mainly exist in human tissues [15]. Chemical structure of the model 

eumelanin – DOPA-melanin is shown in figure 1 [16]. Chloroquine is the anti-

inflammatory drug [17]. Netilmicin, dihydrostreptomycin, gentamicin, and kanamycin 

are the aminoglycoside antibiotics [17]. Chemical structure of the studied drugs are 
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presented in figure 2 [17]. The amounts of the drugs bound to melanin [7-13] were 

determined spectrochemically by the use of UV-VIS spectrophotometer JASCO V-530.  

N
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 Fig. 1. Chemical structure of eumelanin [16]. 
 
EPR spectra were measured for the dry melanin samples at room temperature. 

For the exemplary samples the effect of temperature on the EPR spectra was 

analysed. The X-band (9.3 GHz) EPR spectrometers with modulation of 

magnetic field of 100 kHz produced by RADIOPAN Firm (Poznań, Poland) and 

BRUKER Firm were used [7-13]. Concentrations of free radicals in the melanin 

complexes were determined. Ultramarine and the ruby crystal were the 

references. Influence of microwave power on the EPR spectra was obtained. 
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d)     e) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Chemical structure of chloroquine (a), netilmicin (b), dihydrostreptomycin (c), 

gentamicin (d), and kanamycin (e) [17]. 

3. Results and discussion 

The tested drugs increase free radical concentrations in DOPA-melanin [7-13]. 

This effect increases with increasing of drug concentration in the melanin 

complexes [10-13]. Changes in paramagnetic centers system of DOPA-melanin 

as the result of binding of kanamycin were also observed by Kozdrowska [18]. 

Because of the large amount of free radicals in melanin-chloroquine complexes, 

it is expected that toxicity of the drug incorporated to melanin is the highest for 

chloroquine than for the aminoglycoside antibiotics [7-13]. The slightly higher 

formation of free radicals in melanin by drugs was obtained for 

dihydrostreptomycin, which is one of the most toxic aminoglycoside antibiotics 

[11].  

Chloroquine increases free radicals concentrations in melanin and melanin 

complexes with metal ions [7-8]. EPR studies of DOPA-melanin, and DOPA-

melanin-chloroquine, DOPA-melanin-Zn(II), DOPA-melanin-Co(II), [DOPA-

melanin-chloroquine]-Co(II), [DOPA-melanin-Co(II)]-chloroquine, [DOPA-

melanin-chloroquine]-Zn(II), [DOPA-melanin-Zn(II)]-chloroquine point out 

interactions between paramagnetic centers of the melanin polymer and oxygen 

O2 [8]. As the result of the quasi-chemical bonds formation between oxygen 

molecules and the paramagnetic samples free radicals concentration in these 

complexes decrease. The narrowing of EPR lines for the melanin complexes in 
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air was observed [8]. Spin-lattice relaxation times T1 are ~10
-6

-10
-5

 s, and spin-

spin relaxation times T2 are ~10
-8

 s [8]. The fastening of spin-lattice and spin-

spin relaxation processes in DOPA-melanin-complexes with chloroquine and 

Zn(II) and Co(II) ions are obtained after removing of air from the environment 

of the samples [8]. 

The formation of free radicals during complexing of DOPA-melanin and 

DOPA-melanin samples containing metal ions with drugs are discussed [7-10, 

13, 18]. Free radicals (S = 1/2) and biradicals (S = 1) in DOPA-melanin 

complexes with netilmicin [10] and kanamycin [18] were found. By the first 

biradicals in melanin complexes with kanamycin and Cu(II) ions were found by 

Kozdrowska [18]. Microwave saturation of EPR lines of DOPA-melanin 

complexes with drugs were compared [7-10, 13, 18].  

4. Conclusions 

EPR studies indicate that free radical formation occur during complexing of 

melanin with chloroquine [7-8], netilmicin [9-10], dihydrostreptomycin [11], 

gentamicin [12-13], and kanamycin [12-13, 18]. This effect is stronger for 

chloroquine [7-8] than for the examined antibiotics [9-13, 18]. Free radical 

formation in melanin by drugs depend on the presence of paramagnetic and 

diamagnetic ions in the polymer [7-13, 18].  
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Abstract 

Crystal field (CF) effects and energy levels Fe2+(3d6 ) ions in K 2 F e F 4  with the ground 

state multiplet 
5
D split due to a tetragonal crystal field are considered. Microscopic spin 

Hamiltonian parameters, i.e. the zero field splitting (ZFS) and Zeeman electronic ones, within 

the orbital singlet ground state 
5
B2g with the spin S=2 are modeled for various ranges of 

the microscopic parameters, i.e. the spin-orbit coupling constant  , the spin-spin 

coupling constant  , the CF energy level splittings i , and the mixing coefficient q, 

suitable for Fe
2+

 (S=2) ions in K2FeF4 and K2ZnF4. The results are compared with the 

available experimental data. 

 

Keywords: Spin Hamiltonian (SH); Zero-field splitting (ZFS); Crystal-field (CF); 

Electron magnetic resonance (EMR); Fe2+ ions in K 2 F e F 4  a n d  K 2 Z n F 4 ; 

Tetragonal site symmetry; Computer modeling packages 

1. Introduction 

K2FeF4 is a planar antiferromagnet with the Neel temperature TN  63 to 67 K 

and exhibits two-dimensional (2D) easy-plane anisotropy [1]. Magnetic and 

spectroscopic behaviour of K2FeF4 may be described by the isotropic 

Heisenberg exchange interactions and the zero field splitting (ZFS), which give 

rise to single-ion magnetic anisotropy [2]. The electronic configuration of Fe2+ 

in K2FeF4 is 3d6 and the ground state multiplet 
5
D is split due to a tetragonal 

crystal field (CF) yielding an orbital singlet ground state 
5
B2g with the spin S=2 

[3]. Due to the large ZFS, the studies of the S=2 ions require the high frequency 

and high magnetic field EMR (HMF-EMR) techniques; for references, see [4].  

To provide guidance for the novel HMF-EMR studies, we investigate 

theoretically the spectroscopic properties of Fe
2+

 ions at tetragonal sites. In this 

presentation preliminary results of the microscopic spin Hamiltonian modeling 

of the ZFS and Zeeman parameters for Fe
2+

 ions in K2FeF4 and Fe
2+

:K2ZnF4 are 

provided. The truncated forms of ZFS Hamiltonians and controversial origin of 

the rhombic E –term invoked in the previous studies are considered in a 

separate paper.  
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2. Microscopic spin Hamiltonian modeling using the computer package 

MSH/VBA 

In view of the experimental difficulties in obtaining reliable values of the ZFS 

parameters for the S=2 ions, the microscopic spin Hamiltonian (MSH) theory is 

especially useful since it enables prediction and modeling of the ZFS 

parameters and the Zeeman electronic ones; for references, see [5]. For MSH 

analysis of the 3d
4
 and 3d

6
 (S=2) ions at orthorhombic and tetragonal symmetry 

sites the Fortran program MSHORT [6] was developed and later extended into 

a versatile package MSH/VBA, which includes also graphical capabilities 

 [7, 8]. Comparative analysis of the earlier attempts to derive MSH formulas for 

the ZFS parameters [3] and our more complete MSH formulas [6] will be 

carried out in the full paper.  

Survey of available experimental data on crystal field effects and ZFS 

transitions for Fe
2+

 ions at tetragonal sites has provided input data for the 

package MSH/VBA. Using reasonable ranges of the microscopic parameters: 

the spin-orbit coupling constant  , spin-spin coupling constant  , the CF 

energy level splittings i , and the mixing coefficient q, we obtain the sample 

results listed in Table 1 and 2 and presented in Fig. 1 and 2. 

 

Table 1. The theoretical ZFS parameters [in cm
-1

] and the gi factors 

[dimensionless] for Fe
2+

 in K2FeF4 calculated for the three sets of CF energy 

levels [in cm
-1

]: (A) 1=2= 486.6, 3= 8341.3, 4=8827.9; (B) 1=2= 400.0, 

3= 8433.3, 4=8966.7; (C) 1=2= 486.6, 3= 7729.5, 4=8341.3. 
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Table 2. Contributions to the conventional ZFS parameters [in cm
-1

] for Fe
2+

in 

K2FeF4. 
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Fig. 1. Variation of the ZFS parameter 
0

2b (total) for set A in Table 1 with the spin-orbit 

coupling constant   for two values of the spin-spin coupling constant  : (1)  = 0.2 

and (2)  = 1 [in cm
-1

]. 
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Fig. 2. Variation of the ZFS parameters: (a) 
0

4b (total) and (b) 
4

4b (total) for set A in 

Table 1 with   for two values of  : (1)  = 0.2 and (2)  = 1 [in cm
-1

]. 

3. Conclusions 

In short, the MSH approach [6-8] has enabled consideration for the first time 

the fourth-rank ZFS parameters using consistent, i.e. not truncated, forms of 

spin Hamiltonian. Comprehensive results will be presented together with their 

analysis and comparison with the available experimental data in the full paper [9]. 

The results [9] may also be useful for Fe2+ ions at axial symmetry sites in r e l a t e d  

s y s t e ms ,  i . e .  F e : K 2 M n F 4 ,  R b 2 C o 1 - x F e x F 4 ,  F e
2 +

: Rb 2 Cr Cl 4 ,  a n d  

F e
2 +

: R b 2 Z n Cl 4 ,  for which insufficient input data for modeling of the spin 

Hamiltonian parameters could be found in literature as yet. The computer packages 

MSHORT [6] and MSH/VBA [7,8], which facilitate modeling of the microscopic 

spin Hamiltonian parameters for 3d4 (V+, Cr2+, Mn3+, Fe4+) and 3d6 (Mn+, Fe2+, 

Co3+, Ni4+) ions at orthorhombic and tetragonal symmetry sites are available 

from the authors upon request. These ions exhibit large ZFS and may be best studied 

using the novel HMF-EMR techniques. 
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Abstract 

In this work the electron paramagnetic resonance (EPR) spectra of Al2O3 powders were 

measured for different size of grains (# 200, # 325) as well as the mullites (0,007 and 

0,012). The measurements were executed in room temperature as well as in temperature 

range since 140K to 380K. The finding of relation between EPR spectra and size of 

grains of powders as well as identification of EPR spectra were the main purpose of this 

work. 

 
Keywords: EPR spectra, Al2O3, mullit, nanopowder,  

1. Introduction 

The ceramic nano-powders are widely used in different industry branches.  The 

polymer nanocomposites stiffened by ceramic nano-filling they are 

characterized by very high hardness and resistance for abrasion with 

comparison in composites in micrometric scale[1,2].

powders in temperatures 

The heating in temperature 1200 ° C leads to the 30% growth of average size of 

grains (the fritting processes take place) as well as the growth of crystalinity degree 

of alumina and phase transition δ γ η ε → α

       modifier, in essential 

prepares they influence on morphology formed of Al2O3. [4] The also important is 

the basicity of environment      both   

   nvironment, in which particles of both 

powders has the same charge name leads to the forming mechanically resistant 

agglomerates, that negatively influences on condensation of material during .

  with sizes about of hundreds of micrometers as well as 

inhomogeneity of packing      appeared [5]

 the 

problem of cracking of shape.

In this work the investigation by EPR method of basic materials for shapes was 

discussed.  
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2. Experimental details  

For the experiment the samples of corundum with different size as well as 

including second phase were used. The detailed data for samples are given in 

Table 1. The samples of mullite with size of grains in the range 0.007 - 0.012 

were also studied. 

. 

Table 1. The specification of samples of corundum. 
L.p. Sample Jakościowa analiza składu fazowego metodą 

dyfrakcji rentgenowskiej 

1 Al2O3 #200 α Al2O3 – corund              93,9±0,1 [%] 

NaAl11O17 – β-Al2O3          6,1±0,1 [%] 

2 Al2O3 #325 α Al2O3 – corund              95,5±0,1 [%] 

NaAl11O17 – β-Al2O3          4,5±0,1 [%] 

 

For the EPR measurements the standard X-band (~ 9 GHz) spectrometer, 

produced in Wroclaw, with digital registration the spectra was used. For the It 

the temperature measurements the digital system of control of temperature was 

used (BRUKER ERAS 4131VT), which permits to get the range of 

temperatures from 100K to 500K  

3. Results and discussion  

The obtained EPR spectra are given in Fig1 -4.   

In the case of Al2O3 powders on the wide line a several considerably narrower 

lines with width of pick to pick near 3-4 mT for sample # 200 as well as about 

width a few mT for sample # 325 were observed. The EPR spectra for mullites 

are very similar for himself and differences appear only for intensity of line for 

g = 4.29. For the EPR spectra of Al2O3 powders the differences in the intensity 

of line and their position were observed.  For sample # 200 new line appears in 

magnetic field equal to 300mT. 
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Fig.1 The EPR spectra for Al2O3 #200 powder in different temperatures 

 

 
Fig.2 The EPR spectra for Al2O3 #3250 powder in different temperatures  
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Fig.3 The EPR spectra of mulites 0,007 in different temperatures  

 

 
Fig.4 The EPR spectra of mulites 0,012 in different temperatures  

 

For the Al2O3#200 sample the calculated geff –factor value for each line as 

following: geff =4.29 geff = 3.36, geff = 2.57, geff =1.97, geff =1.69. However for 

the sample #325 are then values: geff =4.28, geff =2.33, geff =2.23 geff =1.97. All 

values have been calculated with precisions ±0.02. The analysis of lines 
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positions suggest that lines for geff= 4.28  geff ≈2.00 are connected with 

Fe
3+

(S=5/2) ions, because they are typical spectrum for „disordered systems”[6] 

„and in a glassy host” [7]. The intensities of lines were progressively 

decreased in order to show the evolution of the relative line shapes and 

intensities at g = 4.3 from isolated ions in local tetrahedral (and eventual 

octahedral) sites[7].  

The line with geff=1.98 are conected with Cr
3+

 (S=3/2) ions in the slight-

distorted octahedral site[8,10]. 

4. Conclusions 

In this work the EPR spectra were analyzed as well as those spectra were 

connected with size of Al2O3 powder grain. 

EPR lines geff ≈2.0 and geff ≈4.3 on the spectra of these glasses can be due 

to the diluted state of Fe
3+

 ions in tetrahedral or orthorhombic 

coordination. 

EPR lines geff ≈2.0 on the spectra of these glasses can be due to the 

diluted state of Cr
3+

 ions in slightly distorted orthorhombic coordination. 
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Abstract 

EPR examination of free radicals formed in β-lactam antibiotics sterilized at different 

temperatures was performed. Asymmetrical EPR lines were measured for the studied 

heated drugs. Properties and free radical concentration in the heated antibiotics changed 

during storage after thermal treatment. Effect of microwave power on the spectra was 

analysed. Optimal conditions of thermal sterilization of ampicilin, crystal penicillin, and 

piperacyllin were determined. 

 
Keywords: EPR, free radicals, β-lactam antibiotics, thermal sterilization 

1. Introduction 

Free radicals are formed in heated organic substances and in drugs during 

thermal sterilization [1-8]. The aim of this work was to determine influence of 

thermal sterilization on concentration and properties of free radicals in the 

analysed β-lactam antibiotics. Effect of temperature and time of sterilization on 

free radicals in these drugs was evaluated. The optimal conditions of thermal 

sterilization of the studied antibiotics were searched. Effect of the storage time 

on free radical concentration in the antibiotics sterilized at different 

temperatures was tested. The results will help to determine of storage conditions 

for the studied drugs. 

2. Experimental details 

The three β-lactam antibiotics: ampicilin, crystal penicillin, and piperacyllin, 

were studied. The chemical structure of these drugs are presented in figure 1 

[9]. β-lactam antibiotics are a broad class of antibiotics that include penicillin, 

cephalosporins, monobactams, and carbapenems [9]. They are the most widely-

used group of antibiotics. β-lactam antibiotics are indicated for the prophylaxis 

and treatment of bacterial infections caused by susceptible organisms [9]. β-

lactam antibiotics are bactericidal, and they act by inhibiting the synthesis of the 

peptidoglycan layer of bacterial cell walls [9]. 

Sterilization was performed according to the Polish norms [10-12] in 

hot air oven with air circulation at the following temperatures and times: 160 
o
C 

and 120 minutes, 170 
o
C and 60 minutes, and 180 

o
C and 30 minutes. 
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 EPR analysis was done for powdered samples at room temperature 20 

minutes after thermal sterilization. Changes of EPR spectra of the sterilized 

drugs with increasing the storage time up to 3 months were tested. An X-band 

(9.3 GHz) EPR spectrometer with modulation of magnetic field of 100 kHz 

produced by RADIOPAN Firm (Poznań, Poland) was used. Microwave 

frequency was measured by MCM101 recorder of EPRAD firm (Poznań, 

Poland). EPR spectra were recorded in the range of microwave power from 2.2 

mW to 70 mW. g-Factor, amplitudes (A), integral intensities (I), and linewidth 

(ΔBpp) of the spectra were determined. The shapes parameters of the spectra 

were analysed. Free radical concentration (N) in the samples was determined by 

the use of ultramarine as the reference.  

 

 

 

 

 

 

a     b   

 

 

 

 

 

 

 

 

 

 

 

       c 

 
Fig. 1. Chemical structure of: a) ampicilin, b) crystal penicillin, and c) piperacyllin [9]. 
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Fig. 2. EPR spectrum of ampicilin sterilized at 160 

o
C during 120 minutes. The 

measurement with microwave power of 2.2 mW was done at room temperature 20 

minutes after sterilization.  

3. Results and discussion 

EPR spectra were not obtained for the original non-heated drugs. Thermal 

sterilization at temperatures 160 
o
C (120 minutes), 170 

o
C (60 minutes), and 180 

o
C (30 minutes) forms free radicals in β-lactam antibiotics. The free radical 

concentrations in the samples 20 minutes after sterilization were in the range 

(0.2-8.0)x10
18

 spin/g. The highest concentrations of free radicals in ampicilin 

and crystal penicillin was observed for samples sterilized at 180 
o
C during 30 

minutes. The highest formation of free radicals in piperacyllin appeared at 170 
o
C during heating by 60 minutes. The amounts of free radicals changes during 

storage time, but the changes were lower compared to the radiosterilized 

samples [13]. Interactions with oxygen during storage of the sterilized drugs are 

responsible for changes in free radicals in the samples.  

 Shapes of all the spectra of β-lactam antibiotics changes with increasing 

of microwave power. It probably indicates that more than one group of free 

radicals exist in the samples. Unpaired electrons in the studied drugs are mainly 

localized on oxygen atoms. Influence of microwave power on amplitudes of 

EPR spectra of the examined antibiotics is presented in figures 3-5. The spin-

lattice relaxation time in the studied drugs depends on sterilization temperature. 
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Fig. 3. Influence of microwave power (M) on amplitude (A) of EPR lines of ampicilin 

sterilized at 160 
o
C (120 minutes), 170 

o
C (60 minutes), and 180 

o
C (30 minutes). M – 

microwave power used during the measurement, Mo – the maximal microwave power 

produced by klystron (70 mW). EPR spectra were recorded in the day of sterilization. 
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Fig. 4. Influence of microwave power (M) on amplitude (A) of EPR lines of crystal 

penicillin sterilized at 160 
o
C (120 minutes), 170 

o
C (60 minutes), and 180 

o
C (30 

minutes). M – microwave power used during the measurement, Mo – the maximal 

microwave power produced by klystron (70 mW). EPR spectra were recorded in the day 

of sterilization. 
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Fig. 5. Influence of microwave power (M) on amplitude (A) of EPR lines of crystal 

piperacyllin sterilized at 160 
o
C (120 minutes), 170 

o
C (60 minutes), and 180 

o
C (30 

minutes). M – microwave power used during the measurement, Mo – the maximal 

microwave power produced by klystron (70 mW). EPR spectra were recorded in the day 

of sterilization. 

4. Conclusions 

EPR studies indicates that stable paramagnetism (~10
17

-10
18

 spin/g) 

characterizes thermally sterilized β-lactam antibiotics: ampicilin, crystal 

penicillin, and piperacyllin. Free radicals exist in these drugs 3 months after 

sterilization. Complex paramagnetic centers system exist in the samples. 

Dipolar interactions and microwave saturation of EPR lines of the tested drugs 

depend on temperature of sterilization process. Optimal temperature of 

sterilization for ampicilin and crystal penicillin is 180 
o
C. Piperacyllin should be 

sterilized at 170 
o
C. 
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Abstract 

The present work is devoted to investigation of EPR spectra of chromium doped 

Bi12GeO20 (BGO) single crystals before and after influence of the 
235

U ions irradiation 

with energy 9.35 MeV/u and a fluence 5×10
11

 cm
–2

.  The effect of heating in air on 

the EPR spectrum of irradiated sample is also studied. 

 

Keywords: EPR spectra, BGO, 
235

U ions irradiation, 

1. Introduction 

Bi12GeO20 (BGO) as well as Bi12SiO20 (BSO) crystals have been widely used in 

photorefractive, photoconductive, electro-optical and acousto-optical 

applications including two-wave mixing, four-wave mixing, phase conjugation, 

real-time holography, optical data storage, optical computing, electro-optical 

modulation, thin film optical waveguides [1-4]. 

The optical and photochromic properties of BGO:Cr crystals were early 

connected with chromium ions located in the Ge
4+

 tetrahedral positions [5-7]. 

The chromium ions in BGO:Cr can be in Cr
4+

 and Cr
5+

 state [5,6].  

 

2. Experiment 

The BGO:Cr crystal was grown in the Military University of Technology by 

the Czochralski technique from platinum crucible. The flowing oxygen growth 

atmosphere was used.   
The one sample was irradiated by 

235
U ions with energy 9.47 MeV/u (the total 

particle energy was 2 225 MeV) and fluence 5×10
11

 cm
–2

 at room temperature, 

without control of temperature and without cooling (denotes as sample no 

BGO-1). Because the sample of BGO:Cr present strong photochromic effect the 

sample during irradiation was  protected by Al foil (thickness of 5 m ). This 

foil reduces of particle energy to 2 120 MeV. The specification of samples were 

given in table 1.  

The sample irradiated by high energy uranium ions has cracked perpendicular to 

the surface into few parts.  
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The EPR spectra were measured for non-irradiated sample a well as for 

irradiated sample (before and after annealing in air) in temperature range 140 -

370 K.   

After measurements, the heating in air (time of heating was 20 min and 

temperature – 500 K) were performed by using a LHT 04/16 NABERTHERM 

furnace with C42 controller. The temperature during each heating was stable 

with measuring accuracy 1K. The heating samples EPR spectra were measured 

after it was cooled to the room temperature (sample no BGO-2).  

 
Sample no Decription 

BGO-0 The BGO:Cr sample before uranium ions irradiation 

BGO-1 The BGO:Cr sample after uranium ions irradiation 

BGO-2 The  irradiated BGO:Cr sample (BGO-1) after air heating  

 

3. Result and discussion  

 

The EPR of investigated BGO:Cr samples are presented in Fig. 1-3. For non-

irradiated sample (BGO-0) the clearly fine structure was presented (Fig 1). This 

structure is characteristic for Cr doped in high concentration present in four 

valence state [6]. For BGO-1 sampl the angular dependence in room 

temperature was obtained (Fig 2). This angle dependence show one strong and 

second weak EPR lines connected with radiation defect appearing during 

irradiation by uranium ions. The angle dependence for BGO-2 sample is 

significant different as forBGO-1 sample (fig 3).  
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Fig 1. The EPR spectra of BGO-0 sample 
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Fig 2 The angular dependence of EPR spectra for BGO-1 sample 
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Fig 3 The angular dependence of EPR spectra for BGO-2 sample 

 

For the angular and temperature dependences for samples BGO-1 and BGO-2 

the the geff-value was obtained for each EPR lines (Fig 4a-c). The changes geff 

was observed after sample irradiation as well as annealing, but for BGO-2 

(sample annealed after irradiation) the temperature dependence is strongly than 

for BGO-1 (irradiation sample).  
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Fig 4. The the geff-value for BGO-1 and BGO-2 sample 

 

Conclusion 

After BGO:Cr irradiation the fine structure of EPR spectra of chromium ions 

was cleared. Irradiation of BGO:Cr crystals by uranium ions leads to the change 

of the structure of EPR spectra. The annealing of irradiated sample leads to the 

changes of lines position and creation of new line in high magnetic field 
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Abstract 

In this paper we present EPR study on the paramagnetic centers produced after 

radiolysis of carbon monoxide in H-ZSM-5 and silver hydroxymethyl radical in AgNa-

A zeolite. In our studies we used EPR spectroscopy and DFT quantum chemical 

methods. 

 

Keywords: zeolite, radical, epr, dft, 
13

CO
+
 radical cation in H-ZSM-5 zeolite 

 

1. Introduction 

Radical intermediates play an important role in many processes of 

heterogeneous catalysis. They usually are very reactive thus it is extremely 

difficult to observe them experimentally at process temperature. Therefore 

reaction mechanisms with active role of radical intermediates have quite often 

speculative character. However, in some zeolite frameworks radicals are 

stabilized and then they can be observed by Electron Paramagnetic Resonance 

(EPR) Spectroscopy.  

We present two examples of the EPR studies of carbon centred radicals in 

zeolites: ·CO
+
 radical cation in H-ZSM-5 and silver hydroxymethyl radical in 

AgNa-A. 

2. Experimental 

Zeolite samples after degassing and dehydratation at 130 
o
C on vacuum line 

were exposed to 
13

CO gas or CH3OH vapour and -irradiated in 
60

Co source at 

77 K with dose of 5 kGy. The EPR spectra were recorded using Bruker ESP-

300 spectrometer in temperature range 100 – 370 K. 

 

The EPR spectrum of -irradiated H-ZSM-5/ 
13

CO recorded at 300 K is 

shown in Fig. 1. It consists of two doublets: anisotropic doublet A with gx = 

2.0005, gy = 2.0007, gz = 1.9991, Ax = 30.4 mT, Ay = 27.5 mT, Az = 25.9 mT 

and isotropic doublet B with giso = 2.0002, Aiso = 21.3 mT. The doublets are 

stable at room temperature and start decaying when sample is warmed up. 

Doublet A disappears at 350 K and signal B at 370 K. Doublets were not 

observed when similar experiment was run with 
12

CO as an adsorbant. That 

univocally proves that both doublets represent carbon centred radicals excluding 

assignment to ·CHO radical which was earlier observed in similar system
1
. 
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Anisotropic doublet with similar EPR parameters was observed in -irradiated 

H-Y/ 
13

CO zeolite by Verdine and Naccache
2
 and assigned to 

13
CO

+
 radical 

cation. As working hypothesis we assumed that anisotropic doublet A 

represents 
13

CO
+ 

radical interacting with zeolite framework whereas isotropic 

doublet is a spectrum of freely rotating 
13

CO
+
.  

To test that hypothesis we applied DFT calculation and were optimizing two 

structures: the first one with 
13

CO
+
 radical cation located close to zeolite lattice 

and second one with 
13

CO
+
 at distant site interacting weaker with lattice nuclei. 

We expected that those two structures would correspond to the EPR doublets A 

and B. Unexpectedly, sites we received very similar values for 
13

C hyperfine 

splitting for both. Those values are in very good agreement with experimental 

value for signal A. That allowed us to assign univocally signal A to 
13

CO
+
 

radical cation. However, the isotropic signal B remains unidentified. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. EPR spectrum 

of  -irradiated H-ZSM-

5/ 
13

CO at 300 K 

 

 

Silver hydroxymethyl radicals in AgNa-A zeolite 

 

In AgNa-A zeolite exposed to methanol vapour and -irradiated at 77 K on 

thermal annealing at 130 K a doublet with Aiso = 10.12 mT start appearing. The 

increase of its intensity is associated with the decay of ·CH2OH triplet. Doublet 

with slightly bigger hyperfine splitting was earlier recorded in -irradiated 

frozen solution of methanol containing silver perchlorate and was assigned to 

[Ag·CH2OH]
+
 radical cation

3
 formed by attachment ·CH2OH radical to Ag

+
 

cation
4
. 

Our DFT calculations proved that one-electron bond between silver and 

carbon is able to stabilize [Ag·CH2OH]
+
 adduct and that EPR doublet cannot 

originate from Ag·O one-electron bond because such configuration gives very 

low spin density on silver. A comparison of DFT calculations and EPR results 
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show that [Ag·CH2OH]
+
 radical cation interacts only with small fragment of 

silicalumina framework. Owning to that hyperfine splitting value Aiso(Ag) is 

structure independent. In zeolites with high cation capacity the electrostatic 

interaction of silver atom with lattice negative charge centre predominates 

resulting with decrease of spin density at Ag atom (Fig. 2) because the bonding 

electron is pushed by repulsive forces to organic fragment of radical. In zeolites 

with small cation capacity the formation of hydrogen bond between radical 

hydroxyl group and lattice oxygen plays the major role. O-H bond in interacting 

hydroxyl group is weaker, thus oxygen atom is stronger electron donor to Ag-C-

O bonds system increasing spin density on silver atom. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Electrostatic interaction of 

[Ag·CH2OH]
+
 radical with 

silicaalumina lattice 

 

3. Conclusions 

The present results show that radiolysis of adsorbates in zeolites leads to the 

formation of radical intermediates which can be identified by EPR. The DFT 

calculations of EPR parameters are very informative to understand the radical 

interactions with zeolite framework. 
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Lithium formate monohydrate – HCOOLi·H2O was recently proposed as 

a new, tissue equivalent, high sensitive material for EPR clinic dosimetry. It is 6 

– 7 times more sensitive than an alanine dosimeter using comparable 

instruments configuration. The linear dose response of the EPR signal in the 

range 0.2 – 1000 Gy was demonstrated. Irradiated HCOOLi·H2O shows simple 

EPR spectrum stable at room temperature and linearly depended with radiation 

dose. For powder samples a broad singlet with 1.67 mT peak-to-peak width is 

recorded at X-band. The measurements at Q-band reveal anisotropy of singlet 

with g = 2.00117 and g|| = 1.99657. It represents predominantly ·CO2
-
 radicals. 

The suggestion that the singlet contains the spectrum of second radical appeared 

quite early. Recently the stabilisation of reduction product – HC
•
O

-
(OH) Li

+
 

was proposed. The subject of our work concers the EPR and ENDOR study at 

Q-band of the structure and stability of radical species observed in irradiated 

HCOOLi·H2O monocrystal. Lithium formate crystallises in orthorhombic space 

group Pna21. In irradiated monocrystals of lithium formate at room temperature 

two different radical species are observed at Q-band. In sample measured 

directly after irradiation ·CO2
-
 radicals are dominant species. They are stabilised 

at orientations similar to orientations of parent HCOO
-
 anions. The EPR spectra 

in Q-band registered at 70 K at the orientation of [1 0 0] axis along the magnetic 

field consist of two signals: singlet of ·CO2
-
 radicals at g = 2.00035 and signal 

of second radical at g = 2.00481. During rotation of monocrystal from [1 0 0] 

axis to [0 1 0] axis g value for ·CO2
-
 radicals increases to 2.00315.Angular 

variation of Q-band ENDOR spectra shows week interaction of ·CO2
-
 radicals 

with four magnetically equal groups of hydrogen nucleus and four groups of 

lithium nucleus in the vicinity. Interactions of second radicals with 

neighbouring atoms have not been yet fully interpreted. It weekly interacts with 

one group of lithium nucleus and one or two protons groups. Both radicals are 

located in two magnetically unequal positions causing splitting of ENDOR 

signals during rotation of monocrystal. Based on kinetic EPR studies it was 

shown that the signals in irradiated lithium formate had different stability. The 

·CO2
-
 signal decreases completely after a few days of storage at room 

temperature in air. Then the unidentified signal becomes dominant. The decay 

kinetics of radicals formed radiolytically in HCOOLi will be studied in details 

in near future. 
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Abstract 

Free radicals formed in different aminoglycoside antibiotics during sterilization by 

gamma irradiation were examined. EPR spectra were measured for the irradiated 

samples in air and in argon atmosphere at room temperature. Evolution of EPR spectra 

with storage time after radiosterilization was determine. Changes in free radical systems 

of the analysed drugs during storage were compared. 

 
Keywords: EPR, free radicals, aminoglycoside antibiotics, gamma irradiation, 

radiosterilization 

1. Introduction 

Information about free radicals in irradiated drugs is important for choice of 

method and conditions of their sterilization and storage [1-6]. The aim of this 

work was to determine concentrations and properties of free radicals in selected 

aminoglycoside antibiotics after gamma irradiation. Stability of the formed free 

radicals during storage at different conditions were compared. Interactions of 

free radicals of antibiotics and oxygen molecules O2 were analysed.  

2. Experimental details 

Gamma irradiated aminoglycoside antibiotics: sisomicin, tobramycin, paromomycin, 

streptomycin, gentamicin and neomycin were examined by EPR spectroscopy. The 

antibiotics were sterilized according to the norms [7]. Aminoglycoside antibiotics 

belong to the group of chemotherapeutic agents and are effective against certain 

types of bacteria. The mechanism of action aminoglycoside antibiotics results 

from irreversible binding to the bacterial 30S ribosomal subunit. This 

connection leads to formation of incorrect structure proteins [8].  
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The analysed antibiotics were gamma irradiated in THERATRON 780E 

containing izotop 
60

Co. Dose of gamma irradiation of 25 kGy was used. 

Concentrations and properties of free radicals in irradiated antibiotics were 

studied by an X-band (9.3 GHz) electron paramagnetic resonance (EPR) 

spectrometer of RADIOPAN Firm (Poznań, Poland). EPR spectra were 

recorded for samples in air and in argon atmosphere. The following parameters 

of EPR spectra were determined: g factor, integral intensity, amplitude and 

linewidth. Influence of microwave power (2.2-70 mW) on the EPR lines was 

analysed. Dependences of free radicals concentrations in irradiated drugs on 

storage time were determined. These correlations were numerically fitted by 

theoretical exponential functions by the Gaussa-Newton and Levenberga-

Marquardt method. 

3. Results and discussion 

Free radicals do not exist in the studied non-irradiated antibiotics. EPR lines 

were recorded for the gamma irradiated drugs. The EPR spectra differ in shape. 

Complex structure of free radical system in the samples may be responsible for 

this effect. Gamma irradiation forms free radicals of 10
17

-10
18

 spin/g in the 

studied samples. The highest free radicals concentrations were obtained for 

irradiated aminoglycoside antibiotics as sisomicin, tobramycin, and 

paromomycin.  

Free radicals concentrations in the studied gamma irradiated antibiotics 

decreases with increasing of storage time. The faster changes of concentrations 

were observed in the first time after irradiation. Correlations between free 

radicals and storage time after irradiation may be fitted by one-exponential 

function for sisomicin, tobramycin, and paromomycin. Two-exponential 

functions fit time correlations for the others irradiated drugs. Interactions with 

oxygen may be responsible for decrease of free radicals concentrations in 

irradiated drugs during storage. It indicate comparison of EPR parameters for 

samples in air and in argon environment. Free radicals concentrations in 

irradiated samples in argon decrease slower than in samples in air.  

High g values (2.0036-2.0083) and broad (0.93-2.90 mT) EPR lines were 

obtained for the studied drugs. Microwave saturation of EPR lines indicates 

their homogeneous broadening. The analysed EPR lines saturate at low 

microwave powers, so slow spin-lattice relaxation processes exist in the 

irradiated antibiotics. The performed spectroscopic studies bring to light 

information about concentration and properties of free radicals in gamma 

irradiated antibiotics. The results may be useful for radiosterilization processes 

of drugs. 
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Fig. 1. Influence of storage time (t) on amplitude (A) of EPR lines of gamma 

irradiated sisomicin, tobramycin and paromomycin for samples in air. The 

experimental data and results of theoretical fitting to one-exponential functions 

A(t) = A0 + A1 exp (-t/τ1) are presented. 

 

 
Fig. 2. Correlations between the error δ of theoretical fitting of experimental 

dependence of amplitude (A) of EPR line on storage time (t) and parameters τ1 

[day] and A1 [a.u.] for gamma irradiated sisomicin for sample in air. 
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Fig. 3. The range of tolerated variability of parameters τ1 [days] and A1 [a.u.] of 

function model A (t) for δ < min (δ) · 1.05 and δ < min (δ) · 1.10 for sisomicin. 
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Fig. 4. Comparison of changes of amplitude (A) of EPR lines of gamma 

irradiated sisomicin with storage time (t) for samples in air and in argon.  
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Fig. 5. Comparison of changes of linewidth (ΔBpp) of EPR lines of gamma 

irradiated sisomicin with storage time (t) for samples in air and in argon.  

4. Conclusions 

On basis of EPR examination of gamma irradiated aminoglycoside antibiotics 

with a dose of 25 kGy some conclusions about conditions of radiosterilization 

and storage of these drugs may be drawn. Because the tested aminoglycoside 

antibiotics are paramagnetic, it is expected that they cause toxic free radicals 

effects in living organisms during farmacotherapy. The amount of free radicals 

strongly decreases during the first several days after gamma sterilization. It was 

shown that interactions with oxygen O2 modify free radical properties of 

irradiated aminoglycoside antibiotics. The samples of radiosterilized drugs 

should be storage in ambient environment.  
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Abstract 

Serum antioxidant capacity was measured using TEMPO radical scavenging assay. The 

dependence on disease activity, gender and smoking habits in patients with rheumatoid 

arthritis (RA) was investigated. The decrease in serum antioxidant capacity was 

observed for moderate and severe activity of RA as compared with control group. There 

was no relation observed between serum antioxidant capacity and gender, or between 

serum antioxidant capacity and smoking habits. 

 
Keywords: TEMPO; Antioxidant capacity; Electron Paramagnetic Resonance; 

Rheumatoid arthritis; DAS28 

 

1. Introduction 

Oxidative stress can be a causative factor in several diseases, including 

autoimmune ones such as rheumatoid arthritis (RA). It occurs when the balance 

between prooxidants and antioxidants is disturbed in favour of the former, and 

can be a consequence of decreased antioxidants level [1]. Therefore, the 

determination of antioxidant capacity of biological system could potentially 

give valuable information about the mechanism and probability of autoimmune 

diseases. 

There are different methods of evaluating the antioxidant capacity of human 

organism, some of them being based on a partial neutralization of a stable 

radical, like DPPH [2] and nitroxide radicals [3], by body fluids such as blood 

plasma or serum.  

The antioxidant capacity of human serum measured with TEMPO (2,2,6,6-

tetramethylpiperidine-1-oxyl) radical is due mainly to vitamin C level [4], 

which is one of two (the other being uric acid) most abundant water-soluble low 

molecular weight antioxidants in human blood. Nonetheless, the reaction of 

TEMPO with other antioxidants, like anthocyanins, is also possible [5]. 

The aim of this work was to establish the relationship between antioxidant 

capacity of serum measured with TEMPO radical assay and DAS28 (Disease 
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Activity Score) factor. DAS28 was chosen as a measure of the activity of 

rheumatoid arthritis, for patients with moderate and very active disease as 

compared with healthy subjects. Additionally, the influence of smoking habits 

and gender on the antioxidant capacity of serum was considered. 

 

2. Experimental details  

Patients 

Studies were performed on 98 patients diagnosed with RA and 22 healthy 

subjects (control group). Fasting blood samples were collected in the morning 

and serum samples were stored at -20C. 

 

TEMPO scavenging by human serum 

The procedure was based on that described by Piehl et al. [4]. 20 l of TEMPO 

solution (6.4 mM in PBS buffer, pH = 7.4) was added to 480 l of human 

serum. EPR spectra of TEMPO were recorded at room temperature for 30 

minutes. Nitroxide signal intensity was measured as the total height of the low 

field peak. 

The antioxidant capacity of serum was calculated as the vitamin C equivalent 

concentration using the calibration curve of TEMPO concentration change after 

30 minutes (c) vs vitamin C concentration. 

EPR measurements were performed on a X-band Miniscope MS200 

spectrometer (Magnettech, Berlin, Germany) using the following instrument 

settings: modulation amplitude, 0.1 mT; centre field, 334 mT; sweep width, 8 

mT; sweep time, 20 s; microwave power, 13 mW. 

DAS28  

Factor DAS28 was calculated according to the equation:  

DAS28 = 0.56(TEN)
1/2

 +0.28 (SW)
 1/2

+0.7LN(OB)+0.014VAS  

where: TEN - number of joints tender to the touch, SW - number of swollen 

joints, ESR - erythrocyte sedimentation rate, VAS - patient assessment of 

disease activity [mm]. 

Statistical analysis 

Data were analyzed with the Mann–Whitney U test and the Kruskal–Wallis 

one-way analysis of variance by ranks. Statistical analysis was performed using 

data analysis software system Statistica 9 (StatSoft Inc.) .  

3. Results and discussion  

3.1. Rheumatoid arthritis severity 

Antioxidant capacity of serum for patients with severe, moderate and inactive or 

absent RA was compared. Statistically significant (p<0.001) decrease was 

observed for both moderate (n = 25) and severe (n = 68) RA groups as 
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compared with control group (n = 24) [Fig. 1]. Mean value of Vitamin C 

equivalent for control group is over two times greater than for the group of 

patients with severe RA and about 30% than for the moderate RA group. This 

suggests a relation between oxidative stress and this autoimmune disease 

severity.  

 
Fig. 1. Antioxidant capacity dependence on severity of RA. DAS28 values < 2.6 

correspond to the absence or remission of RA, those between 2.6 and 5.1 to moderate 

activity of RA, and those > 5.1 to severe activity. 

3.2. Gender 

The potential influence of gender was investigated. However, the results did not 

show any relation between gender and antioxidant capacity of serum in RA 

diagnosed group [Table 1]. 

 

 

Table 1. Antioxidant capacity for women and men 

Group n 
Vitamin C equiv. 

Mean ± SE [M] 

Women 18 32.9 ± 5.8 

Men 80 32.9 ± 3.2 
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3.3. Smoking habits 

Among patients, there was no statistically significant difference between 

smokers and non-smokers groups [Table 2], irrespectively of the RA severity. 

This is in opposition to the frequently observed decrease of antioxidant capacity 

in healthy smokers [6]. However, the potential effect of smoking during RA 

exacerbation may be masked by a strong decrease of serum antioxidant capacity 

due to RA itself.  

 

Table 2. Antioxidant capacity for smoking and non-smoking patients 

 

 

 

 

4. Conclusions 

The antioxidant capacity of human serum measured with TEMPO assay is 

decreased in patients with rheumatoid arthritis as compared with a control group 

of healthy volunteers. This effect is more pronounced for severe AR activity 

group than for moderate AR activity one. 

There was no significant influence of gender or smoking habits on antioxidant 

capacity in patients diagnosed with RA. 
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Abstract 

Free radicals in Cladosporium cladosporioides cultured with flucytosine were 

studied by an X-band EPR spectroscopy. Different drug concentrations were 

used. The results were compared to data for the model eumelanin - DOPA-

melanin. It was shown that similar paramagnetic properties characterizes 

complexes of Cladosporium cladosporioides mycelium with flucytosine and 

DOPA-melanin-flucytosine complexes. 

 
Keywords: EPR, free radicals, flucytosine, Cladosporium cladosporioides mycelium 

1. Introduction 

Mainly o-semiquinone free radicals exist in melanin biopolymers [1-9]. EPR 

line of eumelanin dominates in Cladosporium cladosporioides spectra [7-9]. 

The aim of this work is to determine effect of flucytosine on free radicals in 

Cladosporium cladosporioides mycelium. Free radical properties of the natural 

samples with those of synthetic DOPA-melanin were compared. 

2. Experimental details 

Free radicals in mycelium of Cladosporium cladosporioides cultured with the 

synthetic antifungal drug as flucytosine were studied by an X-band (9.3 GHz) 

electron paramagnetic resonance spectroscopy. Cladosporium cladosporioides 

culture is shown in figure 1. The chemical structure of flucytosine - the 

derivative of pyrimidine is presented in figure 2 [9]. The following two 

concentrations of flucytosine: 25 μg/ml culture medium and 50 μg/mg culture 

medium, were used. DOPA-melanin and DOPA-melanin-flucytosine complexes 

were also tested. 

Free radical concentration was determined as compared to the concentration 

in ultramarine as the reference. g-Factor, amplitude (A), integral intensities (I), 
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and linewidth (ΔBpp) were analysed. Influence of microwave power (M) in the 

range of 2.2-70 mW on the spectra was evaluated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results and discussion 

Single EPR lines and complex EPR spectra (fig. 3) were measured for the 

studied DOPA-melanin, and Cladosporium cladosporioides samples, 

respectively. EPR spectra of Cladosporium cladosporioides mycelium with 

flucytosine (50 μg flucytosine/ml culture medium) recorded at two different 

microwave powers are presented in figure 3. EPR spectra of Cladosporium 

cladosporioides mycelium and the mycelium with flucytosine revealed complex 

character. They are superposition of the component line of eumelanin, the line 

of pheomelanin, and the line of the other part of organic matter of the 

mycelium.  

Mainly EPR component of the eumelanin exist in the resonance absorption 

curve (fig. 3). The line of pheomelanin is visible in the spectra of Cladosporium 

cladosporioides mycelium and the mycelium with flucytosine measured with 

the relatively higher microwave powers (fig. 3). Concentrations of free radicals 

and the parameters of the spectra of the examined samples are compared in 

table 1. Influence of microwave power on amplitudes (A) and linewidth (ΔBpp) 

of EPR lines of the studied samples is shown in figures 4 and 5, respectively. 

N

N
H

O

NH
2

F

Fig. 1. Culture of Cladosporium 

cladosporioides.  

 

Fig. 2. Chemical structure  

of flucytosine [10]. 
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Fig. 3. EPR spectra of Cladosporium cladosporioides mycelium with flucytosine 

recorded at 2.2 mW (a) and 70 mW (b), respectively.  

 

Table 1. Free radical concentration (N), g-factor, and linewidth (ΔBpp) of EPR 

spectra of Cladosporium cladosporioides mycelium and the mycelium with 

flucytosine.  

Sample 
N x 1018 

(spin/g)

g  

(±0.0002) 
Bpp  

(±0.02 mT) 

Cladosporium cladosporioides mycelium 0.3 2.0034 0.39 

Cladosporium cladosporioides mycelium with 

flucytosine (25 g flucytosine/ml culture medium) 
0.4 2.0035 0.37 

Cladosporium cladosporioides mycelium with 

flucytosine (50 g flucytosine/ml culture medium) 
0.3 2.0037 0.41 

DOPA-melanin 8.5 2.0037 0.45 

DOPA-melanin-flucytosine complex 

(50 g flucytosine/mg DOPA-melanin) 
8.4 2.0038 0.46 

 

332 mT 333 mT 

332 mT 333 mT 

a) 

b) 
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Fig. 4. Influence of microwave power (M/Mo) on amplitude (A) of EPR spectra of 

DOPA-melanin, Cladosporium cladosporioides mycelium, and their complexes with 

flucytosine. M – microwave power used during the measurement, Mo – total microwave 

power produced by klystron (70 mW). Samples with 50 μg flucytosine/ml culture 

medium and 50 μg flucytosine/mg DOPA-melanin were tested. 

0

0,2

0,4

0,6

0,8

0 0,2 0,4 0,6 0,8 1

A
 [

a
. 
u

.]

(M/Mo)
1/2

DOPA-melanin-…

Cl. cl. mycelium-…

 
Fig. 5. Influence of microwave power (M/Mo) on linewidth (ΔBpp) of EPR spectra of 

DOPA-melanin and Cladosporium cladosporioides mycelium with flucytosine. M – 

microwave power used during the measurement, Mo – total microwave power produced 

by klystron (70 mW). Samples with 50 μg flucytosine/ml culture medium and 50 μg 

flucytosine/mg DOPA-melanin were tested. 

g-Values (2.0034-2.0038) characteristic for o-semiquinone free radicals 

were obtained for Cladosporium cladosporioides mycelium and DOPA-melanin 

samples (table 1). Broad EPR lines were measured for both mycelium (ΔBpp: 
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0.37-0.41 mT) and DOPA-melanin (ΔBpp: 0.46 mT) samples (table 1). Dipolar 

interaction may be responsible for line broadening. Homogeneous broadening 

of EPR line was observed (fig. 4-5). Slow spin-lattice relaxation processes exist 

in all the examined samples (fig. 4). Addition of flucytosine to Cladosporium 

cladosporioides mycelium and to DOPA-melanin did not change microwave 

saturation of their EPR spectra (fig. 4). EPR lines of Cladosporium 

cladosporioides samples saturated at relatively lower microwave power than 

EPR lines of synthetic eumalnin (fig. 4). Probably flucytosine does not change 

spin-lattice relaxation processes in mycelium and DOPA-melanin samples. The 

pulse spectroscopic studies in this matter are necessary.  

Flucytosine does not change free radicals concentration in Cladosporium 

cladosporioides mycelium and in DOPA-melanin (table 1). Such effect was not 

observed earlier for dry Cladosporium cladosporioides mycelium complexed 

with flucytosine [9]. It can be then concluded that different free radical 

reactions exist in the liquid fungal culture with flucytosine and in the sample of 

flucytosine added to dry mycelium. It is expected that in Cladosporium 

cladosporioides mycelium the interactions between free radicals of its melanin 

biopolymer and flucytosine appeared. Because of the main content of eumelanin 

in Cladosporium cladosporioides mycelium, the changes of free radical 

concentrations in DOPA-melanin after complexing with flucytosine were not 

observed similar to the natural sample (table 1). The role of melanin’s free 

radicals in binding of drugs to this polymer was described in the works [9, 10-

11]. The performed EPR studies pointed out that properties of the whole 

paramagnetic centers system remain unchanged after formation of melanin – 

flucytosine complexes in Cladosporium cladosporioides mycelium. These 

result differ from the data obtained for melanin complexes with the others drugs 

[11-12].  

4. Conclusions 

The performed EPR studies pointed out that interactions of flucytosine with 

Cladosporium cladosporioides mycelium containing melanin biopolymers 

differ from interactions of model eumelanin with the others drugs. Flucytosine 

does not changed free radical concentrations in the natural sample. The 

influence of fungal organic structures on these interactions may be responsible 

for this effect.  
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Abstract  

Vanadium compounds M-Fe-V-O (M (II) = Zn (II), Mg (II), Cu (II), Mn (II) 

and Co (II)) with magnetic and non-magnetic ions in cationic sublattices exhibit 

structural randomness (iron ions can occupy positions of ions M(II)). Deficiency of 

oxygen in these compounds may be responsible for the emergence of competing 

magnetic interactions which prevent the formation of the long-range magnetic ordering 

at high temperatures. Study of the temperature dependence of magnetic susceptibility 

and electron paramagnetic resonance (EPR) spectra of compounds from the M-Fe-V-O 

system has revealed the presence of significant spin frustration. It may be due to the Fe
3 

+
 ions located in cationic sublattices. Magnetic measurements of these systems show the 

existence of strong antiferromagnetic interaction at high temperatures with a relatively 

high value of the Curie-Weiss temperature. Competing magnetic interaction allow to 

form a long range magnetic ordering only at low temperatures. In particular, the static 

magnetic susceptibility for compounds M2FeV3O11 (M(II)= Zn(II) and Mg(II)) revealed 

the existence of antiferromagnetic interaction between the Fe
3 +

 spins with the Curie-

Weiss temperature of about θ = -55 Κ and the phase transition to a spin glass state at Tf 

= 2.5-2.8 K. Strong changes of EPR parameters was observed at about 50 K. Similarly, 

in M3Fe4V6O24 compound the high-temperature long-range magnetic ordering was not 

registered. For these compounds the Curie-Weiss temperature is high. Competition and 

frustration of magnetic processes may be responsible for the lack of the long-range 

order at high temperatures despite the presence of a strong coupled correlated spin 

system. 

 
Keywords: EPR, spin frustration, vanadate oxide, magnetic interactions 

1. Introduction 

After the discovery of Kagome system (M3V2O8 (M(II) = Cu(II), Ni(II) and Co(II)) with 

polyphase magnetic states the magnetic frustration phenomena have been intensively 

studied [1]. The real microscopic quantum effect manifests itself by plateau and a step 

change in the temperature dependence of magnetization [2]. These systems hold 

promise of new opportunities in practical applications [3]. These systems are in glass 

spin [4] or in frozen spin states [5]. Measurements of the temperature dependence 

of the specific heat have showed the existence of phase transitions at 

temperatures of 6 and 11 K [ 6]. 
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Vanadium compounds in the M-Fe-V-O (M (II) = Zn (II), Mg (II), Cu (II), Mn 

(II) and Co (II)) system in the cation sublattice exhibit random structural and 

oxygen deficiency is play important role in ordered magnetic processes at high 

temperatures [7]. Trivalent iron ions in different sublattices (competing 

magnetic effects) may be mainly responsible for the frustration of the spin 

system [8]. Dc magnetic susceptibility for compounds M2FeV3O11 (M(II) = 

Zn(II) and Mg(II)) showed the presence of the strong antiferromagnetic 

coupling with Curie-Weiss temperature, θ = -55 Κ, and the phase transition to 

spin glass state at Tf = 2.5-2.8 K [9]. These compounds are interesting in many 

applications [10]. The introduction of additional competing magnetic ions (eg 

Ni2FeV3O11) may lead to more complicated structural analysis [11]. TGA 

measurements Zn3Fe4V6O24 compound indicated the existence of processes 

related to oxygen deficiency [12]. Analysis of the spectra ERP M2InV3O11 non-

magnetic compounds (M (II) = Zn (II) and Mg (II)) showed that the spectra are 

derived from complexes with vanadium ions at a lower level of oxidation [13]. 

Antiferromagnets have a geometrically frustrated spin-glass states and the 

random distribution of magnetic fields [14]. 

 The aim of this report is to present our work on magnetic properties of 

compounds from the M-Fe-V-O system studied by dc magnetization and 

magnetic resonance technique. 

2. Results and discussion 

   Figures 1a and 1b present the crystallographic structure of the compounds 

Mn3Fe4V6O24. It consists of two sublattices of iron ions and two sublattice of a 

cation (magnetic or not magnetic). Disordering processes causing distribution of 

iron ions in a cationic sublattice are not so evident in these compounds as in 

M2FeV3O11 [7,15].  

 
Fig. 1a Alignment of the iron Fe (1) and 

Fe (2) dimers, together with the 

surrounding vanadium tetrahedra. 

 
Fig. 1b Spatial arrangement of iron and 

manganese units in Mn3Fe4V6O24. 
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Fig. 2a Temperature dependence of 

inverse magnetic susceptibility, χ
-1

 = 

(MZFC / H)
-1

, for Mg3Fe4V6O24 at H = 

100 Oe and 50 kOe. The solid lines are 

Curie-Weiss fits for high temperatures 

(T> 60 K) [8]  
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Fig. 2b Temperature dependence of ZFC 

and FC magnetization for two different 

values of magnetic fields for the 

Mg3Fe4V6O24 compound at low 

temperatures.  

 
Figures 2a and 2b present the temperature dependence of magnetic 

susceptibility for the Mg3Fe4V6O24 compounds [8]. The nature of the change is 

similar in that a strong antiferromagnetic interaction with the Curie-Weiss 

temperature =- 111 (1) K and =- 50 (1) K for Mg2FeV3O11 are registered [8]. 

The long-range antiferromagnetic order is only observed at low temperatures 

(Fig. 2b). Temperature dependence of χ
-1

(T) is qualitatively similar for all 

compounds after the application of high magnetic fields, which is particularly 

evident at low temperatures. This dependence is often observed in the frustrated 

antiferromagnets, especially if diluted magnetic ions in the lattice are present. 

This implies the presence of antiferromagnetically correlated spin clusters and 

the relatively loose spins [16]. 

Figure 3a shows the observed EPR spectra for the M3Fe4V6O24 compounds at 

room temperature . The linewidth of the resonance line depends on the type of 

used ions. ERP line broadens with decreasing temperature, while decreases 

rapidly at lower temperatures (> 30 K). At lower temperatures, after 

disappearance of the main resonance line many weak and narrow resonance 

lines appear, which are likely to come from other paramagnetic centres such as 

complexes of V(IV) ions [12] or iron (III) at low-symmetry sites of the crystal 

field. Analysis of lineshapes showed that lines can be properly fitted by 

Lorentzian function. Resonance absorption signal includes also contribution 

from the negative fields due to linearly polarized microwave field. This 

contribution has a significant effect when the linewidth is comparable with the 

resonant field. Distortion of the shape of the resonance line and its broadening 

suggests searching for the long-range magnetic ordering at high temperatures. 
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Fig. 3b Temperature dependence of 

geff (left axis) and linewidth ΔHpp 

(right axis) for Mg3Fe4V6O24. 

 

Fig. 3c Temperature dependence of 

integrated intensity I(T) and product 

IxT (right axis) for Mg3Fe4V6O24. 

Continuous line presents the fitting 

of Fe(III)-F(III) dimer model [8] 

. 

Figures 3b and 3c show the temperature dependence of geff(T) and the resonance 

linewidth ΔHpp(T) obtained by fitting of the experimental spectrum by 

Lorentzian function. Significant change is observed for both parameters at 

temperatures below 80 K, and above T1~ 8.5 K and T2~ 3 K. Broadening of the 

resonance linewidth in the temperature range (3<T/TN<10) observed often for 

AFM dielectrics is usually associated with the change of static magnetic 

susceptibility [16]. Temperature dependence of the resonance linewidth ΔHpp(T) 

can be represented by the following relationship: ΔHpp(T)=[χo(T)/χ(T)]ΔHo 

where χo(T)=C/T is a free single-ion magnetic susceptibility, C is a Curie 

constant of the coupled paramagnetic system, while χ (T) is the static magnetic 

susceptibility and ΔHo is temperature independent linewidth (at high 

temperatures) combined with a contribution from the anisotropic spin-spin 

interaction [8]. In this case, for [ΔHpp(T)χo(T)/ΔHoχ(T)] a minimum at 90 K is 

observed, and there is correlation with a shift towards lower fields of geff(T) 

factor. Measurements of dc magnetization and ERP in the M3Fe4V6O24 

compounds revealed the existence of significant magnetic frustration due to loss 

of oxygen and no-equivalence of two magnetic sublattices. Dc magnetic 

susceptibility showed that the spin freezing at low temperatures can be 

produced in two magnetic sublattices with Tf = 3K and 6K, and there is a strong 
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correlation between the AFM at high temperatures. ERP studies showed the 

presence of AFM interactions and revealed the contribution of the magnetic 

ordering processes at around 230 K, that the static magnetization measurements 

have not confirmed. High frequency EPR (HF-EPR) measurements allowed to 

observe changes in the temperature dependence of g-factor and to compare it 

with the measurements at low frequency (X-band) ERP. Moreover, the use of 

HF-EPR can isolate the dominant type of magnetic interactions due to the use of 

very large magnetic fields [17]. 

3.  Conclusions 

Vanadium compounds M-Fe-V-O have been investigated their structure and magnetic 

properties. The competition magnetic processes is responsible for no formation long 

range magnetic ordering processes at higher temperature range. It was observed at low 

temperatures spin frustration state. The disorder of magnetic ions in their sublattice and 

oxigen deficiency processes could be mainly influence on the magnetic competition 

phenomena.  
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