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ABSTRACT. X-ray diffraction and dielectric permitivity data performed on 
Pb2Mg1-xCoxWO6 solid solutions with 0 ≤ x ≤ 0.3 are reported. By partial cobalt 
substitution for magnesium the diffraction patterns are similar to that of Pb2MgWO6 
compound with a small increase of lattice parameters, which is probable due to 
the difference in the ionic radii of Mg2+ and Co2+. Dielectric anomaly at Tc (38oC) 
related to the antiferroelectric transition in Pb2MgWO6 is affected by cobalt 
substitution for magnesium by Tc decreases. 

 
 
 
 Introduction 
 It is well known that the lead magnesium tungstate (Pb2MgWO6) makes 
part from complex perovskite compounds with general formula 3

6
1/2

2
1/2

2 OBBPb +++  

in which distribution of the B2+ and B6+ ions occurs when a large difference 
exist in either charges or ionic radii [1, 2]. At 38oC the Pb2MgWO6 undergoes a 
phase transition from the rhombic paraelectric to the tetragonal antiferroelectric 
phase with a well defined suprastructure [1, 3]. 
 In our previous works we have reported the influence of the Mn, Fe 
and Cu substitution for Mg on structure, dielectric and magnetic properties of 
Pb2MgWO6 compound [4-6]. It was observed formation of the solid solutions 
in the large concentration of these substitutions with suprastructure charac-
teristic for these materials [1, 3]. The Tc temperature increases when the 
substitution of Mg is realized by Mn and Cu [5, 6] and decreases in case of 
Fe [4].  
 In order to investigate other solid solutions of this compound, in this 
work we present the substitution Co for Mg influence on structural and 
electrical properties of Pb2Mg1-xCoxWO6 solid solutions. 
 
 Experimental 
 The polycrystalline samples of Pb2Mg1-xCoxWO6 with 0 ≤ x ≤ 0.3 were 
prepared by reacting stoichiometric proportion of PbO, WO3, Mg(NO3)2⋅H2O 
and Co2O3 chemicals with analytical reagent grade purity. The admixtures 
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were mechanically homogenized using an agate mortar and calcined at 700oC 
for 4 hours. After this procedure the samples were mechanically homogenized, 
pressed in pellets and sintered at 1000oC for 1 hour in air. The pellets have 
1–1.5 cm2 area and 1-3 mm thickness. 
 The X-ray diffraction measurements were performed on a DRON-2 
type equipment using Cu-Kα radiation. 
 Dielectric permitivity measurements were carried out in the temperature 
range 20 – 60oC at 1 KHz using Keithley 3300 LCZ-meter. For good electrical 
contacts, the samples area were silvered with silver paste. 
 
 
 Results and discussion 
 The X-ray diffraction patterns (Fig. 1) were indexed and show a 
tetragonal structure for all prepared samples, having cell parameters: a = c = 
16⋅10 Å and b = 15.98 Å for sample with x = 0.01. The most intense diffraction 
lines are indexed as single perovskite structure and lines of lower intensity 
as suprastructure reflections. By cobalt substitution for magnesium there is 
a small increase of lattice parameters, which is probable a consequence of 
the difference in the ionic radii of Mg2+ (0.67 Å) and Co2+ (0.73 Å). For x > 0.1 
on the diffraction patterns can be observed the weak lines which are not 
attributed to the basic structure of the solid solutions. Probable our samples 
contain a small quantities of unidentified structural phase, which not have 
significant influence on the properties. 
 The temperature dependence of the dielectric permitivity for Pb2Mg1-x 

CoxWO6 samples is shown in Figure 2. As can be seen dielectric anomaly 
at Tc (38oC) related to the antiferroelectric transition in Pb2MgWO6 is affected 
by cobalt substitution for magnesium. The Curie temperature decreases with 
cobalt contents, as was observed also in the case of Pb2Mg1-xFexWO6 solid 
solutions [4]. The variation of Tc is a common property for complex systems 
that involves ferroelectric or antiferroelectric transition [1]. As it is expected 
the Curie temperature tends to Tc ≅ 32oC [2, 7] which is Curie temperature 
for Pb2CoWO6 compound (o – Fig. 2). 
 
 
 Conclusions 
 X-ray diffraction and dielectric permitivity measurements performed 
on Pb2Mg1-xCoxWO6 with 0 ≤ x ≤ 0.3 indicate that the solid solutions are formed. 
The partial cobalt substitution for magnesium determines a small increase of 
lattice parameters of Pb2MgWO6. It was evidenced that the Curie temperature 
of these solid solutions decreases when the Co concentration increase. 
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Fig. 1. X-ray diffraction patterns for Pb2Mg1-xCoxWO6 solid solutions. 

 
Fig. 2. Temperature dependence of the dielectric permitivity for Pb2Mg1-xCoxWO6 

solid solutions. 
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Fig. 3. The composition dependence of Tc for Pb2Mg1-xCoxWO6 solid solutions. 
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ABSTRACT. Two cytostatic drugs, Mercaptopurine and Azathioprine, have been 
investigated by ESR spectroscopy in order to detect if they contain or can easily form 
stable paramagnetic species following sterilization by ionizing radiation. The absorbed 
dose of drugs was15 kGy corresponding to an average dose used in the sterilization 
process ESR measurements proved that both of them contained various stable 
paramagnetic species after irradiation. The Azathioprine drug exhibited very weak ESR 
signals before irradiation, having hyperfine splitting constant of 15 G and centered 
around a spectroscopic factor g0.=2.007. Some spectroscopic properties and sugges-
tions concerning possible structure of the radicals are discussed in this paper. 

 
Keywords: cytostatic, drugs, γ-irradiation, ESR. 

 
 
 

INTRODUCTION 
The studies of effects of the high-energy ionizing radiation (gamma rays, 

electron beams) on the medical devices and drugs or on foods, are increasing 
due to applications in the medical sterilization and hygienic quality of foods [1,2]. 
The main advantage of these methods is due to high penetrating power and 
the very small temperature rise induced.  

The sterilization dose (Sterility assurance level (SAL) of 10-6) of phar-
maceuticals depends on the initial microbiological spoilage and on the 
microorganisms radiosensitivity [3]. On account of the destructive nature of 
ionizing radiation and the difficulty in predicting the radiolytic effects, the study 
of radio-induced radicals and chemical products in drugs is necessary to 
determine the feasibility of the radiation treatment and to control it. The 
regulations about the radiosterilization are permitted in some countries and 
not in others [4-6], therefore it is necessity to differentiate between irradiated 
and non-irradiated samples. 

Electron spin resonance (ESR), which is a very valuable method for 
detection of free radicals, can be used to study the radiolysis mechanism 
[7] or to detection of irradiated drugs [8-10] as already used for foodstuffs 
irradiated at very low dose (100 Gy).  

This paper describe the results of experiments on cytostatic drugs 
(Mercaptopurine and Azathioprine) by EPR, in order to detect if they contain or 
can easily form stable paramagnetic species following sterilization by ionizing 
radiation [11,12].  
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Mercaptopurine     Azathioprine 

 
Fig. 1. Structural formula studied compounds 

 
 
The method has been particularly recommended for unstable sub-

stances, i.e. thermolabile or chemically reactive, which can hardly be sterilized 
thermally or chemically [14,15]. This aspect is especially important for 
highly bioburden products originating from natural sources [13]. In addition, 
γ-radiation offers definite advantages such as the possibility of sterilization 
of drugs in packages and it also ensures a long period of validity. The most 
important advantage is the possibility of sterilization of thermolabile drugs 
or those of high chemical reactivity, which are not resistant to other methods 
of decontamination. One of the most critical points of radiation treatment is 
the possibility of chemical and physical alterations, which can lead to some 
undesirable changes, e.g. to a loss of biological activity of the drugs [16]. 

 
EXPERIMENTAL 
Mercaptopurine and Azathioprine are two compounds from a large 

series of purine analogues, which interfere with nucleic acid biosynthesis 
and have been found active against human leukemias [17,18]. 
 Mercaptopurine has the chemical formula, 1,7-dihydro-6H-purine-6-
thione, C5 H4 N4 S xH2 O, with molecular weight 170.19, and Azathioprine, 
as a derivative of mercaptopurin, has the chemical formula 6-[(1-methyl-4-
nitro-1H-imidazol-5-yl)thio]-1H-purine, C9 H7 N7 O2 S, with molecular weight 
277.26. The structural formulas are presented in Fig. 1. 

Mercaptopurine and Azathioprine drugs in the form of microcrystalline 
powder was exposed to γ-radiation from a 60Co source (GAMMA CHAMBER 
900) in ambient conditions. The 60Co source give a compact and uniform density 
of radiations and a dose debit of 16 Gy/h evaluated by ferrous sulfate dosimetry 
[19]. The absorbed dose of drugs was15 kGy corresponding to an average 
dose used in the sterilization process. 

Powder samples (non-irradiated and irradiated) were placed in a 20 mm 
length, 1 mm inside diameter quartz capillary. EPR spectra were recorded at 
room temperature with a JEOL-JES-3B spectrometer, operating in the X-band 
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(~9.5 MHz) with a field modulation of 100 KHz, and equipped with a computer 
acquisition system. The computer simulation analysis of the spectra was 
made by using a program that is available to the public through the Internet 
(http://alfred.niehs.nih/LMB) for obtaining the magnetic characteristic parameters. 
 

                                        

                                        

                                        

                                        

                                        

                                        

3300 3350 3400 3450 3500 3550

g
0
=2.0073

Magnetic Field (G)
 

Fig. 2. EPR spectra of non-irradiated Azathioprine 
 
 

RESULTS AND DISCUSSION 
Non-irradiated and irradiated samples were analyzed by EPR spec-

troscopy. Only non-irradiated polycrystalline sample of Azathioprine exhibit 
weak EPR signals (Fig. 2) possible, presence of the NO2 substituent in 
molecular structure. The detected spectra comprise triplet features which are 
probably due to hyperfine splitting of nitrogen AN=15 G and a spectroscopic 
factor g0.=2.0073. However that signal cannot be from nitroxyl radicals •NOR 2  
as these give no detectable signals in condensed media [20]. The populations 
of the other radicals are very low or not specific and cannot be detected. 
 By γ-irradiation were generates free radicals detectable for both 
examined samples.  

The spectra consist mostly of broad peaks, which are characteristic 
for free radicals in the solid state, and cannot be unambiguously identified due 
to their poor resolution. In Fig. 3 are presented the ESR spectra of irradiated 
samples at 15 kGy absorbed dose. 

The singlet character spectrum of Azathioprine cannot be interpreted, 
due to low resolution. They exhibit a linewidth of 10.5 G which reflect the 
random orientations of the radicals with regard to the magnetic and a 
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broadening mechanisms contribution by dipolar and spin-spin interactions. 
The total spectrum represents a sum of spectra corresponding to all free 
radicals simultaneously present in the sample, dominated by a broad central 
line.  
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Fig.3. EPR spectra of gamma-irradiated sample at 15 kGy 
 
 

The broad signal observed was characteristic for free radical trapped 
in a solid matrix. The value of the isotropic g-factor of g0=2.0051, is characteristic 
for carbon - or nitrogen-centered radicals. The unresolved spectrum of 
Azathioprine does not exhibit any resolution similar to that recorded for the 
non-irradiated drug. Due to lack of resolution of any hyperfine interaction, 
the character of the paired radicals cannot be concluded.  

The anisotropic spectrum obtained for Mercaptopurine seems to 
belong to sulphinyl radical RSO- with g|| =2.0232 and g┴ =2.0048 formed on 
oxidation of the thiyl radical [21,22]. This anisotropy in the EPR spectrum, 
are due probably, the localization of radical centers on both aromatic rings 
[23] giving rise to a local axial arrangement.  

However there is an admixture of other species as can be seen 
from the spectrum. Thus, the ESR spectrum of polycrystalline powder 
contains radicals oriented in all possible directions and yields a composite 
spectrum of lines ranging from g|| to g┴.It cannot observe the radical trapped 
in the drug prior to radiolysis since it is probably at too low a concentration to 
be seen together with the generated, highly populated radical, manifested 
as a poorly resolved anisotropic singlet. 
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CONCLUSIONS 
Gamma irradiation gives rise to a free radical species in chemical 

compounds, and electron paramagnetic resonance (EPR) yields valuable 
informations on the stability of the drugs in the sterilization process. It was 
observed that the various substituents of similar compounds, give free 
radicals species with deferent paramagnetic characteristics. By increasing 
of molecular structure of drugs, the possibility of existence of free radicals 
in non-irradiated compounds increase too, due to weak strength bonds of 
substituted groups. The generations of free radicals is not dramatically for 
medical treatments; only the possibility of chemical and physical alterations 
can lead to some undesirable changes, e.g. to a loss of biological activity of 
the drugs. The formed free radicals in gamma-sterilized medicines dissolved 
in aqueous solutions cannot exist any longer as free radicals, they converting 
rapidly into stable nonparamagnetic compounds.  
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ABSTRACT. FT-Raman and SER spectra of 5-(4-brom-phenyl)-furan-2 carbaldehide 
at pH 1 were recorded and analyzed. The absence of carbonyl band in SER spectrum 
was explained by the hydration of carbonyl bond. The shift by 5-13 cm-1 of SERS 
bands and change in their relative intensity by comparing with ordinary Raman 
spectrum, indicate the chemisorption of the sample molecules on the silver surface 
via the nonbonding electrons of the ring oxygen. 

 
Keywords : Raman Spectroscopy, SERS, Furan-2 carbaldehide derivatives. 

 
 
 

Introduction 
Surface-Enhanced Raman Spectroscopy (SERS) has been applied 

to a variety of situations. Major applications have been in the development 
of analytical SERS sensor [1] and in following chemical reactions on 
surface [2]. The technique has also elucidated much information about the 
behavior of molecules adsorbed at metal surface [3]. By using of surface 
selection rules [4,5], the estimation of orientation of molecular species on 
the surface can be obtained. Long-range classical electromagnetic effects 
and short-range charge transfer are the two main mechanisms leading to 
large enhancement of the Raman signal [6,7]. SERS has already been 
observed for many drugs. In order to know the action of the potential drugs, 
as our derivative, is very important to study if the structure of adsorbed species 
is the same as free species. In these studies the silver surface serves as an 
artificial biological interface [8].  
 Furan- 2 carbaldehide derivatives are very important intermediates 
in organic synthesis. The bacteriostatic effects of these compounds were 
checked up with good results. 
 In present study, we recorded FT Raman and SER spectra on silver 
sol of 5-(4-brom-phenyl)-furan-2 carbaldehide (5-(4Br-P)-F-2C) at pH 1 in 
order to elucidate the adsorption behavior of these molecules on silver 
surface. To our knowledge these data are not yet present in the literature.  
                                                           
∗ Corresponding author. E-mail ilitra@phys.ubbcluj.ro 
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Experimental 
The data about the preparation of furan-2 carbaldehide and FT Raman 

spectrometer was presented anywhere [9]. SER spectra were recorded 
with Spex 1404 double spectrometer using 514.5 nm and 300 mW output of 
Spectra Physics argon ion laser. The detection of Raman signal was carried 
out with a Photometrics model 9000 CCD camera. Spectral resolution was 
2 cm-1. A citrate reduced Ag colloid was employed as SERS substrate. Ag 
citrate was prepared according to the literature [10]. A small amount of 10 µL 
of 5-(4Br-P)-F-2C 10-1mol l-1 ethyl alcohol solution was added to 3-ml colloid. 
0.1 ml 10-1mol l-1 NaCl solution was also added for producing a stabilization 
of the colloidal dispersion and a considerable enhancement of the SER spectra. 
The final concentration of the sample was approximately 3.2 10-4 mol L-1. 
H2SO4 were used to obtain the requested pH value. 

 
Results and discussion 
FT-Raman spectrum of solid sample (Ordinary Raman Spectrum 

(ORS)) and SER spectra in silver sol at pH value 1 are presented in Fig.1a 
and 1b respectively.  

 
Figure 1. a) FT Raman (solid state) and b) SER spectra of 5-(4 brom-phenyl)-furan-2 

carbaldehide in silver sol at pH 1. Concentration of the sample 3.2 10-4 mol L-1 
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We avoided the alkaline value of pH because in this case, according 
to Cannizzaro reaction there are many species present in solution and 
analysis of adsorbed species is very difficult. 

FT Raman and SERS data are presented in Table 1. 
Table 1. 

Experimental (FT-Raman) and SER spectrum at pH 1 of 
 5-(4-brom-phenyl)-furan-2 carbaldehide. 

Raman SERS 
pH 1 

Assignment 

174w  δ(C1,2,3) + δ(C4,5,6) 
229w  ω(C10C11) 
280w  δ(CBr) + δ(C4,5,7) 
359vw  ring 1b + ring 2c out of plane def. 
436w  δ(C5,7,8) 
516w  ring 1 out of plane def. 
630m 639(w) 

663(w) 
δ(C5,6,1) + δ(C2,3,4) 

711m 711(w) δ(C1,2,3) + δ(C4,5,6) 
766m 770(w) δ(C9,10.11) 
793w  ω(CH) (ring 2) 
831w 838(w) ω(CH) (ring 1) 
879vw 880(m) τ(CH) (ring 2) 
923m 916(w) 

940(w) 
τ(CH) (ring 1) 

967m 964(w) δ(C9,10O1) 
1007m 1003(m) δ(C6,1,2) + δ(C3,4,5) 
1041m 1027(m) ring 1 breathing  
1062m 
1073sh 

1055(w) ρ(CH) (ring 1) + ν(CBr) 

1179m 1179(m) δ(CH) (ring 1) + ν(C7O1C10) 
1212m 1198(m) 

1242(vw) 
ρ(CH) (ring 2) 

1278m 1275(w) ν(C5,7) 
1293m 1285(m) ρ(CH) (ring 1) 
1356m 1327(vw) ν(C8,9) + δ(CH) (COH) 
1384m 1372(w) δ(CH) (COH) 
1411m 1404(w) ring 1 stretching + ν(C8,9) + δ(CH) (COH) 
1474m 1464(m) ρ(CH) (ring 1) + ring 2 stretching 
1506sh 
1522s 

 
1514(s) 

ring 1 + ring 2 stretching + ν(C5,7) + ν(C10,11) 

1583sh 
1598vs 

1576(sh) 
1585(s) 

ring 1 + ring 2 stretching 

1661s  ν(CO) (COH) anti-form 
2859w  ν(CH) (COH) 
3058sh 
3069m 

 ν(CH) (ring 1) 

3113m 
3126sh 

 ν(CH) (ring 2) 

∗Abbreviation: w-weak, m-medium, s-strong, v-very, sh-shoulder, ν-stretching, 
δ-bending, ρ-rocking, τ-twist, ω-wagging,. ring 1b-phenyl ring, ring 2c-furan ring. 
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The significant differences between the FT-Raman and SER spectra 
concerning the relative intensities, bandwidths and peak position indicate 
an interaction between the metal and adsorbate. 

If the molecules are physisorbed on the metal surface, its spectrum 
is practically the same as that of free molecules, small differences being 
observed only for the bandwidth [6]. When the molecules are chemisorbed 
there is an overlapping of the molecular and metal orbitals the molecular 
structure of adsorbate being modified [7]. 
 Comparing the SER spectrum of 5-(4Br-P)-F-2C to the corresponding 
ORS (se Fig.1a and 1b) a shift of the peak positions can be observed. 
Therefore, we conclude that 5-(4Br-P)-F-2C molecules are chemisorbed on 
the silver surface. 

The bands that appear in the 1450-1600 cm-1 spectral range are 
very intense both in ORS and SERS. A shift to lower wavenumber in SER 
spectrum can be observed from 1598, 1582, 1522, 1474 cm-1 to 1585, 1578, 
1514, 1464 cm-1. The medium intense bands present in the ORS at 1411, 1384 
and 1356 cm-1 are very weak and shifted to 1404, 1372 and 1326 cm-1 in SER 
spectrum. The weak bands observed in the 1300-600 cm-1 region in ORS 
have the corresponding shifted band in the SER spectrum. 
 The bandwidths of the SERS bands at pH 1 are larger than that of 
the corresponding ORS bands. This broadening can be explained by the 
interaction between the molecules and silver surface.  

By rotation of CHO group 5-(4Br-P)-F-2C presents two, syn- and 
anti-form, isomers As a consequence of the interaction with silver surface it 
is possible that vibrational mode specific to sin-form isomer, which in ORS 
is not presents, to be active in SERS. Also is possible that bands specific to 
each isomer to not be resolved after adsorption.  
 The enhancement of Raman signal in SERS can be explained through 
two main mechanisms, electromagnetic and chemical one [6,7]. In our case 
it is very difficult to separate the contribution of these two mechanisms, 
both contributing to the enhancement of the Raman signal. Additionally, it is 
possible to have some resonance contribution to the total enhancement 
because the excitation wavelength 514.5 nm falls in the wing of the absorption 
band of 5-(4Br-P)-F-2C solution. 

Inspection of the Fig.1b and Table 1 shows that the stretching C=O 
vibration of anti-form isomer in SER spectrum at pH 1 is absent, while in 
ORS appear at 1661 cm-1 . 

The absence of the band due to the carbonyl stretching mode in SERS 
at pH 1, can be a consequence of the hydration of the C=O bond. The same 
situation was observed for formylpiridine [11] and 4 and 2-acetylpiridine [12] 

According to the surface selection rules [13], the vibrations of the 
adsorbed molecules which have a polarizability tensor component parallel 
to the normal on the metal surface, will be preferentially enhanced compared 
to the bulk spectrum. 
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In the SER spectrum of 5-(4Br-P)-F-2C at pH value 1 (Fig.1b) the 
bands at 1585, 1576 and 1514 cm-1 assigned to the ring stretching modes 
and the band at 1179 cm-1 assigned to the in plan bending vibration are more 
enhanced than other modes and red shifted by 8-13 cm-1 by comparison to 
the ORS spectrum. At this value of the pH the bands due to out of plane 
deformation of the phenyl and furan rings are practically absent, while the 
bands at 838 and 916 cm-1 given by CH wagging and CH twisting modes 
(see Table 1) are only weakly enhanced. Therefore, we suppose that molecular 
planes of adsorbed molecules are vertical or less tilted oriented with respect to 
the silver surface. The bands at 663, 940, 1242 cm-1 present in SER spectrum, 
have not correspondence in the bulk spectrum and are probably due to the 
surface complex formed by adsorption. 

The small shift and enhancement of the band at 1179 cm-1 that 
involves the vibration of the furan ring oxygen reveals that the interaction 
between oxygen atom and the metal surface via it the lone pair electrons is 
not so strong. 

 
Conclusions 
5-(4-brom-phenyl)-furan-2-carbaldehide presents a good SER spectrum 

only at low value of the pH. The absence of the carbonyl stretching band in 
SERS was explained by hydration of C=O bond in the surface adsorption 
state. 

The red shift of the SERS band by comparing to the ordinary Raman 
spectrum indicate the chemisorption of molecules on the silver surface 
which are tilted oriented to the metal surface and bonded to it via nonbonding 
electrons of the ring oxygen. 
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ABSTRACT. Infrared and FT-Raman 5-(4-brom-phenyl)-furan-2 carbaldehide were 
recorded and analyzed. Theoretical calculations at the BPW91/6-311+G∗ levels of 
theory were performed for the two, syn- and anti-form rotational isomers. Anti-form 
isomer was found to be more stable than syn-form by 0.795kJ mol-1. Temperature 
dependence at the intensity corresponding to the C=O stretching vibration confirms 
the results obtained by theoretical calculations that, anti-form isomer is most stable 
one. The theoretical ∆H=0.845 kJ mol-1 value is close to the experimental ∆H=0.726 
kJ mol-1 value obtained by temperature dependence of the C=O stretching mode 
coresponding to the anti– and syn-form. 

 

Keywords: Raman and IR Spectroscopy, DFT calculation, Furan-2 carbaldehide 
derivatives. 

 
 
 

Introduction 
 Furan- 2 carbaldehide derivatives are very important intermediates 
in organic synthesis. The bacteriostatic effects of these compounds were 
checked up with good results. 
 The action of many drugs is determined by their structure. In this sense 
we performed the investigation of two rotational isomers of 5-(4-brom-
phenyl)-furan-2 carbaldehide (5-(4Br-P)-F-2C) from an analytical (infrared 
and Raman spectroscopy) and theoretical (DFT) calculations point of view. 
To our knowledge these data are not yet present in the literature.  

 
Experimental 
The compounds were obtained from the corresponding diassonium 

salt and furfural in aqueous medium using CuCl2 catalyst. [1] The products 
were purified with column chromatography on silica gel. 

                                                           
∗ Corresponding author. E-mail ilitra@phys.ubbcluj.ro 
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The FT Raman spectra were recorded using a Brucker IFS 120HR 
spectrometer with an integrated FRA 106 Raman module and a resolution 
of 2 cm-1. Radiation of 1064 nm from Nd-YAG laser was employed for 
excitation. A Ge detector, cooled with liquid nitrogen, was used. The infrared 
spectrum in KBr pellet was recorded with a Brucker IFS 25 spectrometer and 
resolution 2cm-1.Temperature dependence of the IR spectrum was obtained 
using UR 10 spectrometer. The density functional theory (DFT) calculations were 
performed using GAUSSIAN98 [2]. All calculation of harmonic wavenumber was 
performed using a fully optimized geometry as reference geometry. The 
DFT geometry optimization was carried out with the combination of Becke's 
1988 exchange functional [3] and the Perdew-Wang 91 gradient-corrected 
correlation functional [4] (BPW91). The 6-311+G* basis sets for all atoms has 
been employed in the geometry optimization and the vibrations calculations.  
 

Results and discussion 
The structural formulas of the two rotational isomers of 5-(4Br-P)-F-

2C are presented in Fig.1. 
 

     
a      b 

Figure 1. Structural formulas of the two isomers of 5-(4-brom-phenyl)-furan-2 carbaldehide: 
(a). syn-form, (b) anti-form isomers. 

 
FT-Raman spectrum of solid sample is presented in Fig.2a and 

calculated Raman spectrum in Fig. 2b.  
By rotation of the (CHO) group in the sample, two conformations 

can be obtained, syn-form and anti-form rotamer. The optimized geometry 
of these conformations, obtained at BPW91/6-311+G∗ level of theory with 
the labeling of their atoms is shown in Fig.1. The optimized structure of both 
conformers is planar. Further, the analytical harmonic modes have been 
calculated in order to ensure that the optimized structure corresponds to 
minim on the potential energy surface. The total energy for the syn- and 
anti-form isomers, including zero-point corrections, is found to be – 3147.902901 
and – 3147.903204 hartree, at the BPW91/6-311+G∗ level of theory. Therefore, 
the anti-form isomer was found to be more stable than syn- form isomer by 
0.795 kJ.mol-1. 

C11  C1 

C5 

C2 

C4 

 C6 

C9 

C10 

C8 

O1 

O2 

H3 

H1 

H6 

H4 

H5 

H7 

H2 

Br 
 C6 

C1 

C8 C9 
C7 

C4 

C5 
C3 

C2 

O1 
C11 

O2 
C10 

H1 

H2 H3 

H4 

H5 

H6 

H7 

Br 



STRUCTURE AND VIBRATIONAL FREQUENCIES OF 5-(4 BROM-PHENYL)-FURAN-2 CARBALDEHIDE 
 
 

 21 

Figure 2. (a). FT-Raman spectrum and (b). the calculated Raman  
wavenumber of 5-(4-brom-phenyl)-furan-2 carbaldehide. 

 
The observed bands in infrared and FT-Raman of 5-(4Br-P)-F-2C 

with the calculated wavenumber at BPW91/6-311+G∗ levels of theory for both 
isomers are summarized in Table 1. The tentative assignment of vibrational 
modes is also presented. 

Table 1. 
Experimental (infrared, FT-Raman) and calculated wavenumbers (cm-1) 

(anti/syn forms) of 5-(4-brom-phenyl)-furan-2 carbaldehide. 
 

IR Raman DFT1.anti/syn Assignment 
 174w 204/180 δ(C1,2,3) + δ(C4,5,6) 
 229w 242/221 ω(C10C11) 
 280w 260/260 δ(CBr) + δ(C4,5,7) 
 359vw 380/418 ring 1b + ring 2c out of plane def. 

437w 436w 449/430 δ(C5,7,8) 
494m 516w 544/503 ring 1 out of plane def. 
628w 630m 622/621 δ(C5,6,1) + δ(C2,3,4) 
712m 711m 709/704 δ(C1,2,3) + δ(C4,5,6) 
773s 766m 772/766 δ(C9,10.11) 
793vs 793w 793/805 ω(CH) (ring 2) 
831m 831w 807/823 ω(CH) (ring 1) 
880vw 879vw 858/850 τ(CH) (ring 2) 
923m 923m 930/955 τ(CH) (ring 1) 
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IR Raman DFT1.anti/syn Assignment 
967s 967m 962/960 δ(C9,10O1) 

1006m 1007m 994/993 δ(C6,1,2) + δ(C3,4,5) 
1042s 1041m 1053/1058 ring 1 breathing  
1063sh 
1073m 
1117w 

1062m 
1073sh 

1066/1070 ρ(CH) (ring 1) + ν(CBr) 

1170vw 1179m 1184/1188 δ(CH) (ring 1) + ν(C7O1C10) 
1212w 
1260m 

1212m 1211/1201 ρ(CH) (ring 2) 

1278w 1278m 1266/1248 ν(C5,7) 
1291w 1293m 1295/1292 ρ(CH) (ring 1) 
1357w 1356m 1364/1355 ν(C8,9) + δ(CH) (COH) 
1385sh 1384m 1385/1391 δ(CH) (COH) 
1411m 1411m 1407/1414 ring 1 stretching + ν(C8,9) + δ(CH) (COH) 
1475s 1474m 1459/1469 ρ(CH) (ring 1) + ring 2 stretching 
1502sh 
1522w 

1506sh 
1522s 

1506/1514 
1549/1553 

ring 1 + ring 2 stretching + ν(C5,7) + ν(C10,11) 

 
1597w-m 

1583sh 
1598vs 

1565/1569 
1589/1596 

ring 1 + ring 2 stretching 

1681vs 
1695 sh 

1661s 1680/1689 ν(CO) (COH) anti-form 
ν(CO) (COH) syn form 

2848w 2859w 2830/2840 ν(CH) (COH) 
3060w 3058sh 

3069m 
3117/3133 
3129/3147 

ν(CH) (ring 1) 

3112w 3113m 
3126sh 

3140/3157 
3144/3160 

ν(CH) (ring 2) 

∗Abbreviation: w-weak, m-medium, s-strong, v-very, sh-shoulder, ν-stretching, δ-bending,  
  ρ-rocking, τ-twist, ω-wagging. 
, DFT1=BPW91/6-311+G*; ring 1b-phenyl ring, ring 2c-furan ring. 

 

The assignment of the normal modes of vibration for the molecules 
was accomplished mainly by comparison with related molecules [5,6] and 
using wavenumber (unscaled values) and intensities as obtained by the 
BPW91 method. The theoretical results obtained with the BPW91/6-311+G∗ 
basis set reproduce closest the experimental values. A strict comparison 
between the experimental and calculated wavenumbers and intensities is 
not possible in this case, because the experimental data were obtained for 
the solid state whereas the theoretical results are for gas phase. It is well 
known that the calculated wavenumbers are obtained using the harmonic 
approximation, whereas the experimental wavenumbers are anharmonic by 
nature. Nevertheless, as revealed by Fig.2 and Table 1, the quality of the 
quantum chemical results of the presented theoretical level is sufficient to 
be useful for the assignment of the experimental data. 

The 5-(4Br-P)-F-2C in solid state contain both isomers, identified by 
the presence of two bands given by the C=O stretching vibration, at 1681 
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and 1695 cm-1 in the infrared spectrum (see Fig. 3) assigned to the anti- and 
syn-form respectively. In FT-Raman solid state spectrum only one band is 
present in this spectral region. The assignment of these bands to the cor-
responding rotamers was made with the help of theoretical calculation. 
Thus from these calculations the band at 1680 cm-1 is specific to anti-form 
isomer, while the band at 1689 cm-1 corresponds to the syn-form isomer. 
Comparing the intensities of these bans from infrared spectrum we assume 
that the anti-form isomer is the preponderant rotamer in the solid state sample. 
In the FT-Raman spectrum only band assigned to the C=O stretching mode 
of anti-form isomer is Raman active.  
 Additional information concerning the most stable rotamer can be 
obtained from temperature variation studies [7]. The spectral region (1600-1700 
cm-1) of the C=O stretching vibration in the infrared spectrum of 5-(4Br-P)-F-2C 
recorded at different temperatures are presented in Fig.3. The intensity of 
the band 1695 cm-1, specific to the syn-form isomer, increases and the intensity of 
the band 1681 cm-1, specific to anti-form isomer, decreases as the temperature 
increasing, and confirms the results obtained by theoretical calculation, that 
anti-form is most stable one.  

Figure 3. The 1600-1700 cm-1 spectral region of infrared spectrum of 5-(4-brom-phenyl)-furan-2 
carbaldehide recorded at different temperatures (a). 128 K, (b) 293 K, (c). 418 K, (d) 468 K 
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From the dependence of logarithmic ratio of the intensities of these 
bands vs 1/T presented in Fig.4, we obtained, according the relation [8]: 

ln [I1695/I1681]= - ∆H/R (1/T) + ∆S/R 

the value ∆H=0.726 kJ mol-1, close to the value ∆H=0.845 kJ mol-1 resulted 
from theoretical evaluation. 

Figure 4. The plot of ln [I1695/I1681] vs 1/T 
 
 
Conclusions 
Infrared and FT-Raman spectroscopies were applied to the vibrational 

characterization of 5-(4-brom-phenyl)-furan-2-carbaldehide. Theoretical calculation 
at BPW91/6-311+G∗ levels of theory performed for the two, syn-form and anti-
form rotational isomers, revealed that the anti-form isomer is more stable than 
syn-form isomer by 0.795 kJ.mol-1  

The assignment of vibrational modes is presented by comparison 
with related molecules and using wavenumber (unscaled values) and 
intensities as obtained by the BPW 91 method. 

In solid state FT-Raman spectrum of 5-(4-brom-phenyl)-furan-2-
carbaldehide only anti-form isomer presents the band due to the stretching 
of carbonyl bond while in infrared spectrum, both isomers are active in this 
spectral region. 

The experimental ∆H=0.726 kJ mol-1 value is close to ∆H=0.845 kJ mol-1 
obtained by theoretical valuation. 
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ABSTRACT. The active drug ingredients (amino acids) and inactive drug ingredient 
(starch), have been investigated by ESR spectroscopy in order to detect stable 
paramagnetic species following sterilization by gamma radiation. The absorbed dose 
of drugs was 25 kGy corresponding to the dose used in the sterilization process. 
ESR measurements proved that studied active ingredients contains various stable 
paramagnetic species after irradiation. The irradiated samples show large signals, 
more or less complex, depending on the chemical nature of the amino-acid. Some 
spectroscopic properties and suggestions concerning possible structure of the 
radicals are discussed in this paper. 

 

Keywords: excipients, drugs, γ-irradiation, ESR. 
 
 
INTRODUCTION 
In the last two decades, the study of ionizing radiation (gamma rays, 

electron beams) effects on the medical devices and drugs, has increasing 
more and more due to applications in the medical sterilization [1,2]. The main 
advantage of sterilization by ionizing radiation method is due to high penetrating 
power and the very small temperature rise induced. The method has been 
particularly recommended for unstable substances, i.e. thermolabile or chemi-
cally reactive, which can hardly be sterilized thermally or chemically [3,4] 

The studies of different aspects of drug irradiation have been the 
subject of a systematic research, reported in the literature [5, 7]. The inter-
actions between drug and different forms of energy are very complex and 
depend on the irradiation and postirradiation conditions. Gamma irradiation can 
produces changes in the physical and chemical quality of the drugs with the 
loss the biological activity [3]. However, the presence of free radicals as a 
radiolytic products [8] is common for all these changes. A number of physical, 
chemical and biological techniques have been used to detect these changes. 
From these techniques, ESR is best suited to detect the presence of free 
radicals due to its high sensitivity to unpaired electrons [9-13]. However, 
due to the complex nature of the phenomena, correct assignments and 
characterizations of these radicals are very difficult and, thus, the results 
given in the literature contain ambiguities. 
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The aim of this paper is to present the results of on main excipients 
used in the drugs manufacture by ESR, in order to detect if they contain or 
can easily form stable paramagnetic species following sterilization by ionizing 
radiation [11,12]. Drug ingredients are organic compounds or modified simple 
sugars (starch) used in mixtures with a lot of pharmaceutical products. The 
role of active ingredients is to stimulate or modulate the translation initiation 
factors, to transport parthway for poorly permeable drugs or even nutritional 
complements for some patients [14-17]. The excipients (inactive drug ingre-
dients) have, in general, the role of matrix or protection layer for drugs. 

 
EXPERIMENTAL 

 Some amino acids and starch in the form of microcrystalline powder was 
exposed to γ-radiation from a 60Co source (GAMMA CHAMBER 900) in ambient 
conditions. The 60Co source give a compact and uniform density of radiations 
and a dose debit of 16 Gy/h evaluated by ferrous sulfate dosimetry [19].  

The absorbed dose of ingredients was25 kGy corresponding to 
absorbed dose used in the sterilization process. 

Irradiated powder samples were placed in a 20 mm length, 1 mm inside 
diameter quartz capillary. ESR spectra were recorded at room temperature 
with a JEOL-JES-3B spectrometer, operating in the X-band (~9.5 MHz) with 
a field modulation of 100 KHz, and equipped with a computer acquisition 
system. The computer simulation analysis of the spectra was made by using a 
program that is available to the public through the Internet (http://alfred.niehs. 
nih/LMB) for obtaining the magnetic characteristic parameters. 

 
RESULTS AND DISCUSSION 

 Amino acids are the basic structural units of proteins. With the exception 
of proline, amino acids have a common structure. The structure consists of 
a central carbon atom (alpha carbon), to which is bonded to an amino acid 
(-NH2), a carboxyl group (-COOH), and a hydrogen atom. Bound to the 
carbon atom, each amino acid has an additional chemical group, called the 
R group. The R group is a larger aliphatic side chains and varies from one 
amino acid to another; diving to each amino acid distinctive properties. 
Proline also has an aliphatic side chain but it differs form other members of 
the set of twenty in that its side chain is bonded to both nitrogen and carbon 
atom resulting a cyclic structure [18]. The structure formulas of studied amino 
acids are presented in Fig.1. 

Starch is a polysaccharide, which is a compound, made from ten or 
more monosaccharides chemically linked together. A polysaccharide is also 
called a polymer, which is a large molecule formed when small molecules 
of the same kind join together to form chains. Starch is made from a chain 
of sugar molecules. More specifically, starch is a polymer made from a form 
of glucose called alpha-D-glucose. A molecule of starch can have anywhere 
from four hundred to several hundred thousand alpha-D-glucose units. The 
structural formula of glucose unit is represented in Fig. 2.  



INVESTIGATION OF IRRADIATED DRUG INGREDIENTS BY ESR SPECTROSCOPY 
 
 

 29 

 
Fig. 1. Structural formulas of studied amino acids 

 
 

By γ-irradiation were generates free radicals detectable for all examined 
samples.The ESR spectra consist mostly of broad peaks, which are charac-
teristic for free radicals in the solid state, and cannot be unambiguously 
identified due to their poor resolution.  

The case of amino-acids (Fig. 3 and Fig.4) seems also simple: the 
unirradiated samples show no ESR signal, and the irradiated ones show 
large signals, more or less complex, depending on the chemical nature of 
the amino-acid. The multiplet lines are characteristic to presences of free 
radicals in amino acids. The main differences between ESR spectra of 
irradiated amino acids are due to the structure of aliphatic side chains (R 
groups), as a result of prevalences ones or other types of free radicals. The 
main difficulty in the analysis of ESR spectra, is due to the overlapping of 
different signals in the same magnetic field. However, it can make some 
assumption about nature of generated free radicals [19, 20] starting from 
computer simulations of experimental spectra taking in account three 
species. Table 1 summarizes the important radicals supposedly identified in 
this study. In general, the symmetrical multiplet lines belonged to the free 
radicals where the unpaired electrons were localized on carbon atoms. The 
total spectrum represents a sum of spectra corresponding to all free radicals 
simultaneously present in the sample, dominated by a broad central line. 
The broad signal observed was characteristic for free radical trapped in a 
solid matrix. 

 
 

 
 
 
 

 Fig. 2. Structural formula of alpha-
D-glucose unit 
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The triplet centered at g=2.0033 with 10.7 G peak-to peak line width 
for piroline, is due to two equivalent protons with hyperfine coupling a≈20 G 
which are in very good agreement with the isotropic couplings generally 
found for carbon centered π radicals. The radical fragment giving rise to this 
triplet is of the form R-CH2 that can be produced by removal of a hydrogen 
atom from the methyl group. The hydrogen abstraction is one of the most 
commonly mechanisms of producing free radicals in aliphatic compounds 
containing aromatic rings [21].  

Table 1.  
The ESR characteristics of free radicals generated in studied aminoacids 

 Type of radical Number of lines ESR parameters 
 
(A) 

 

 
3 

 
g=2.0033, a≈20G 

 
(B) 

 

 
5 

 
g=2.004, a≈22G 

 
(C) 

 

 
8 

 
g=2.0041, a≈17G 
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Fig.3. EPR spectra of gamma-irradiated 

sample of noncyclic amino acids 
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Fig.4. EPR spectra of gamma-irradiated 

sample of cyclic amino acids 
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    The characteristic ESR spectrum 
of irradiated starch, that has been 
considered as a triplet [22] centered 
on g=2.0035, though only a pair of 
lines occurring to the left and right 
side of the major signal are obvious, 
looks like a doublet (Fig.5).  
    The triplet signal with hyperfine split-
ting of 26.1 G is assigned to radical 
D and doublet splittings of 30 and 
32 G assigned to radicals E (Fig.6). 

 
CONCLUSIONS 
Gamma irradiation gives rise to a free radical species in chemical 

compounds, and electron paramagnetic resonance (EPR) yields valuable 
informations on the stability of the drugs and ingredients in the sterilization 
process. It was observed that the various substituents of similar compounds, 
give free radicals species with deferent paramagnetic characteristics. However, 
the presence of an EPR signal in a complex mixture (ingredients and drugs) 
make very difficult a rigorous analyses of types of free radicals and its char-
acteristics.This ambiguity is due to the fact that, all organic radicals show 
EPR signals approximately centered in the same area, 3500 G for 9.5 GHz 
spectrometers; and that, in solid phase, the EPR spectra are quite always 
poorly resolved, due to the overlapping of the different spectra relative to 
the different directions of initial spins with regard to the magnetic field. 
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ABSTRACT. EPR spectroscopy was used to study the interaction unsaturated 
spin label 3-carbamoyl-2,2,5,5-tetramethyl-3-pyrolin-1-yloxy (Tempyo) and bovine 
serum albumin molecules and bovine serum albumin (BSA). The EPR spectrum of 
the spin label in the low lyophilized state, exhibits two spectral parts: the major part 
has a line shape typical for slow isotropic rotational motion, and the minor part 
typical for faster isotropic rotational fluctuations. The minor parts have a rotational 
correlation time of 3-4·10-9 s, which must be regarded as fast rotation and indicate 
that these spin adducts are located in flexible nonpolar protein chains, probably at 
the surface of the protein and the major parts of the spectra have correlation times 
of 1.8-2.0·10-8 s, as result of strong interaction of spin label with polar proteins sites 
or located inside the globular protein. Quantification by integration of the spectrum 
yielded ~20 % of the spin label with fast motion and ~80 % with slow motion.  

 
Keywords: EPR spectroscopy, spin label, bovine serum albumin (BSA) 

 
 
 

INTRODUCTION 
Proteins are polymeric chains that are built from monomers called 

amino acids. All structural and functional properties of proteins derive from 
the chemical properties of the polypeptide chain. There are four levels of 
protein structural organization: primary, secondary, tertiary, and quaternary. 
Primary structure is defined as the linear sequence of amino acids in a 
polypeptide chain. The secondary structure refers to certain regular geometric 
figures of the chain. Tertiary structure results from long-range contacts within 
the chain. The quaternary structure is the organization of protein subunits, 
or two or more independent polypeptide chains.  

Examination of the amino acid sequence of proteins shows no obvious 
pattern of hydrophobic and hydrophilic amino acids, but in the tertiary structure 
of proteins almost all the hydrophobic sidechains are found in the interior of 
the protein and almost all hydrophilic sidechains are found on the outside of 
the protein, interacting with water. Most proteins can be characterized as 
globular (ball-like) with a well defined external surface and a well defined 
internal core. Just as in micelles, the exterior to be polar and the interior to 
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be non-polar. Charged residues are amino acids that have charged sidechains 
are seldom buried in the interior of a folded protein. They are normally 
found on the surface of the protein where they interact with water and with 
other important biological molecules. Note that these groups can be important 
in the recognition (binding) of oppositely charged groups on molecules that 
interact with proteins [1]. 

The ionizable groups on the side-chains of charged amino acids are 
often involved in biochemical transactions (binding, catalysis). Therefore, pH 
usually has rather dramatic effects on the function of proteins. Polar Residues 
are both buried as well as on the surface of the protein. They either form 
hydrogen bonds with other polar residues in the protein or with water. Nonpolar 
residues do not interact with favorably with water. The central core of most 
proteins is composed almost exclusively of nonpolar residues, stabilized by 
numerous van der Waals interactions. However, a significant number of 
nonpolar residues are also found on the surface of the protein. Therefore, it 
is important to study the interactions of proteins with well defined molecules 
that will confer the total molecules sufficient affinity for the binding site of 
interest on protein. 

Bovine Serum Albumin (BSA), the most abundant serum protein, 
has a total of 35 cysteine residues with 17 disulfide bridges, and one free 
thiol group allowing to interact with a vast array of chemically diverse 
compounds at specific binding sites [2]. 

Useful informations related to the interaction between the nitroxide 
group and the active site of the proteins, can be obtain by EPR spectroscopy 
using nitroxide radicals (spin labels).  

The EPR of nitroxide spin labeled biological molecules have been 
extensively used in the last decades for the study of their interactions, 
mobility and microenvironment in biological systems [3,4]. Spin labels are 
free radicals which can attach themselves to particular sites in biological 
systems and produce spectra which provide information on changes in the 
chemical and physical characteristics in the neighborhood of the site [5,6]. 
The paramagnetic center of a spin label has its unpaired electron on the 
NO group of a nitroxyl compound. The unpaired electron shown on the 
lower oxygen, spends time on and strongly interacts with the I = 1 nuclear 
spin of the nitrogen atom to produce a 3-line hyperfine spectrum. When the 
solvent has a low viscosity (flows very freely) the radical tumbles rapidly to 
average out the anisotropies, and a spectrum of three narrow lines is 
obtained. At lower temperatures the viscosity increases and the solvent 
materials flows very slowly so the nitrogen radical can no longer tumble 
rapidly, and a smeared out spectrum is produced.  

When the spin label attaches itself to a particular site in a biological 
molecule its spectrum reveals the extent to which free motion or very 
restricted motion occurs at the site.  
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In this paper, the interaction between unsaturated nitroxide radical 
3-carbamoyl-2,2,5,5-tetramethyl-3-pyrolin-1-yloxy (Tempyo) and bovine 
serum albumin was studied by EPR spectroscopy. 

 
MATERIALS AND METHODS 
Powder samples of bovine serum albumin (SIGMA Chemicals) were 

used without further purification. Proteins were hydrated in phosphate 
buffered physiological saline at a final concentration of 10-3 M TEMPYO spin 
label (SIGMA Chemicals) was added to the liquid samples of each protein 
in a final concentration of 10-3 M (protein/spin label molar ratio 1:1) and the pH 
values were adjusted at optimal value of pH=8.5, corresponding its normal 
configuration in the environment  

The amount of 5 ml from each samples was lyophilized at –5oC for 
different time intervals and used for the EPR measurements. 

EPR spectra for both, liquid and lyophilized samples, were recorded 
at room temperature with a JEOL-JES-3B spectrometer, operating in the X-band 
(9.5 GHz), equipped with a computer acquisition system. Samples were placed 
in quartz (Pyrex) capillary tubes. The spectrometer settings were: modulation 
frequency 100 kHz, field modulation 1 G, microwave power 20mW. 

The computer simulation analysis of the spectra, for obtaining the 
magnetic characteristic parameters, was made by using a program that is 
available to the public through the Internet (http://alfred.niehs.nih/LMB). 

The lineshape of an EPR spectrum depends, among other factors, 
on the orientation of the paramagnetic center with respect to the applied 
magnetic field. In a powder, or a frozen aqueous solution, the paramagnetic 
centers will be fixed with a random distribution of orientations, and in the case 
of anisotropic g- and hyperfine interactions this will lead to a broadened 
EPR spectrum since all orientations contribute equally. In the liquid state, 
however, the paramagnetic centers are not fixed but undergo rotational 
fluctuation. In the case of fast rotation, the anisotropic interactions are thereby 
averaged to zero, giving rise to sharp EPR lines. If the velocity of the rotational 
motion decreases, the EPR spectrum will approach that of the powder spectrum. 
Therefore, a rotational correlation time for a paramagnetic molecule can 
also be determined by EPR using semiempirical formulae [9]. 
 For isotropic motion in the rapid tumbling limit, the spectra will be 
isotropic with the averages of the principal components of the g-values and 
hyperfine splitting factor, aN. The rate of the isotropic motion determines the 
relative widths of resonances and the width, ∆Hm, of an individual (hyperfine) 
line, in the first approximation can be written as a function of the z component 
of the nitrogen nuclear spin number (m=-1, 0, 1) [ 6, 8]: 

2
m mCmBAH ⋅+⋅+=∆     (1) 
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where the A coefficient includes other contributions than motion. The terms B 
and C are functions related to the rotational correlational time τ for the motion 
and can be defined as a function of peak to peak line width of the central line, 
∆H0 [G], and the amplitudes of the m-th line Im [7]: 
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and ωN=8.8⋅10-6<aN>, aN is the isotropic hyperfine splitting and ωe the ESR 
spectrometer frequency in angular units. 
 In range from 5⋅10-11 to 10-9 s (motion in the rapid tumbling limit) and 
magnetic field above 3300 G, ∆g and ∆aN vanish, and the correlation times 
τB and τC are directly related to the B and C coefficients by the following 
simple relations [6]: 

BK 1zB ⋅=τ=τ       (6) 

CK 2y,xC ⋅=τ=τ       (7) 

where K1=1.27⋅10-9 and K2=1.19⋅10-9. The average correlation times is: 

( )2

1

CB τ⋅τ=τ       (8) 

 The slow motion of spin probe, lead to a broadening of the EPR 
lines. In this case, the rotational correlation time, τ, is larger than 10-9 s, and 
thus, the Formula 8 is not applicable. The isotropic nitrogen hyperfine splitting 
changes to a powder like spectrum, with the peak-to-peak distance between 
the external peaks of the spectrum ( )N(a2 '

zz⋅ ) depending on the magnitude 
of the rotational correlation time, τ. Another lineshape theory for slow isotropic 
Brownian rotational diffusion of spin-labeled proteins has been developed 
by J. Freed [10]. Thus, the correlation time can be evaluated from the ratio of 
the observed splitting between the derivate extrema a'

zz and principal value 
azz, determinated from rigid matrix spectrum [6,8]: 
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zz            (9) 

The α and β parameters depend on the kind of the diffusion process. 
where a and b are empirical constants, which are tabulated in e.g. Poole 
and Farach, 1987 [9]. For small spin probe, the intermediate jump diffusion is 
preferable [9].  
 
 

RESULTS AND DISCUSSION 
BSA was chosen as a model for study of molecular interaction spin 

label located in a globular protein and the partition between proteins phase 
and surrounding aqueous medium. 

In the low concentration liquid state BSA solution, the Tempyo spin 
label which is a relatively small molecule, gives raise to a spectrum with 
narrow lines and constant hyperfine splitting, typical for fast isotropic 
rotational motion (Fig.1) with very low rate of migration between BSA 
molecule and water. For this kind of rotation, the rotational correlation time 

can be estimated from 
the intensity ratio of the 
low-field and high-field 
N-lines using a semi-
empirical formulas (6-8). 
For the Tempyo spin la-
bel in BSA aqueous solu-
tion, the rotational corre-
lation times is 2·10-10 s, 
which is consistent with 
fast rotation as expected 
for a small molecule.  
 When the rate 

of probe migration is slow on the EPR time scale (~5·106 s-1) and the 
concentration of probe in the two media is sufficiently high, two distinct 
subspectra contribute to the observed spectrum. If the rates of probe rotation 
in the two media are quite different, it is possible to obtain spectra in which 
resonances due to the probe in two environments are distinguishable (Fig. 2). 
The ESR spectra of nitroxide spin label in BSA molecules, consist of two 
spectral parts; the major part marked with arrows, (Fig.2-subspectrum I) 
has a line shape resembling the powder spectrum of the rigid matrix (strong 
lyophilized sample-Fig.3) and is typical for slow isotropic rotational motion, 
and the minor part of the spin label spectrum (marked with an asterisk) is 
typical for faster isotropic rotational fluctuations (Fig.2-subspectrum II).  

 
Fig. 1. EPR spectrum of Tempyo in low concentration 

BSA aqeous solution 
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Fig.3. EPR spectra of of Tempyo-BSA at strong 

lyophylized state 

 
Fig.2. Integral and partially EPR spectrum of Tempyo spin label at high concentration BSA  
 
 By comparison of the apparent nitrogen hyperfine splitting (termed 

)N(a'
zz ) with the nitrogen hyperfine splitting obtained from the rigid matrix 

spectrum ( )N(azz ), which are indicated in Fig.2 and Fig.3, the rotational 
correlation times can be calculated. For an EPR spectrum of a spin label 
undergoing Brownian rotational diffusion with a linewidths of 3 G, α=5.4⋅10-10 
and β= -1.36. 

With the procedures described above the correlation times for isotropics 
and anisotropics spectra were calculated. The minor parts (marked with an 
asterisk in Figures 3-7 and 3-8) have a rotational correlation time of 

9
f 105.4 −⋅=τ s, which must be regarded as fast rotation and indicate that 

these spin label are lo-
cated in flexible protein 
chains, probably at the 
surface of the protein. 
The major parts of the 
spectra have correlation 
times of 1.4·10-8 s typical 
for slow rotation and show 
that The spin labels are 
located in non-flexible, e.g. 
folded, parts of the protein. 
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Quantitation of the relative intensities of the two components, by using 
either spectral subtraction or spectral simulation via the exchange-coupled 
two-component Bloch equations, yields information on the stoichiometry 
and specificity of the lipid-protein interaction. Quantification by integration of 
the spectrum yielded ~20 % of the spin adduct with fast motion and ~80 % 
with slow motion. By subtracting the minor part (Figure 2-subspectrul I), 
from the original spectrum (Figure 2-upper spectrum), only the major part 
remains (Figure 2-subspectrum II). This spectrum implies an almost rigid 
attachment of the spin label to the globular protein. 

The individual spectral components display a lifetime broadening 
which is determined by the relative populations of the two components and 
the rate of exchange between them. The exchange rate is determined from 

1
f
−τ , which is the first-order rate constant for exchange from the fluid protein 

component. The corresponding first-order rate for exchange from the 
protein-interacting component, 1

b
−τ , is related to that for the fluid (non rigid) 

component by mass balance [12]: 

f

f11
f

1
b

−⋅τ=τ −−      (10) 

where f is the fraction of the motionally restricted (protein-interacting) component. 
Using fraction of the motionally restricted of f=0.8 and correlation time 

9
f 105.4 −⋅=τ s, the calculated value off-rate of on BSA is 171

b s105 −− ⋅=τ  

corresponding to a slow exchange rate which show no selectivity between 
adsorption sites of proteins. 

 
 

CONCLUSIONS 
 The analysis of the EPR lineshape of the non covalent spin label 
bovine serum albumine give valuable informations about the dynamic 
properties (rotational motion) of the nitroxide radical in deferent sites of 
proteins. Quantitation of the relative intensities of the two components, by 
using spectral subtraction or spectral, yielded information on the stoichiometry 
and specificity of the lipid-protein interaction. We have shown that the nitroxide 
radicals are localized predominantly in folded regions of protein exhibiting 
EPR spectra typical for slow isotropic rotational motion. The individual 
spectral components display a lifetime broadening which is determined by 
the relative populations of the two components and the rate of exchange 
between them. Such, the calculated exchange rate show no selectivity 
between adsorption sites of proteins. 
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ABSTRACT. An extrapolation of the van der Waals equation of state to the liquid 
phase by considering the total internal pressure and the dependence of the 
constants “a” and “b” on temperature and density is made. The validity of the state 
equation was checked by comparing the values of the ultrasound propagation 
velocities calculated by these equations to the experimental ones. Based on the state 
equations the total potential energy of intermolecular interactions, that of dispersion 
and that of rejection were estimated at different temperatures. The studied liquids 
were: benzene and carbon tetrachloride in the range 20 – 700 C, acetone and 
chloroform in the range 20 – 500C and carbon disulphide in the range 20 – 400C. 

 
 

Introduction 
 The correlation of the molecular acoustic results with the attempts to 
establish a state equation for the liquid phase is based on the molecular 
mechanisms of the ultrasound propagation in the matter. In this respect it 
has to be emphasized the ultrasound propagation velocity as an acoustic 
parameter, which by its dependence on the internal energy, on the pressure 
and the density, may be a verifying tool for the proposed equation. 
 Hence, in the case of extending the validity of van der Waals’ state 
equation of real gases to the liquid state by introducing some corrections 
and by solving the proposed equation with respect to the ultrasound propagation 
velocity, the comparison of calculated values to the experimental ones allows 
to estimate the validity of this extrapolation. 
 
 Theory 
 To verify the validity of van der Waals’ state equation in the case of 
liquids, Kudreavtev [1], based on the definition of adiabatic sound propagation 
velocity: 
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by assuming the van der Waals’ constants “a” and “b” as independent on 
temperature, got for it the following formula: 
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Here: 
V

P

C

C
=γ , pC and VC  are the molar heats at constant pressure, 

respectively at constant volume, p  is the pressure, ρ  is the density, M  is 

the molar mass, V  is the volume, T  is the absolute temperature and R  is 
the general constant of gases. 
 The values of ultrasound propagation velocity calculated by this 
relation show significant deviations from experimental data. These 
deviations decrease with increasing temperature, with the tendency of 
concordance settling only in the range of critical temperature. 
 W. Schaaffs [2] takes into account the temperature and the density 
dependence of constants “a” and “b” in the van der Waals’ state equation. 
He arrives, after some approximations, to the following formula for the 
ultrasonic propagation velocity: 

( )2

2

bV

VbRT
cS −

−⋅=
ρ

γ      (3) 

which leads to values in better agreement with the experimental data. 
 In the two mentioned attempts the internal pressure is considered in 
the van der Waals’ formulation in which the intermolecular interactions are 
limited to those of dispersion. This limitation can explain the observed lake 
of agreement with the experimental data. 
 In the present work instead of classical van der Waals’ equation: 

( ) RTbV
V

a
p =−







 +
2

     (4) 

(where iwp
V

a =
2

) the real internal pressure ip  is introduced and the density 

dependence of ip  and of b  is taken into account. The state equation becomes: 

[ ] [ ] RTbVpp i =−⋅+ )()( ρρ .     (4’) 

 Based on this equation (4’), definition (1) leads to the following 
formula for the ultrasonic propagation velocity: 
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 From thermodynamic arguments basis, neglecting external pressure, 
one obtains a relation for the real internal pressure [3]: 



INTERMOLECULAR INTERACTIONS IN ORGANIC LIQUIDS 
 
 

 43 

2
S

ST
i cT

TT
p ρ

γ
α

γβ
α

β
α ===      (6) 

where: α  is the coefficient of thermal expansion at constant pressure, Tβ  and 

Sβ  are the isothermal and adiabatic compressibility coefficient respectively. 
 The state equation (4’) can be written in the form: 

( )[ ] RTbVTcp S =−
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 In order to express the van der Waals’ internal pressure as a 
function of ultrasound propagation velocity, we used the relation [3]: 
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whence: 
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Neglecting external pressure compared with the internal one it results [4]: 

∫ −=
2

1

2
2

2
2

1

1
2

2V

V

S

V

a

V

a
dV

V

Mc

γ
.     (9) 

 In order to calculate the integral, owing to the unknown dependency 
of the ultrasound velocity on the molar volume, some approximations have 
to be introduced. Thus for small V variations we obtain the van der Waals’ 
internal pressure formula: 

S
SiW cp

γβ
ρ

γ 2

1

2

1 2 == .    (10) 

From (6) and (10) we got: 

iWi Tpp α2=       (11) 

where Tα2  represents the correction coefficient of the van der Waals’ 
internal pressure. Hence, the constant “a” in the van der Waals’ equation 
has to be replaced by the corrected constant ca : 

Taac α2= .      (12) 

Based on state equations (4) and (4’) the values of covolume b , 
respectively ( )ρb  can be calculated with formulas: 

iWpp

RT
Vb

+
−=      (13) 
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and  

( )
ipp

RT
Vb

+
−=ρ .     (14) 

 For non polar liquids the potential energy of interaction by the 
dispersion forces taken into account in the van der Waals’ state equation is: 

V

a
EE npdispersiopW −== .    (15) 

This energy can be evaluated from van der Waals’ internal pressure 

iWp  and the molar volume. Knowing that: 

2V

a
piW =       (16) 

it results: 
VpE iWpW −= .     (17) 

 Taking into account formulas (10) and (15), the total potential 
energy corresponding to all types of interactions is given by relation: 

V

a
TTEE pWptotal αα 22 −== .    (18) 

Assuming that the aditivity of energies is respected it results: 

prejectionnpdispersioptotal EEE += .    (19) 

 The difference of potential energies defined by relations (15) and 
(18) gives the potential energy corresponding to the interactions not taken 
into account by van der Waals’ equation, mainly that by rejection forces: 

prejectionnpdispersioptotalp EEEE =−=∆  .   (19’) 

 
RESULTS 

 Based on the presented relations the ultrasound propagation velocity 
was calculated using formulas (2) and (5) for: benzene (C6H6), carbon 
tetrachloride (CCl4), carbon disulfide (CS2), chloroform (CHCl3) and acetone 
(CO(CH3)2) in the temperature ranges: 20 – 700C for the first two, 20 – 400C 
for CS2 and 20 – 500C for the two latest substances. The obtained results 
are presented in table 1, which contains also our experimental measured 
values of ultrasound propagation velocity and density as well as that of 
internal pressure iWp , calculated by formula (10) and ip  by formula (11). 

 For the calculation of γ  the following relation was used: 

P

S

C

TcM 22

1
αγ +=      (20) 
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the values of α  and PC  being taken from the literature [5]. 
Table 1 

Physical properties of tasted liquids 
Liquid T 

0C 
ρ 

kg/m3 
piW 10-5 
N/m2 

from (10) 

pi 10-5 
N/m2 

from (11) 

ccalc 
m/s 

from     from 
(2)       (5) 

cexp 

m/s 
T

ip









∂
∂

ρ
x 10-5 

Nm/kg 
C6H6 20 

30 
40 
50 
60 
70 

879,5 
869,5 
859,3 
846,8 
835,0 
823,0 

5230 
4859 
4518 
4199 
3912 
3641 

3748 
3659 
3568 
3475 
3393 
3305 

3817 
3499 
3210 
2951 
2722 
2498 

1348 
1287 
1205 
1120 
1104 
1085 

1324 
1276 
1231 
1182 
1134 
1086 

9,0 
8,7 
8,5 
7,5 
7,2 
7,0 

CCl4 2030 
40 
50 
60 
70 

1473,0 
1454,5 
1436,0 
1418,4 
1400,0 
1382,0 

4804 
4429 
4101 
3788 
3580 
3239 

3463 
3357 
3264 
3163 
3107 
2977 

2964 
2700 
2432 
2262 
2119 
1892 

977 
950 
912 
869 
831 
804 

977 
945 
915 
885 
854 
821 

4,9 
4,8 
4,7 
4,6 
4,5 
4,5 

CS2 20 
30 
40 

1264,0 
1248,8 
1233,6 

5472 
5096 
4732 

3823 
3751 
3670 

2703 
2492 
2087 

1165 
1133 
1098 

1158 
1124 
1091 

5,1 
5,0 
4,9 

CHCl3 20 
30 
40 
50 

1489,0 
1470,5 
1452,0 
1431,3 

4928 
4551 
4186 
3861 

3657 
3587 
3507 
3425 

1915 
1864 
1816 
1767 

986 
951 
916 
886 

1001 
966 
932 
898 

4,1 
4,1 
4,0 
4,0 

CO(CH3)2 20 
30 
40 
50 

790,6 
779,0 
767,4 
755,4 

4068 
3718 
3414 
3119 

3414 
3304 
3213 
3103 

2710 
2441 
2211 
1987 

1164 
1144 
1108 
1061 

1189 
1145 
1102 
1059 

9,8 
8,6 
8,4 
8,0 

 
 The tabulated data reflect a good agreement between velocity values 
calculated based on the real internal pressure values (eq. 5) and the 
experimental ones. Also it can be observed a significant deviation from 
experimental data in the case of calculated ultrasound velocities based on 
the van der Waals’ internal pressure (eq.2). 
 Table 2 contains the calculated values for the internal pressure 
constants a  (eq. 10 and 4) respectively ca  (eq. 12) as well as those for 

covolumes b (eq. 13) and ( )ρb  (eq. 14). The ( )Tb ρ∂∂ /  values were calculated 

from graphical dependence ( )ρbb = . 
 The temperature dependence of potential energy of intermolecular 
interaction corresponding to the real internal pressure, respectively that 
corresponding to the van der Waals’ internal pressure are presented in fig. 
1, respectively in fig. 2 for the five studied liquids. 
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 The difference pE∆  of potential energies corresponding to the rejection 

forces varies with temperature as shown by curves in fig. 3. A general 
presentation of potential energies is illustrated in fig. 4 for benzene. 
 

DISCUTIONS 
 The state equation (4’’), which includes the ultrasound propagation 
velocity as state parameter, is characterised by a grater volume of structural 
information compared to the van der Waals classical one. 

Table 2 
Values of constants “a” and “b” 

Liquid t 
0C 

a .10-6 
Nm4/kmol2 

ac .10-6 
Nm4/kmol2 

b .103 
m3/kmol 

b(ρ).103 
m3/kmol 

T

b









∂
∂
ρ

104 

kg/kmol 
C6H6 20 

30 
40 
50 
60 
70 

4,13 
3,93 
3,74 
3,57 
3,42 
3,26 

2,93 
2,94 
2,91 
2,92 
2,93 
2,93 

84,15 
84,64 
85,14 
85,89 
86,46 
87,07 

82,31 
82,94 
83,60 
84,51 
85,38 
86,28 

-0,63 
-0,65 
-0,67 
-0,72 
-0,73 
-0,75 

CCl4 2030 
40 
50 
60 
70 

4,48 
4,23 
4,02 
3,81 
3,61 
3,43 

3,22 
3,17 
3,17 
3,16 
3,17 
3,15 

99,82 
100,05 
100,75 
101,31 
102,11 
102,48 

97,36 
98,23 
9912 
99,91 

100,83 
101,70 

-0,47 
-0,48 
-0,49 
-0,50 
-0,51 
-0,51 

CS2 20 
30 
40 

1,99 
1,89 
1,80 

1,38 
1,39 
1,39 

53,40 
53,61 
53,38 

51,48 
51,84 
52,19 

-0,22 
-0,23 
-0,23 

CHCl3 20 
30 
40 
50 

3,19 
3,02 
2,85 
2,70 

2,36 
2,38 
2,38 
2,39 

75,22 
75,64 
75,99 
76,44 

73,50 
74,15 
74,78 
75,56 

-0,34 
-0,35 
-0,36 
-0,37 

CO(CH3)2 20 
30 
40 
50 

2,18 
2,05 
1,94 
1,83 

1,83 
1,83 
1,83 
1,82 

67,43 
67,74 
68,02 
68,24 

66,29 
66,89 
67,54 
68,20 

-0,52 
-0,54 
-0,55 
-0,56 

 
 The satisfactory concordance of theoretical values of propagation 
velocities, resulted from the acoustical state equation (4’’), compared to the 
experimental data can be explained by the fact that in the corrected state 
equation all intermolecular interactions in the liquid are comprised, unlike to 
their limitation to that of dispersion ones in the van der waals’ formulation of 
the state equation.  
 As concerning the evaluation made for the potential energy of 
intermolecular interaction, only the dispersion and the rejection forces are 
considered, this approximation being permitted in the case of studied liquids 
with the view to their non polar character (excepting the case of chloroform).  
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 The temperature dependence of interaction potential energies presented 
in fig. 1, 2, 3 and 4 suits in the first approximation with the dependence of 
potential energy on the intermolecular distances. The above mentioned 
approximation results from the not taking into account of nonlinearity of 
intermolecular distance – temperature dependence. This latest is a consequence 
of the thermal expansion coefficient rise with increasing temperature. 
 The taking into account of all intermolecular interactions in the liquid 
affects also the values of constants a  and b  in the state equation. Hence, 
the constant ca (eq.12) is characterised [3] with a good approximation by 

independence on temperature; here ca < a . 
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 The coefficient 12 →Tα  with temperature increase so that for some 
characteristic temperature for each liquid, the potential energy of interaction 
to become negligible, in accordance with conditions in the van der Waals’ 
classical state equation.  
 The real value of covolume, ( )ρb < b , results from the condensed 
state of the liquids, fact which motivates the considering of the potential 
energy of rejection. 
 

CONCLUSIONS 
 The obtained data for the studied liquids show that the corrections 
introduced to extend the validity of classical van der Waals’ state equation 
to the liquid state, lead to results in better agreement with the experimental 
data compared to those obtained from alternatives proposed by the other 
authors [1,2].  
 Regarding the potential energy of intermolecular interaction, based 
on the proposed modified equation (4’) and using the connection existing 
between ip  and iWp , it is possible to separate the contribution of attraction 

forces from that of rejection ones to the global potential energy. 
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MAGNETIC SUSCEPTIBILITY INVESTIGATION 
OF IRON IONS IN 3B2O3⋅⋅⋅⋅KCl GLASS MATRIX 
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Faculty of Physics, Babes-Bolyai University, 3400 Cluj-Napoca, Romania 

 
ABSTRACT. Magnetic susceptibility measurements have been performed on 
xFe2O3⋅(100-x)[3B2O3⋅KCl] glasses with 0<x≤20 mol %. Magnetic data suggest that 
for x>5 mol % the iron ions experience negative magnetic superexchange 
interactions. From Curie constant values we have established that in these glasses 
both Fe3+ and Fe2+ ions are present. The molar fraction of these ions increase with 
Fe2O3 content. Valence states and distribution in glass matrix of iron ions determine 
the magnetic behaviour of the studied glasses. 

 
 
 1. Introduction 

Magnetic susceptibility measurements revealed as very useful to 
determine the valence states of transition metal ions and the type the inter-
actions involving them over various composition ranges. Their magnetic prop-
erties depend on the concentration of the 3d element and the valence 
states ratio [1-3] as well as on the structure of the vitreoux matrix and implicitly 
on the conditions of sample preparation [4, 5]. The magnetic behaviour of the 
oxide glasses containg iron ions was most frequently attributed to an anti-
ferromagnetic coupling within the pairs Fe3+-Fe3+, Fe3+-Fe2+ and Fe2+-Fe2+ 
[4, 6, 7]. 

An antiferromagnetic coupling between iron ions was reported in borate 
[8, 9], phosphate [7, 10], tellurite [11, 12] and lead-bismuthate [13] oxide glasses. 
 This work aim to present our results obtained by means of magnetic 
susceptibility measurements performed on 3B2O3⋅KCl glass matrix gradually 
doped with Fe2O3. 
 
 2. Experimental  
 We have studied xFe2O3·(100-x)[3B2O3⋅KCl] glasses with 0<x≤20 mol % 
using pure reagent grade Fe2O3 , H3BO3, and KCl. The mixtures, in suitable 
proportions corresponding to the desired concentration of Fe2O3, were mechani-
cally homogenized and melted in sintered corundum crucibles in an electric 
furnace at 1200 ˚C. The molten material was kept at this temperature for 30 min, 
then quenched at room temperature by pouring onto a stainless-steel plate. 
 The structure of samples was analyzed by means of X-ray diffraction. 
The pattern obtained did not reveal any crystalline phase in the samples up to 
20 mol%. For higher concentration in glasses was evidenced the crystalline 
microprecipitates. 
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 The magnetic susceptibility measurements were performed using a 
Faraday-type balance, in the 80-300 K temperature range. 
 

3. Results and Discussion  
 The temperature dependence of the reciprocal magnetic susceptibility 
of some glasses from studied system is presented in Figure 1. For the 
samples with x≤5 mol % a Curie law is observed suggesting that in this 
concentration range are predominant iron ions which do not participate to 
the superexchange interactions. For x>5 mol % the reciprocal magnetic 
susceptibility obeys a Curie-Weiss behavior with a negative paramagnetic Curie 
temperature (θp), characteristic to antiferromagnetic coupling of magnetic ions. 
The peculiar structure specific to vitreous oxide solids impose the short-
range character of magnetic interaction and enhance the structural image 
of clusters such that the magnetic behavior of the glasses can be described 
by the mictomagnetic type order [14].  

Fig 1. The temperature dependence of the reciprocal magnetic susceptibility for 
xFe2O3⋅(100-x)[3B2O3⋅KCl] glasses with 1≤ x ≤ 20mol%. 

 

 The composition dependence of the paramagnetic Curie temperature is 
given in Figure 2. The absolute magnitude of θp values increases for x>5 mol %. 
The exchange integral increases as the content of the magnetic ions is in-
creased in the glass [15] and as a result the magnitude of the θp increases. 
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Fig 2. The composition dependence of the paramagnetic Curie temperature for 
xFe2O3⋅(100-x)[3B2O3⋅KCl] glasses. 

 
 The composition dependence of the molar Curie constant (CM) and 
effective magnetic moment (µeff) are presented in Table 1. For all the 
glasses with the experimental values obtained for molar Curie constant and 
consequently for effective magnetic moments are lower than those which 
correspond to the Fe2O3 content, considering that all iron ions are in Fe3+ 
valence state, but they are higher than those calculated for the case when 
all iron ions would be Fe2+ species (Table 1). Therefore we consider that in 
these glasses are present both Fe3+ and Fe2+ ions. The presence of Fe3+ 
and Fe2+ ions has been evidenced in other oxide glasses [1, 5, 8, 10-13]. 
Having in view this supposition and using the atomic magnetic moment 
values of free Fe3+ and Fe2+ ions: +3Fe

µ =5.92µB and +2Fe
µ =4.90µB [16], 

we can estimate in first approximation the molar fraction of these ions in the 
investigated glasses using the relations: 

2
2

2
1

2
23 ++ ⋅+⋅=⋅

FeFeeff xxx µµµµµµµµµµµµ  
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where µeff = 2.827 xCM 2 are the experimental magnetic moment, x1 and 

x2 are the molar fraction of iron ions in Fe3+ and Fe2+ valence states. The 
results are presented in Table 1. From these data one remarks that the 
molar fraction of both Fe3+ and Fe2+ ions increases in whole studies 
concentration range, last being higher for x>5 mol %. 
 We have also estimated the ratio 

 r = NFe
3+ / NFe

3+ + NFe
2+ = x2 / x. (2) 

This ratio decreases with Fe2O3 content from 0.8 for 1 mol % to 0.33 
for 20 mol % (Table 1). 

Table 1. 
Molar Curie constant, CM, effective magnetic moment, µeff, molar fraction  
of Fe3+(x1) and Fe2+(x2) ions and the ratio r of Fe3+ ions relative to all  

iron ions contained in xFe2O3⋅(100-x)[3B2O3⋅KCl] glasses. 
 

x 
[mol% Fe2O3] 

CM 

[emu/ mol] 
µeff 

[µB] 
x1 

[mol% 3
3
2 OFe + ] 

x2 

[mol% 3
2
2 OFe + ] 

x1/ x 

1 8.3 5.78 0.8 0.2 0.8 
3 24 5.67 2.2 0.8 0.73 
5 38 5.53 3 2 0.63 
10 72 5.38 4.5 5.5 0.45 
20 138 5.26 6.6 13.4 0.33 

 
 
 4. Conclusions 

Homogeneous glasses were obtained when dissolving Fe2O3 in the 
3B2O3⋅KCl matrix up to a concentration of 20 mol fraction Fe2O3. 
 Magnetic susceptibility measurements performed on xFe2O3·(100-x) 
[3B2O3⋅KCl] glasses with 0<x≤20 mol % lead to data depending on the 
Fe2O3 content. These data indicate that in the glasses with x>5 mol % the 
iron ions participate to negative magnetic superexchange interactions. The 
Curie constant values allow establishing that in all the glasses both Fe3+ 
and Fe2+ ions are present, last being higher for x>5 mol %. 
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ABSTRACT. Magnetic susceptibility measurements have been performed on 
xSm2O3⋅(100-x)[2B2O3⋅Li2O] glass with 0 < x ≤ 40 mol %. From effective magnetic 
moment values µeff = (1.60 ± 0.05) µB we have established that in these glasses are 
present only Sm3+ ions, which for x > 10 mol % participate to the superexchange 
magnetic interactions. 

 
 
 
 Introduction 
 The study of the magnetic properties of oxide glasses with transition 
element ions is an interesting subject of research. Their analysis give useful 
information on the valence states and magnetic interactions between these 
ions in a vitreous oxide matrix, as well as on their distribution in glasses.  
 Glass formation in the R2O3-B2O3 systems, where R = Nd or Sm, was 
studied by Chakraborty et al. [1]. Glasses may be formed in the composition 
range from 0 to 28 % mol rare-earth oxide. In case of the xRO⋅(100-x) 
[2B2O3⋅PbO] systems where RO ⇒ Gd2O3 [2], Ho2O3 [3], Eu2O3 [4] and CeO2 [5] 
are formed glasses for x ≤ 30, ≤ 30, ≤ 20 and ≤ 30 mol %, respectively, but 
in case of the xPr6O11⋅(100-x)[2B2O3⋅CdO] system [6] they are formed for x ≤ 
50 mol %. 
 The magnetic properties of xRO⋅(100-x)[2B2O3⋅PbO] (RO = Gd2O3 [2], 
Ho2O3 [3], Eu2O3 [4] or CeO2 [5]) and of xPr6O11⋅(100-x)[2B2O3⋅CdO] [6] glasses 
have previously been reported. Specific magnetic behaviour for these ions 
in lead- and cadmium-borate oxide glasses was evidenced. The europium, 
cerium and praseodymium ions, in these glasses are Eu2+, Eu3+, Ce3+, Ce4+ 
and Pr3+, Pr4+ valence states, respectively. 
 As a part of these investigation of oxide glasses with rare-earth ions, we 
report in this paper the magnetic behaviour of the xSm2O3⋅(100-x) [2B2O3⋅Li2O] 
glasses. 
 
 Experimental 
 The samples were prepared by mixing H3BO3, Li2CO3 and Sm2O3 of 
reagent grade purity in suitable proportion over the 0 < x ≤ 50 mol %. The 
mechanically homogenized mixtures were melted in sintered corundum 
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crucibles at 1250oC, in an electrical furnace. After being equilibrated at the 
melting temperature for 0.5 h, the molten material was quenched at room 
temperarture by pouring onto a stainless-steel plate. The resulted samples 
were analyzed by means of X-ray diffraction and did not show any crystalline 
phase up to 40 mol %. 
 Magnetic susceptibility measurements were performed with a Faraday-
type balance in the temperature range 80-300 K. 
 
 Results and discussion 
 The thermal variations of the reciprocal magnetic susceptibilities, for 
some xSm2O3⋅(100-x)[2B2O3⋅Li2O] glasses are plotted in Figure 1. These data 
indicate a Curie-type behaviour for samples with x ≤ 10 mol % and a Curie-
Weiss type one, with negative paramagnetic Curie temperature, θp, for glasses 
with a higher Sm2O3 content. 

 
Fig. 1. Temperature dependence of the reciprocal magnetic susceptibility. 
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 These data suggest that the samarium ions are isolated or participate 
to the dipole-dipole interactions for x ≤ 10 mol % and antiferromagnetically 
coupled for higher concentrations, the θp increasing in absolute magnitude 
with these ions concentration (Fig. 2). This reflects an increase of the exchange 
interactions between samarium ions in studied glasses [7]. This non-linearly 
increase of θp can be datored structural modification of network of glasses 
studied or different valence states of samarium ions present in these glasses. 
In the glasses, only short-range magnetic order takes place and this behaviour 
can be described by a mictomagnetic type order [8]. 

 
Fig. 2. Composition dependence of the paramagnetic Curie temperature. 

 
 
 In this way the samarium ions have similar behaviour as gadolinium [2], 
holmium [3], in lead-borate and praseodymium [6] in cadmium-borate oxide 
glasses, evidencing for x > 2 mol %, x > 0 mol % and respectively x > 1 mol % 
a Curie-Weiss behaviour, but it differs from that of europium [4] and cerium [5] 
ions in lead-borate oxide glasses. These data suggest that the nature of 
rare earth ions and of the glass matrix plays an important role in the 
distribution mode of rare-earth ions in oxide glass network. 
 The concentration dependence of the molar Curie constant values, 
CM, are given in Figure 3. The experimentally values obtained for CM and 
effective magnetic moments, µeff = (1.60 ± 0.05) µB (Table 1) are very close 
to the atomic magnetic moment of Sm3+ ion in free ion state +µ 3Sm

=1.55 µB. 
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The experimentally values obtained for µeff of Sm3+ ions in different paramagnetic 
salts lie between (1.4 – 1.7) µB [9]. The data indicate that in these samples 
the samarium ions are in Sm3+ valence states which determine their specific 
magnetic behaviour, depending on the Sm2O3 content in glasses studied. 

 
Fig. 3. Composition dependence of the molar Curie constant. 

 
Table 1.  

Composition dependence of the molar Curie constants and  
effective magnetic moments. 

 

x 
[mol %] 

CM 

[emu/mol] 
µeff 
[µB] 

 3 0.01790 1.55 
 5 0.03456 1.65 
10 0.05996 1,56 
20 0.1365 1.65 
40 0.2648 1.63 
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 Conclusions 
 Glases of the system xSm2O3⋅(100-x)[2B2O3⋅Li2O] were obtained 
ower the 0 < x ≤ 40 mol % concentration range. 
 Magnetic data revealed superexchange – type interactions involving 
Sm3+ ions for x > 10 mol %. 
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ABSTRACT. Glasses of various compositions in the system xFe2O3⋅(22-x) 
SiO2⋅60CaO⋅18P2O5 were prepared via melt quenching technique. The dielectric 
properties of samples, dielectric constant εr and loss tan δ, were investigated 
as function of composition (0 ≤ x ≤ 12 mol %), temperature (from room temperature 
up to 200oC) and frequency (1, 10 and 100 kHz). 
 
 
 
 
Introduction 
The properties of glass systems depend upon their composition and 

to a considerable extend upon their structure. The study of dielectric 
properties of the glass materials help in assessing their insulating character 
and may also help in understanding their structure to some extent. Work 
along these lines was carried out in recent years on a variety of inorganic 
glasses yielding valuable information [1-5]. 

Phosphate glasses have several advantages over conventional 
silicate and borate glasses due to their physical properties such as high 
thermal expansion coefficient, low melting temperature and high ultraviolet 
transmission [6-10]. However the poor chemical durability of phosphate 
glasses prevented them from replacing the conventional glasses in a wide 
range of technological applications. In the last years there has been lot of 
studies on improving the physical properties and chemical durability of 
phosphate glasses by introducing glass formers and modifiers into P2O5 
glass network [11-15]. 

Among various phosphate glass systems the calcium phosphate 
glasses are considered to be relatively stable. The addition to CaO-P2O5 
glass matrices of SiO2 may enhance their stability and the addition of Fe2O3 
may improve their aqueous durability. The objective of this investigation is 
to follow the changes of dielectric properties of a CaO-P2O5-SiO2 glass 
matrix caused by addition of different Fe2O3 contents. 
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Experimental 
 Bulk glassy samples belonging to xFe2O3⋅(22-x)SiO2⋅60CaO⋅18P2O5 

system were prepared by conventional melt quenching technique from 
CaCO3, CaHPO4⋅2H2O, SiO2 and Fe2O3 of reagent grade purity. The mixtures 
corresponding to the desired compositions (0 ≤ x ≤ 12 mol %) were melted 
at 1550oC for 10 minutes in an electric furnace Carbolite type RHF 1600, in 
air, under normal conditions. The melting parameters of the glass samples 
were chosen in agreement with the phase diagrams of the studied systems 
[16-18]. The melts were quickly undercooled by pouring onto stainless steel 
plates at room temperature. Finally the samples were heat treated at 1000oC 
for 30 minutes and cooled to room temperature in the disconnected furnace.  

Capacitance and dielectric loss (tan δ) measurements were carried 
out using a Keithley 3330 LCZ Meter, from room temperature up to 200oC 
in the frequency range 1 – 100 kHz on samples polished as plates with plan 
parallel faces. The dielectric constant was calculated based on the measured 
capacitance, electrode and sample areas and sample thickness. 

 
Results and discussion 
The temperature dependences of the dielectric constant εr at 

different frequencies, for the investigated samples, are depicted in Figure 1. 
The dielectric loss tan δ of the samples are illustrated in Figure 2.  

The dielectric constant εr and loss tan δ for the sample without iron 
(x = 0) change insignificantly in the temperature and frequency ranges 
explored, at least as compared with the iron containing glasses. εr is close 
to 40 and tan δ ≈ 10-2. In fact one observes a weak increase also in this 
case, as is illustrated for εr function on temperature in Figure 3. 

Relative to the silica-calcium-phosphate matrix the values of dielectric 
constant are found to decrease and those of loss to increase with introduction 
of Fe2O3 in the first part of the temperature range, depending on frequency. 
The temperature range, where the dielectric constant of glass matrix is higher 
than for iron containing samples, narrows when the frequency decreases.  

On the other hand, in the entire temperature range and at all investigated 
frequencies, an increase of εr with iron oxide content is noticed in iron containing 
samples. The results for dielectric loss indicate an increase with Fe2O3 
addition. The values of tan δ for the sample x = 4 and x = 8 are very close up 
to 375 K but above this temperature they are higher for x = 4 than for x = 8.  

The temperature dependences of εr at 1, 10 and 100 kHz indicate a 
slow increase for the samples containing up to 8 mol % Fe2O3 while the 
dependence for the sample containing 12 mol % Fe2O3 is more pronounced. 
On the other hand, in the last case, the dependence is no more linear, as 
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can be observed from Figure 1. The value of εr at 475 K and 1 kHz is around 
250 and at the same temperature is diminished about 1.8 times as the 
frequency increases with an order of magnitude, while at 300 K the 
measurements indicate εr ≈ 25 at 1 kHz, an decrease to εr ≈ 20 at 10 kHz 
and to εr ≈ 15 at 100 kHz, i.e. about 1.3 times as the frequency increases with 
an order of magnitude. The results are in agreement with the data reported for 
other glasses and glass-ceramics containing transition metal oxides [19,20]. 
The relative high dielectric constant of SiO2-CaO-P2O5-Fe2O3 system at 
room temperature, particularly at low frequency, may be ascribed to the 
bonding defects produced in the sample network which contribute to the 
space charge polarisation [20, 21].  

With respect to the dielectric loss the results are apparently similar 
with the remark that the values measured for the samples containing 4 and 
8 mol % Fe2O3 are very close in the first part of the temperature range, up 
to 375 K, and further their evolution is reverted with respect to the temperature 
dependence recorded for dielectric constants at all frequencies. The dielectric 
loss in iron containing samples is mainly attributed to the iron ions conduction, 
that could explain the increase of tan δ with Fe2O3 content 

The dielectric behaviour is determined by contributions from electronic, 
ionic, dipolar and space charge polarisations. Among these the space 
charge polarisation depends on the purity and perfection of the glasses. 
The changes in dielectric properties of the investigated glass samples could 
be also understood considering the changes occurred in the structural units 
and arrangements in the glass network [22]. 

Silica-calcium-phosphate glasses containing iron have a complex 
composition and are an admixture of network formers and modifiers. Both 
SiO2 and P2O5 are glass formers. Pure vitreous SiO2 and P2O5 consist in a 
continuos random network of quasi-tetrahedral SiO4 and PO4 units wherein 
silicon, respectively phosphorous is four coordinated. The structure of phosphate 
glasses can be correlated with Qn terminology, first introduced for silicate 
glasses and also adopted for phosphate ones [23], where n is the number 
of bridging oxygens in a tetragonal unit. In this case Qo represents isolated 
tetrahedra. The presence of the modifier like alkali and alkaline earth species 
decreases the number of bridging oxygens (Si-O-Si or P-O-P bridge) in SiO4 or 
PO4 units. The tetrahedrons are linked together in chains or rings by bridging 
oxygens. The neighbouring chains are linked together by non-bridging oxygens.  

CaO and Fe2O3 act as glass network modifiers. CaO is a well known 
glass modifier and may enter the glass network by transforming two Q3 
tetrahedra into two Q2 tetrahedra and thus a CaO polyhedron is formed 
when it is surrounded by such two Q2 and several Q3 tetrahedrons [20]. 
This structure behaves as a defect in the network of tetrahedral units [24].  
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Fig.1. Temperature dependece of dielectric constant at different frequencies for  
x = 0 (▪), x = 4 (●), x = 8 (▼) and x = 12 ( ▲). 
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Fig. 2. Temperature dependece of dielectric constant at different frequencies for 
x = 0 (▪), x = 4 (●), x = 8 (▼) and x = 12 ( ▲). 
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Fig. 3. Dielectric constant of the sample without iron versus temperature at 
frequencies of 1 kHz (▪), 10 kHz (●) and 100 kHz ( ▼). 

 
Generally, the increase of glass temperature determines weak changes 

in the electronic and ionic polarisations. The data obtained for the samples 
with 0 ≤ x ≤ 8 mol % Fe2O3 verify these considerations but those for x = 12 mol % 
point out a large variation of εr and tan δ with temperature. Such a behavior 
can be assigned to space charge polarisation changes due to the bonding 
defects [20]. 

Therefore the progressive addition of iron concentration in the P2O5-
CaO-SiO2 matrix increases the degree of deformation of glass network with 
increasing bonding defects, which in turn increases the space charge 
polarisation causing an increase in the values of dielectric parameters. 

 
Conclusions 
In the iron containing lime-silica-phosphate glasses the dielectric 

constants and the dielectric loss are found to decrease with increase in 
frequency for all the compositions under study. The dispersion is higher at 
lower frequencies. 

The samples are characterised by relative high dielectric constant, 
denoting bonding defects in the glass network. At all temperature and 
frequencies investigated the dielectric loss for P2O5-CaO-SiO2 matrix is 
lower than for iron containing samples. The dielectric constant is higher for 
the glass matrix than for iron containing samples only in the first part of the 
temperature range, depending on frequency.The dielectric loss in iron 
containing samples is mainly attributed to the iron ions conduction.  
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These changes in the dielectric parameters with the composition, 
temperature and frequency indicate that the progressive addition of iron to the 
glass matrix gradually increases the deformation degree of glass network.  
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ABSTRACT. The comparative analyze of the relaxation curves of the transversal 
magnetization of the protons of polybutadiene-C6H12 and polybutadiene-C6D12 

solutions is done in order to established the contribution of the polymer and the 
solvent to the spin-spin relaxation process. 

 
 
 

Introduction 
The mobility of the polymeric segments above the glass transition 

temperature, is strongly influenced by the presence of solvent molecules in 
the vicinity of the polymeric chain, [1,2]. Generally this mobility increase with 
increasing temperature and solvent concentration and induces important 
modifications of the magnetic interaction between the nuclear spins attached 
to the polymeric chain. The magnetic behavior of these spins can be 
investigated by NMR method, observing the relaxation of the transversal 
magnetization, [3]. The NMR method can be applied to every kind of nucleus 
heaving non zero magnetic momentum, but the proton are one of the most 
observed nuclear spin. The hydrogen is one of the most important component 
of every polymer or solvent and the resonance of the protons is easy to 
observe because its great gyromagnetic factor γ. But the majority of the solvents 
used in polymeric solutions contains protons, so that the total transversal 
magnetization observed by NMR method in the polymeric solutions is 
determined both by the protons of the polymer and of the solvent. It is 
important in this case to analyze the contribution of each component of the 
solution, the polymer and the solvent to the total transversal magnetization. 
For this aim a comparative study of polymeric solutions containing 
protonated and deuterated solvent are of the great utility. 

In this work we observed the relaxation of the transversal magnetization 
of the protons in some polybutadiene-C6H12 and polybutadiene-C6D12 solutions 
in order to established the contribution of the solvent and polymer protons 
to the relaxation processes. 

 
Experimental 
We studded the polybutadiene PB 1009 with the molecular mass 

Mn=70000[g/moll] and the microstructure 8% vinyl, 38% “cis” and 54% “trans”. 
The glass transition temperature of this polymer is Tg=175K. The solvent was 
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the protonated cyclohexane C6H12 and the deuterated cyclohexane C6D12. 
We studded two solutions with the same concentration of the polymer 80%, 
the polybutadiene-C6H12 , (PBH) and the polybutadiene-C6D12 , PBD). The 
samples were enclosed in NMR tubes and sealed under primary vacuum. 
The relaxation of the transversal magnetization was measured using the 
standard Carr-Purcell sequence, [4]. All the measurements were performed 
using a Bruker CXP spectrometer working at 36MHz, in the temperature 
range 250-330K.  

 
Results and discussion 
The relaxation of the transversal magnetization of the protons was 

observed for the protonated and deuterated polymeric solutions at the 
same concentration and temperature, (Fig.1). 

Fig.1. Relaxation curves of the polybutadiene-C6D12 solution at T=258K and T=314K 
 
The protonated and deuterated cyclohexane molecules have the 

same structure and dynamic properties and present the same interaction 
with the polymer, so that, the two kind of polymeric solutions are equivalent 
of the point of view of the dynamics. For this reason, we can consider that 
the dynamic behavior of the polymeric chain, for a given concentration of 
the solvent, is the same in both solutions. The difference is that the transversal 
magnetization is determined only by the protons of the polymer, in the case 
of C6D12 solvent and both by the protons of the polymer and of the solvent, 
in the case of C6H12 solvent. 
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The analyze of the relaxation curves of the solution containing 
deuterated solvent, give information only about the relaxation of the transversal 
magnetization of the polymer. We can distinguish two parts of these curves; 
the fast decay of the magnetization, in the range of few milliseconds, at the 
beginning of the relaxation processes and the slow decay of the magnetization, 
in the range of ten milliseconds, at the end of the relaxation. This behavior 
is characteristic for the polymeric materials and it is associated with different 
dynamic parts of the polymeric chain, [5,6]. The fast decay is associated with 
the rigid part of the chain, (the polymeric segment including one or more 
monomers) and the slow decay is associated with the parts of the chain heaving 
great mobility, like the ends of the chain. For this reason the experimental 
data can’t be described by a single exponential function and the relaxation 
processes can’t be characterized by a single relaxation time T2 .  

We can observe also that the shape of the relaxation curves are 
function of temperature. At low temperature, for example at T=258K, the 
relaxation is very fast, the amplitude of the transversal magnetization falls 
near zero in very short time, about 4ms and the amplitude corresponding to 
the terminal relaxation is practically zero. We can assume that the relaxation 
processes is mainly determined by the rigid part of the polymeric chain. 
When the temperature increases, at T=314K for example, the range time 
corresponding to the fast relaxation is greater, about 4ms, and the terminal 
relaxation is extended over many tens milliseconds. The delimitation between 
the two regions is not so sharp like at low temperatures, but also in this 
case we can observe the two domains of the relaxation. This behavior 
indicates an increasing of the mobility of the entire chain, [7,8].  

The analyze of the experimental data corresponding to the polybu-
tadiene-C6H12 solution shows also the existence of two parts of the relaxation 
curves, like in the case of the polybutadiene-C6D12 solution, (Fig. 2.) We can 
observe that the shape of the relaxation curves in the fast region is practically 
the same for both the solutions containing protonated and deuterated solvents. 
That means that the decay of the transversal magnetization in both the 
cases is very similar. But for polybutadiene-C6H12 solution the transversal 
magnetization is determined both by the protons of the solvent and the 
protons of the polymer, which has different rates of relaxation. The similarity 
between the relaxation curves in the fast domain of the polybutadiene-C6H12 
and polybutadiene-C6D12 solutions, can be explained only if we assume that 
the relaxation of the solvent protons is a very slow processes, extended on 
the range of hundreds milliseconds or few seconds. The contribution of these 
protons to the fast decay of the relaxation curves could be regarded as a 
constant. This constant do not modifies the slope of the relaxation curve in 
the fast domain. Indeed the transversal magnetization of the polymer falls to 
zero after few milliseconds. If the total magnetization should be determined 
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only by the protons of the polymer, then the relaxation curve should decreases 
to zero in this time interval. But we can see from figure 2 that in the case of 
sample polybutadiene-C6H12 the transversal magnetization do not completely 
falls in this time domain. This fact indicates that in addition to the polymer, 
there are another contribution to the total magnetization, which can be 
regarded as a constant in this time domain. This contribution is determined 
by the rotons of the solvent. 

Fig.2. Relaxation curves of the polybutadiene-C6D12 and polybutadiene-C6H12 
solution at 314K 

 
Difference between the curves describing the relaxation of two 

samples, polybutadiene-C6H12 and polybutadiene-C6D12 solutions, appears 
in the region of the terminal relaxation of the polymer. For the polybutadiene-
C6H12 solution, the amplitude of the transversal magnetization do not fall 
completely like in the case of the deuterated sample, (Fig.2). That means 
that the relaxation processes in this temporary range, is mainly determined 
by the protons of the solvent. We can also observe that the decay of the 
relaxation curves in this region is very slow, which is in accord with the 
supposition that the relaxation rate of the solvent is much smaller than that 
of the polymer.  

That comparative analyze of the experimental data shows that the 
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processes giving contribution at the beginning of the relaxation curves and 
the relaxation of the protons of the cyclohexane is a slow processes with 
major contribution on the terminal region. Taking into account the similitude 
of relaxation curves in the fast domain, we can conclude that preliminary 
information concerning the relaxation process of the polymer can be obtained 
by analyzing the relaxation curves of the polybutadiene-C6H12 or polybutadiene-
C6D12 solutions in this domain of relaxation.  

 
Conclusion 
The comparative analyze of the relaxation curves of the transversal 

magnetization of the protons, recorded from the polybutadiene-C6H12 and 
polybutadiene-C6D12 solutions with the same concentration and to the same 
temperature, allows to establish the contribution of the polymer protons and 
solvent protons to the entire relaxation processes. 

The relaxation curves recorded for both kind of samples are 
characterized by two parts, the fast decay and slow decay. 

The fast relaxation processes is determined mainly by the protons of 
the polymer and the slow processes is governed by the protons of the 
solvent. 
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ABSTRACT. Different methods for the analyze of the spin-echo attenuation in the 
NMR pulsed field gradient experiments were used for investigating the diffusion 
process in pure ethanol and polyoxiethylene gel gonfled with ethanol. 

 
 
 
 

Introduction 
Many properties of the polymeric materials, like the viscoelasticity, 

the mechanical behavior, are determined by the local dynamics of the 
monomeric units of the polymeric segments, [1,2]. There are many methods to 
study this dynamics, but NMR is one of the most useful technique because 
its noninvasive character and the great accuracy of the results. Generally the 
analyze of the spin-lattice or spin-spin relaxation process of the nuclear spins 
attached to the polymeric chain, are the most utilized ways in this aim [3,4]. 
These methods leads to indirect observations of the local mobility of the 
nuclear spins. 

Direct observation of the diffusion process of the nuclear spins is 
possible by using the magnetic gradient NMR technique. This method is 
based on the supplementary attenuation of the spin-echo in the presence of 
the applied magnetic field gradient. There are many variety of NMR sequences 
utilized in this aim, but all are based either on the use of the constant magnetic 
field gradient [5], or the use of pulsed magnetic field gradient, [6,7]. In all the 
cases the spin-echo attenuation is analyzed as a function of the amplitude 
or the duration of the applied magnetic field gradient. For samples containing 
a single kind of diffusing spins, the analyze is generally simple. When the 
sample contains two or more species of diffusing spins, like in the case of 
polymeric solutions, the use of only one method of analyze can leads to 
errors in the evaluation of the diffusion coefficient. 

In this work we present different methods of analyze of the spin-
echo attenuation in order to established the contribution to the diffusion 
process of one or more kind of diffusing spins. We tested these methods for 
two samples, the pure ethanol and the polyoxiethilene gel gonfled with 
ethanol, (POE–ethanol). 
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Experimental 
All the measurements were performed using standard NMR CPX 

Bruker spectrometer working at 60 Mhz. The diffusion was investigated 
using the basic Stejskal-Tanner pulse sequence, by varying the amplitude 
of the magnetic field gradient, [6]. All the time delays of the sequence are 
kept constants. The gradient is produced with a antihelmholtz coils pair and 
has the amplitude Ug ⋅α= , where the constant α has the value α = 0.14 

gauss/(cm mV) and U is the electric tension applied to the gradient coils, [11]. 
The samples were enclosed in NMR tubes with the diameter 4mm and 
sealed under primary vacuum. The temperature was kept constant, T=298K. 

 
RESULTS AND DISCUSSION 
The basic pulse sequence for measuring the diffusion coefficient is 

based on the Hahn spin-echo sequence ( ) echo
2 x

x
−τ−π−τ−







π
′

′
, performed 

in the presence of the magnetic field gradient superimposed on the main 

magnetic field 0B
r

. The magnetic field gradient G
r

 is parallel to 0B
r

 and 

can be applied continuously during the delay time τ  between the two 
radiofrequency pulses, or it can be applied on the form of two pulses 
intercalated between the radiofrequency pulses. 

The first description of the attenuation of the spin-echo in the 
presence of the constant magnetic field gradient, was done by Carr [5] and 
Torrey [7] and the first description of the pulse method was done by 
Stejskal and Tanner, [6]. Further developments of diffusion methods, were 
based on these basic sequences. 

 
Fig.1. The  radiofrequency and gradient  pulse sequence. 
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The explicit expression of the spin-echo attenuation depends on the 
mode that the gradient is applied. For a constant gradient, the amplitude 
A(2τ) of the echo is given by the expression, [5]: 

( ) ( ) 







⋅τ⋅γ−τ−=τ 2

32

2

G
3

2D

T

2
exp0A2A    (1) 

D is the diffusion coefficient and A(0) is the amplitude of the 
transversal magnetization at the moment t=0. 

For the pulse gradient method, the amplitude of the echo is given by 
the relation, [8]: 
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         (2) 
where the delay times 21 t,t,, ∆δ  are defined from the figure 1. 

G is the total gradient, which include the applied gradient g and the 
residual gradient 0g . The residual gradient 0g  is determined by the 

inhomogeneities of the local magnetic field. The equations (1) and (2) can 
be used in the case of non restrictive diffusion and for a single kind of 
diffusing spins. 

Fig. 2. Polynomial representation of second degree of the attenuation of the  
spin-echo in function of variable U 
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We will focused our attention on the pulse gradient method. In the 
relation (2) the amplitude of the echo can be measured either by varying 
the amplitude of the applied gradient or varying the length of the time delay 
of the sequence. Generally the time intervals are kept constant and only the 
amplitude of the gradient is varied. 

For a given pulse sequence, the amplitude of the echo is measured 
firstly in the absence of any applied gradient, ( )02A τ  and then for different 

values of the applied gradient g, ( )g2A τ . When the gradient g is zero, 
from relation (2) we obtain 

( ) ( ) 







τγ−τ−=τ 3/g2D

T

2
exp0A2A 2

0
32

2
0        (3)  

Dividing the relations (2) an (3) we can eliminate the effect of the 
relaxation and we obtain a new equation, from which we can calculate the 
diffusion coefficient D.  
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  (4) 
Equation (4) represents a polynomial function of second degree by 

rapport of the variable g. The diffusion coefficient can be calculated by many 
ways. 

Fig. 3. Representation of the attenuation of the spin-echo in function of variable U2 
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a) The experimental data 
( )
( ) 
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figure 1, for pure ethanol at T=298K and polyoxiethylene gel gonfled with 
ethanol at 264K. We can observe that in both cases the experimental data 
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Fig. 4. Representation of the spin-echo attenuation in function of variable U 
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second degree passing through these points, but without physical signification. 
It is the case of POE-ethanol. The experimental data seems to represent a 
polynomial function of second degree, but in reality the function is more 
complicated, because this sample contain two kind of diffusing spins, the 
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clear in this situation that the experimental data do not represent a single 
polynomial function of second degree. 

b) The experimental data 
( )
( ) 
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ln , are represented in function 

of the variable g2 , equation (4). This situation is shown in figure 3. We 
obtained linear representations for the pure ethanol and the coefficient D is 
calculated from the slope of the graphic. In the first approximation we can 
consider that the representation is linear even in the case of POE-ethanol. 
However this kind of representation mask the effect of the factor containing 
the residual gradient g0 which can induces deviations from the linearity. This 
representation can be applied only if the residual gradient g0 can be neglected. 

c) The representation 
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Equation (4) became: 
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The contribution of the applied gradient g and the residual gradient 
g0 to the attenuation of the spin-echo are now clearly separated. The right 
side of equation (5) became a linear function by rapport to the variable g. If 
the attenuation of the spin-echo is determined only by a single kind of the 
diffusing spins, then the experimental data will represent a line. The slope 
of this line is not affected by g0. The coefficient D results from the slope:  
















 δ−∆δγ−=α
3

1
Dtg 22      (6) 

This kind of representation is shown in figure 4. We obtained linear 
representations for ethanol and a nonlinear representation for POE-ethanol 
system.  

For ethanol there are only a single kind of diffusing spins, and the 
diffusion process is not limited by other factors. The attenuation of the echo 
is completely described by equation (2). Every kind of representation: a), b) 
or c) leads to the same results and the values of D calculated by these 
methods are very closed each to other, ( Table 1.) 

The situation is different in the case of POE-ethanol. If we use only 
the representation a) or b) it seems that the experimental data can be 
described by equation (4) like in the case that the attenuation of the echo 
should be determined only by a single kind of diffusing spins. We can 
calculate an apparent diffusion coefficient Dapp, but this value will include 
also the contribution of the solvent and the polymer and will be affected by 
great errors, (See table 1). It is very difficult to distinguish the two processes.  
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Representation c) do not leads to a linear function, that clearly 
indicates that the attenuation of the spin-echo is not determined by a single 
diffusion process, (figure 3). Indeed, this sample contains two kind of diffusing 
spins with different mobility, the protons attached to the polymeric chain and 
the protons of the ethanol. Equation (2) must be completed with supplementary 
terms including the contribution of both kind of spins to the spin-echo. If we 
apply the simplest equation (5) we obtain non linear representation, because 
this equation is valid only for a single kind of diffusing spins. It is clear in 
these conditions the benefit of using representation c) to establish if the diffusion 
process is concerned with one or more kind of diffusing spins.  

Table 1 
Sample/D Representation a) 

[cm2/s] 
Representation b) 

[cm2/s] 
Representation c) 

[cm2/s] 
Ethanol 
298K 

%101004.1 5 ±⋅ −
 %1010945.0 5 ±⋅ −

 %101010.1 5 ±⋅ −
 

POE+Ethanol 
264K 

%1010038.4 7 ±⋅ −
 %101057.1 6 ±⋅ −

 %101059.3 6 ±⋅ −
 

%101006.2 6 ±⋅ −
 

 
Some remarks can be mentioned in this case. The dynamics of the 

ethanol is much greater than those of the polymer, so that the main contribution 
to the attenuation of the spin-echo is determined by the diffusion of the 
ethanol. If we can neglect the contribution of the polymer to the attenuation 
of the spin-echo, we can approximate the experimental data by a linear 
function, (Eq. 5) and we can calculate the coefficient D from the slope of 
this representation, which will represent the diffusion coefficient of the ethanol 
of sample POE-ethanol. Taking into account all the experimental data or 
only the experimental data which describe a line, figure (4), we calculated 
the extreme values of the diffusion coefficient, (Table 1). It is clear that the 
value of D will be affected by errors because the contribution of the polymer 
was neglected. However the order of magnitude of D is the same like in the 
case of pure ethanol, that indicates that the algorithm c) can be used for 
preliminary evaluation of the diffusion coefficient even for the sample POE-
ethanol.  

 
 
 

CONCLUSSION 
The diffusion of the nuclear spins can be observed using the NMR 

magnetic field gradient techniques. 
The attenuation of the spin-echo, in the case of the basic pulse 

magnetic field experiment for diffusion, is described by the Stejskal-Tanner 
equation. The experimental data can be analyzed in many ways:  
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-representation by polynomial function of second degree, (algorithm a).  
-linear representation in function of variable g2, (algorithm b). 
-linear representation in function of variable g, (algorithm c). 
All representation lead to the same results if the attenuation of the 

spin-echo is determined by a single kind of diffusing spins. 
If differences between the results of the three representation appears, 

that means that the diffusion process is more complicated, including many 
kind of diffusing spins or restriction diffusion conditions.  

The algorithm c) is very useful to establish the existence of many 
kinds of diffusing spins. This algorithm leads to linear representation if the 
diffusion is concerned with a single kind of spins and leads to non linear 
representation if the diffusion is concerned with many kinds of spins. 
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ABSTRACT. According to Newton’s laws of motion the interaction between two 
planets produces a motion that can be described by Kepler’s laws. Kepler’s second 
law (Law of area’s), indicates that the force associated with the gravitational 
interaction is central. At the time of the total Solar Eclipse, the Moon enters totally 
over the joining line between the Sun and the earth, changing the resultant value of 
the attraction forces between these three planets (The Sun, Earth, and Moon).In the 
present work we tried: 

(1). A. To study the effect of Solar Eclipse of 1999 August 11 on the value of 
gravitational acceleration (g) in Sulaimani and Hawler. 
B. To prove that the Eclipse in Sulaimani was total. 

(2). To study some optical characteristics of the Solar Eclipse of 1999 August 11 
from which we specified the direction of the slits at the surface of the Moon with 
respect to Kurdistan region. 

 
 
 
 

Introduction 
Galileo was the first person who has performed in 1590 the 

experiment of dropping a cannon and a musket ball from the leaning Tower 
of Pisa, which, contrary to the teaching of Aristotle, reached the ground 
simultaneously. He thus clearly showed that all bodies irrespective of their 
mass or nature falling freely in vacuum, have the same acceleration at a given 
place. This acceleration is called acceleration due to gravity (g) as it is due 
to the gravitational attraction of the body by the earth towards its center. It 
is numerically equal to the weight of unit mass [1]. The value of (g) differs 
from place to place being the greatest at the poles (983.245 cm/sec.2) and 
the least at the equator (978.16 cm/sec.2) with intermediate values in between 
[2]. Its value for all practical purpose is however taken to be (980 cm/sec.2) 
Due to this comparatively large value of (g) bodies fall much too quickly to 
the surface of the earth when dropped freely, and hence it becomes difficult 
to measure it directly with any great accuracy. We therefore, determined it 
indirectly with the help of a simple pendulum. For this purpose Galileo 
noticed a swinging lamp in the Cathedral at Pisa and timed oscillation 
against his own pulse beats. The time taken for each swing was found to 
be the same. 
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Variation of the value of (g) 
 The value of (g) at a given place is affected by a number of factors: 

1.The latitude 
a. Rotation of the earth 
b. The bulge of the equator 

2.The altitude 
3.The elevated masses 
4.The depth 
5.The topographical effects. 
The value of (g) at a point is also affected to some slight extent by 

local causes even by masses like buildings in the neighborhood of the 
region. It is also affected by time [1]. 

In this paper we add the effect due to Solar Eclipse to the above 
factors since the local and temporal change in the value of (g) in this case 
is not less than the change caused by the above mentioned factors, particularly 
in case of the Total Solar Eclipse. No importance has been accorded to this 
in relevant literature Solar. 
 

Experimental 
(1) A. We used a simple pendulum for obtaining the gravitational 

acceleration at 15.51 p.m local time on Wednesday, August 11, 1999 in 
Sulaimani. 
 One million citizen witnessed 1.5 minute total Eclipse and felt a 
gentle breeze accompanying when the Moon cast its dark shadow upon the 
area. 
 A copper bob of diameter 4.94 cm suspended on a thin length L has 
been used as approximation to a simple pendulum, the period of one 
oscillation (T) from time of 20 oscillations has been obtained at L=50 cm, by 
using the simple pendulum equation : 

   g=4πL/T2       (1) 
The value of (g) obtained was only 978.8 cm/sec.2 . By using the 

same equipment at the same place the average value of (g) calculated for 
several days later equal to 979.8 cm/sec.2 

We calculated the value of (g) also from the value of the atmospheric 
pressure registered by the Meteorological station of Sulaimani (1) and Hawler 
(2), the formula used for calculating (g) from their data is as follows: P=ρgh, 
where P is the atmospheric pressure, ρ is the density of mercury 13.6 kg/m3, h 
is the mercury column height. 

The calculated values of (g) at the time of total Solar Eclipse were 
979.76 cm/sec.2 in Sulaimani, and 979.78 cm/sec.2 in Hawler, as it is shown 
in (Table 1), (Fig 1) and (Table2), (Fig2) respectively. 
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(1) Sulaimani :    Latitude       0350  35 N 
       Longitude    0450  27 E 

    Altitude        834.8 m 
 
(2) Hawler :         Latitude        360  7 30 N 

                Longitude   0440  1 15 E 
                Altitude      415 m 

Table 1 
The time P(mbar) H(mmHg) g(cm.sec2) 
14:40 955.9 717.1609075 980.0696600 
15:00 955.6 716.9358335 980.0696600 
15:15 955.4 716.785784 980.0785358 
15:30 955.3 716.9358335 979.7619700 
15:45 955.3 716.9358335 979.7619700 
16:00 955:3 716.9358335 979.7619700 
17:00 955.3 716.9358335 979.7619700 
18:00 955.6 716.9358342 980.0696500 

 

Fig(1)
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Table 2 
The time p.m P(mbar) H(mmHg) g(cm.sec.)2 
 12:00 909.1 682.0493386 980.06968 
13:00 909.1 682.0493386 980.06968 
16:00 907.7 680.9989931 979.78 
17:00 907.7 680.9989931 979.78 
19:00 907.6 680.9239685 980.06968 
20:00 907.6 680.9239685 980.06968 
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Fig(2)
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(1).B. To prove that the Eclipse was total in Sulaimani area an 
experiment with a boiled egg was carried out through the duration of the 
Solar Eclipse of 1999 August 11. 

Throughout the whole period of the total Eclipse (1.5 min.) the boiled 
egg stood completely erect, as shown on Fig.(3), as soon as the process of the 
Sun re-emerging started the egg equilibrium was over as shown on Fig.(4). 

 
 

 
 

Fig(3) The stood of the boiled egg completely erect at 15.50,p.m 
local time in Sulimani. 

 
This study depended on the meteorological data (atmospheric pressure) 

received from the Meteorological stations in Sulaimani an Hawler (Arbil). On the 
basis of the above data the gravitational acceleration in the area was calculated. 
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Fig(4) Starting of the sun re-emerging. 

 
During the experiment it was observed that the gravitational 

acceleration had been reducing from the start of the Solar Eclipse reaching 
the lowest point 979.761 cm/sec.2 in Sulaimani between 15:30 and 17:00 p.m, 
local time as shown in table (1). In Sulaimani the Total Solar Eclipse started 
at 15:50 p.m, local time and lasted more than 1.5 min., at the time of total 
Solar Eclipse in Sulaimani, from the simple pendulum experiment, the 
calculated value of (g) is only 978.8 cm/sec.2 

In Arbil the lowest value of gravitational acceleration was 979.780 
cm/sec.2 between 16:00 and 17:00 p.m, local time as shown in table (2). In 
Arbil the total Solar Eclipse started at 15.49 p.m, local time and continued 
for 1.5 min. 

Gravitational acceleration is one of the parameters, which shows 
the totality of an Eclipse. When the gravitational acceleration value reached 
its lowest value (979.780 cm/sec.2) the boiled egg stood erect. 
 Although according to NASA prognosis (4) the total Eclipse in the 
area was in Mosul North of Sulaimani however the reduction in value of (g) 
and the stood of the boiled egg erect proves that the Solar Eclipse in 
Sulaimani was also total. 
 

2-Some Optical Characteristics of Solar Eclipse of 1999 August 11 
Immediately before the total disappereance of the Sun and also 

immediately after its revealing the following phenomenon, which lasted for 
a few seconds, was observed around us in Sulaimani, a colored shadow 
that was running quickly on every object. 
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The above phenomenon is due to the fact that the edge of the Moon 
is not perfectly round, there for light passes through the slits in the edge of the 
Moon is diffracted,and undergoes dispersion resulting that colored shadow. 

The colored fringes has been compared with the fringes obtained 
from Fraunhofer diffraction by a single opening, the result showed that the 
edge of the Moon contains rectangular apertures which are very long 
compared to their widths, and their directions must be perpendicular to the 
direction of the moving shadow.  

Fig. 5 represents a section of a slit of width e illuminated by parallel 
light of wavelength λ, incident from the left perpendicular to the plane π1 of 
the slit. Huygens secondary spherical wavelets [6] can be through of as 
being sent out from every point on the wave front at the instant that it 
occupies the plane of the slit. 
 
  
 
             M1     M1    
       P0  
      Mi           M1 
    Mj          M2     d 
      
    M2      M2    p1 

      π 
Fig. 5 Geometrical construction for 
     investigation the intensity in the 
      single-slit diffraction pattern 
 

To obtain zero intensity at a point the following relation must be satisfied: 
 

M1 Q = e sin θ = 2k λ/2    or     sin θ = k λ/e         (2) 
 

From the principle maximum, the intensity falls to zero, then passes 
through several secondary maxima with approximately equally spaced 
points of zero intensity [7]. 

Analytically the distribution of the intensity from Fraunhofer 
diffraction by a slit, can be obtained [8,9] by the relation (3) 

2

2

0 u
usinEE =θ                             (3) 

where 
      u=(πesinθ)/λ 

 

Q 

π1 

θ 

θ 

    The maximum intensity of the 
strong central band comes at the 
point po on the screen π where 
evidently all secondary waves nor-
mally to the plane of the slit as 
MM1, M2M2 will be focused. 
      Those that travel at any angle θ 
as M1M1,M2M2 will reach p1, which 
is in the focal plane of a convergent 
lens. 
    The amplitude of resulted vibra-
tions at p1 depend on the path 
difference between them, e.g for 
M1M1 and M2M2 is M1Q= esinθ= 
2k λ/2, where  e= M1M2.  
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At p0 where u=0 

2

2

00u u
usinElimE →θ =  

and Eθ=E0 is the amplitude when all the wavelet arrive on π plane in 
phase.The diffraction pattern given by (3) is illustrated in fig. 6 

Fig. 6.Amplitude contours for Fraunhofer 
            diffraction of a single slit 
 

The angles θ and Ω are measured from the normal to the aperture 
at its center in planes through the normal parallel to the side e and L 
respectively. 

The diffraction pattern given by Eq(4) when e and L are comparable 
with each other is illustrated in fig. 7. The intensity in the pattern is concentrated 
principally in two directions coinciding with the sides of the aperture and in 
each of these directions it corresponds to the simple pattern for a slit width 
equal the width of the aperture in that direction, the fringes are more closely 
spaced in the direction of the longer dimension of the aperture . 

For a slit having L very large the factor sin2γ/ γ2 in eq.(4) is zero for 
all values of Ω except extremely small ones, this means that the diffraction 
pattern is limited to a line on the screen perpendicular to the slit and 
resembles a section of the central horizontal line of bright spots in fig.7 . 

For white light, the diffraction phenomenon is acompanies with the 
phenomenon of dispersion. The angle of diffraction for the rays that produce 
the bright fringes depends on λ, it is larger for the longer wavelength, 
consequently, the central maximum is a white fringe, while the secondary 
maxima are colored, a violet fringe near the central maximum and a red 
fringe in the exterior alternatively was moving. 

At the time of Eclipse the sun acts as a white light source that 
illuminates the Moon’s edges that act as rectangular apertures of length L 
and width e where L>>e, therefore, the intensity of the colored fringes on 

   The above result is correct when 
the slit is very long, compared to its 
width: L>>e 
   Where L is the length of the slit. 
   For a slit of comparable width e and 
length L, the expression for the intensity 
is: 

2

2

2

2
22 sin

u
usinLeI

γ
γ=                  (4) 

   Where 
 

γ=πLsinΩ/λ and u=πesinθ/λ 
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earth objects acting as a screen was represented by the central horizontal 
colored spotted line on fig. 7. Each point of the slit source (the Moon edges) 
forms a line pattern that falls adjacent to each other on every object running 
quickly with the velocity of the Moon’s umbra, indicating that L>>e, 
consequently from the direction of the colored shadow that was moving 
from North to South of Sulaimani we conclude that the direction of the slits 
on the edge of the Moon was 
directed from North towards the 
South of Kurdistan. 
 From the diffraction pattern 
observed at the time of Eclipse we 
conclude that the diffraction of the 
slits on the edge of the Moon was 
directed from North towards the 
South of Kurdistan. 
 
                Fig.7 Diffraction pattern from 

                      a rectangular opening. 
 
 

Conclusion  
This study depended on the meteorological data (atmospheric 

pressure) received from the Meteorological stations in Sulaimani an Arbil. 
On the basis of the above data the gravitational acceleration in the area 
was calculated. 

During the experiment it was observed that the gravitational 
acceleration had been reducing from the start of the Solar Eclipse reaching 
the lowest point 979.761 cm/sec2 in Sulaimani between 15.30 and 17.00 
p.m, local time as shown in table (1). In Sulaimani the total Solar Eclipse 
started at 15.50 p.m, local time and lasted more than 1.5 min, at the time of 
total Solar Eclipse. From the simple pendulum experiment, the calculated 
value of (g) is only 978.8cm /sec2. 

In Arbil the lowest value of gravitational acceleration was 979.780 
cm/sec2 between 16.00 and 17.00 p.m, local time as shown in table (2). In 
Arbil the total Solar Eclipse Started at 15.49 p.m, local time and continued 
for 1.5 min. 

Gravitational acceleration is one of the parameters, which shows 
the totality of an Eclipse. When the gravitational acceleration value reached 
its lowest value (979.780 cm/sec.2) the boiled egg stood erect. 

Although according to NASA prognosis (4) the total Eclipse in the 
area was in Mosul North of Sulaimani however the reduction in value of (g) 
and the stood of the boiled egg erect proves that the Solar Eclipse in 
Sulaimani was also total. 
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From the difraction pattern observed at the time of eclipse we 
conclude that the direction of the slits on the edge of the Moon was directed 
from North towards the South of Kurdistan. 
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