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Gamma-irradiated sulfanilic acid (C¢H7NO3S) single crystals were analyzed by electron paramagnetic res-
onance spectroscopy at 120 K temperature. The irradiation was carried out at room temperature using a
50Co-gamma source. EPR spectra of gamma-irradiated sulfanilic acid single crystals were obtained by rotating
the magnetic field for three different orientations of the crystal. The paramagnetic center formed in the gamma-
irradiated sulfanilic acid single crystal was determined by examining of the EPR spectra. The EPR spectra of
this compound have been found to be temperature independent. The principal values of the hyperfine structure
constants of the unpaired electron, and the principal values of the g-tensor and direction cosines of the radiation
damage centers are calculated. The values were compared with those in the literature, and the results were found

to be consistent.
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1. Introduction

Charged particles are a directly ionizing radiation
group. These particles include energetic electrons (nega-
trons), positrons, protons, alpha particles, charged
mesons, muons, and heavy ions (ionizing atoms). This
type of ionizing radiation interacts primarily with mat-
ter via the Coulomb force. Particles push or attract elec-
trons from atoms and molecules due to their charges.
Uncharged particles form an indirectly ionizing radia-
tion group. Best examples for indirectly ionizing radia-
tion type are photons above 10 keV (X-rays and gamma-
rays) and all neutrons [1]. Ionizing radiation gives rise
to charged particles (molecular ions and electrons) and
excited molecules in a substance [2]. Radiation breaks
bonds between atoms in molecules. The deterioration of
the bonds occurs in two ways. If the bonds are broken
homolytically (paramagnetic), free (neutral) radicals will
form. If the bonds are broken heterolytically (diamag-
netic), ionic fragments (charged radicals) are formed [3].

Use of ionizing radiation in sterilization of medicinal
products, such as catheters, syringes, drug and drug raw
materials, is a new technology alternative to heat and gas
exposure sterilization [4-7]. The advantages of steriliza-
tion by irradiation include high penetrating power, low
measurable residues, small rise in temperature, and the
fact that there are fewer variables to control [8, 9]. Thus,
sterilization can be carried out on the finally packaged
product and is applicable to heat-sensitive drugs. Irra-
diation produces new radiolytic products. To prove the
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safety of radiosterilization, it is important to determine
physical and chemical features of the radiolytic products,
and elucidate the mechanism of radiolysis. Thus, it is
desirable to establish a method to discriminate between
irradiated and unirradiated drugs. Electron spin reso-
nance (ESR) spectroscopy appears to be well suited for
determination of free radical concentrations in complex
media and so, it can be used to detect and distinguish
between irradiated drugs from unirradiated ones [10-13].

Sulfanilic acid, a typical representative of aromatic sul-
fonated amines, is widely used as an important interme-
diate in production of azo-dyes, plant protectives, and
pharmaceuticals [14]. Sulfanilic acid possesses several
good features of the good dosimeter and is character-
ized by its simple spectrum. Although its sensitivity is
less than that of alanine, it could be pressed into pel-
lets purely without need to a binder, and hence more
homogeneity could be achieved. Sulfanilic acid is nearly
tissue equivalent which enables its use in radiation ther-
apy dosimetry, also it is isotropic and its detection limit
is about 100 4 30 mGy. Sulfanilic acid EPR signal inten-
sity shows noticeable stability for a sufficient time, which
enables its use as a transfer dosimeter. Sulfanilic acid
deserves further studies in order to be established as a
common radiation dosimeter using EPR [15].

In the present study, it was discussed the structure
of the free radical in gamma irradiated sulfanilic acid
single crystals. The trapped free radical in the compound
was examined by the EPR method at 120 K. The single
crystal of gamma-irradiated sulfanilic acid has not been
studied previously by the EPR method. Therefore, EPR
analysis of the sulfanilic acid single crystal was carried
out. The experimental data have been confirmed by the
theoretical data obtained from the simulation.
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2. Experimental design

The sulfanilic acid single crystals were grown in the
laboratory by slow evaporation of concentrated acetic
acid solution. The sulfanilic acid crystals belong to the
orthorhombic, Pca2; space group and the unit cell di-
mensions are a = 7.5113(14) A, b = 7.2791(13) A,
c = 13.898(3) A, a = 90°, B = 90°, v = 90°. The
unit cell contains four molecules (Z = 4) [16].

The crystals were irradiated at room temperature with
an absorbed dose of about 280 kGy with a °Co-v ray
source. Gamma irradiation was carried out with SVST
Co-60-1 type tote-box gamma radiation source capable
of continuous and intermittent irradiation at the Turk-
ish Atomic Energy Authority (TAEK) Saraykoy Nuclear
Research and Training Center. The EPR spectra were
recorded with a Bruker EMX 081 EPR Spectrometer us-
ing 0.633 mW microwave power. EPR work was done
for different microwave power values. Step-by-step ex-
amination was performed between 0.01 and 20 mW. At
higher power values, however, the result was not very
good. It was seen that the best EPR signal was received
at a power of 0.633 mW. In the EPR spectrometer, TEq(2
standard rectangular resonator was used. The modula-
tion frequency of the magnetic field was 100 kHz and the
modulation amplitude was 2 G. The single crystals were
mounted on a goniometer and the spectra were recorded
in three mutually perpendicular planes by rotating the
crystals around a, b and ¢ axes at 10° intervals from 0°
to 180°. The low temperature measurements were carried
out using a Bruker temperature control unit at 120 K.

3. Results

The EPR analysis was carried out at 120 K. At this
temperature, it was tried to prevent the damping of the
radical. Three mutually orthogonal axes of sulfanilic acid
single crystals were investigated with 10 degree rotation
steps under magnetic field effect. As a result of the anal-
ysis of the obtained EPR spectra, the type and the num-
ber of the hyperfine splittings did not change in the three
axes. However, the hyperfine coupling constants and the
spectroscopic splitting factor exhibit anisotropic change
depending on the angle. There were 13 partially resolved
hyperfine lines in the three axes, and this number has
protected itself. Figure 1 shows the molar structure of

Molecular structure of sulfanilic acid.
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EPR spectra of gamma irradiated in sulfanilic

acid single crystal at 120 K when the magnetic field is
in (a) the ab plane at an angle 0° towards the axis,

(b) the
(c) the

ac plane at an angle 160° towards the axis,
be plane at an angle 180° towards the axis.



482 B. Caliskan, A.C. Caliskan

sulfanilic acid, and Fig. 2 shows the structure of the rad-
ical observed in sulfanilic acid single crystal. Figure 3
shows spectrum examples taken from three separate axes.
These selected spectra are preferred because they have
the sharpest and best resolution.

The simulations of the EPR spectra were carried out
using the Win-EPR software. The simulation values
of the hyperfine coupling constants of the simulated
spectra in Fig. 4 are given in Table I. These param-
eters were slightly modified untill a reasonable agree-
ment between simulated and experimental spectra were
reached.

Experimental Spectrum

Simulation
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Fig. 4. Experimental and simulated EPR spectra of
gamma irradiated sulfanilic acid single crystal at 120 K
when the magnetic field is in the ab plane at an angle
0° towards the axis.

TABLE I

EPR parameters of simulated spectrum.

Parameter Value
ANH, 0.925 mT
ARn, 2.178 mT
AH(lg) = AH(13> 0.692 mT
AH(14) = AH(15) 0.56 mT
center field 336.348 mT
v 9.438 GHz
line width 0.575 mT

The EPR parameters belonging to the radical observed
in sulfanilic acid are included in Table II. The angu-
lar variations of A-values and the g-value of the radical
in sulfanilic acid single crystal at 120 K are shown in
Figs. 5-8.

Table II. The EPR parameters of the radical observed
in sulfanilic acid at 120 K. (Note: The errors are esti-
mated to be £0.00005 and +0.005 mT for all the calcu-
lated g- and A-values, respectively.)
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Fig. 5. Angular variation of the Ayy,-tensor of the

radical observed in sulfanilic acid single crystals
at 120 K.
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tensor.
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Fig. 8. As in Fig. 5, but for the g-tensor.

TABLE II
The EPR parameters of the radical observed in sulfanilic
acid at 120 K. (Note: The errors are estimated to be
40.00005 and £0.005 mT for all the calculated g- and
A- values, respectively).

Radical Principal . . .
Direction cosines
parameters values
Aze = 0.963 0.127699 —0.909771 —0.394982
AN Ayy =0.938 0.750971 0.348830 —0.560678
NHy [mT] _
A.. =0.896 0.647870 —0.225022 0.727757
Aiso = 0.932
Ape = 2.2 0.467429 0.292170 0.834354
Al Ayy =2.091 —0.614377 0.785994 0.068956
NHo [mT] _
A,, =2.024 —0.635651 —0.544840 0.546898
Aiso = 2.105
Aze =0.728 0.738905 0.109350 —0.664878
An(12) & Ayy = 0.692 0.220785 0.892978 0.392231
An1s) [mT]|A,, = 0.679 0.636611 —0.436616 0.635683
Aiso = 0.7
An(1a) =
Aiso = 0.56
An(is) [mT]
gze = 2.00560 | 0.864468 0.408348 —0.293168
g gyy = 2.00524 | —0.351214 0.073386 —0.933415
g-> = 2.00469 | —0.359643 0.909872 0.206857
Jiso = 2.00518

4. Discussion

The radiation damage center formed in gamma-
irradiated sulfanilic acid single crystal was studied by
EPR method at 120 K. It was observed that the EPR
parameters of the radical formed in the sulfanilic acid
single crystal exhibited anisotropic property. The hyper-
fine splittings are determined by the interaction of the
N(5) nitrogen nucleus with the unpaired electron, the in-
teraction of the two magnetically equivalent H(16) and
H(17) hydrogen nuclei with the unpaired electron, the
interaction of the two magnetically equivalent H(12) and
H(13) nuclei with the unpaired electron, and the interac-
tion of the two magnetically equivalent H(14) and H(15)
nuclei with the unpaired electron. The NHy fragment in
the structure shows its effect in the spectra. Therefore,
the point where the bond can break is not in this region.

The weakest point in the structure is the only bond be-
tween S(1) and C(6). The result of the disconnection of
this bond, the unpaired electron is trapped on C(6).

In the hydroxylammonium salts, the hyperfine con-
stants were found to be almost isotropic with an aver-
age ay = 0.7 mT, ag = 2 mT for the NH; radical, and
ax = 1.15mT, ag = 1.1 mT for the NoHJ radical [17]. In
the previous studies, for the NH, radical, the theoretical
value of the hyperfine structure constant of N is 1.008 mT
and the experimental value is 1.03 mT [18], the theoreti-
cal value of the hyperfine constant of H is —1.704 mT and
the experimental value —2.39 mT [19], respectively. The
hyperfine coupling constants of the nitrogen and the hy-
drogen were determined as ay = 1.39 mT, ag = 2.10 mT
for the NHy radical in glycine [20]. In a theoretical
study, after the optimization for NHy using a minimal
basis set of SCF atomic orbital, expressed as a lin-
ear combination of Gaussian orbitals, the calculated hy-
perfine coupling constants are ag = —2.233 mT and
an = 0.846 mT [21]. For the H2CN radical, the the-
oretical value of N is 0.961 mT, and the experimental
value is 0.95 mT, the theoretical value of the hyperfine
structure of H is 5.479 G and the experimental value
is 9.21 mT [22]. For the H3NO radical, the theoretical
value of the hyperfine structure constant of N is 2.791 mT
and the experimental value is 1.19 mT, the theoretical
value of the hyperfine structure of H is —0.844 mT and
the experimental value is 1.19 mT [23]. The hyperfine
constants of the NHo—HF complex are ay = 1.20 mT,
ag = 2.40 mT, and agp = 0.70 mT. The observed EPR
spectrum by photolysis of Ar—Fo—NHj3 mixtures at 15 K
corresponds to two triplet groups with the hyperfine
coupling constant axy = 1.05 and apg = 2.40 mT, and
g = 2.0058. The observed EPR spectrum by annealing of
Ar-Fy—NHj3 mixtures at 15 K corresponds to two triplet
groups with the hyperfine coupling constant ax = 1.20
and apg = 2.40 mT [24]. In the aminoxyl radical, the hy-
perfine structure constants of the unpaired electron with
the nitrogen core and with the two equivalent hydrogen
nuclei were found to be ay = 1.44 mT and ag = 2 mT,
respectively [25]. The hyperfine coupling constants of
the nitrogen nucleus for various solvents were found to
be between 1.379 and 1.596 mT [26]. In the EPR study
of gamma-irradiated potassium hydroquinone monosul-
fonate single crystal, the hyperfine coupling constant of
the ring hydrogen was found as 0.568 mT [27].

Both Maghraby and Tarek [15] and Alzimami et al. [2§]
have studied the dosimetric effect of SO; formed in
sulfanilic acid under ionizing radiation. Maghraby and
Tarek [15] used a '¥7Cs-gamma source for samples irra-
diation. 255 Gy gamma-irradiated sulfanilic acid EPR
spectra were recorded at room temperature. Alzimami
et al. [28] used a 59Co-gamma source for samples irradi-
ation. The samples were irradiated at doses lower than
100 kGy. The radiation dose range for sulfanilic acid
is between 5.05 and 202.26 Gy [28]. In both studies,
the g -value of the irradiated sulfanilic acid spectrum is
approximately 2.0053 4+ 0.00017 and the EPR spectrum
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consists of a singlet [15]. The work of both Maghraby
and Tarek [15] and Alzimami et al. [28] is about the EPR
dosimetry. Both studies show that the EPR analysis was
performed at room temperature.

In these studies, the EPR spectrum of sulfanilic acid
is in the form of a single signal and does not reveal the
hyperfine structure splittings it contains. In our study,
EPR spectra were taken at low temperature. Low tem-
perature provides trapping of the single electron region.
Thus, the effect of hyperfine splittings is retained for a
longer period of time. In our EPR study, the hyperfine
structure splittings are not single signal, unlike the other
two studies, and it appears that there are thirteen par-
tially resolved hyperfine structure splittings. However,
the radical in our work is completely different from the
radical in those works. The amount of radiation applied
in our work is higher than the amount of radiation used
in those studies. Unlike those studies, the sample we use
is a single crystal.

Because of the radical formed in gamma-irradiated
sulfanilic acid single crystal, the spectra exhibit
13-lines with intensity ratios 1:2:2:4:6:6:6:6:6:4:2:2:1.
Owing to the nitrogen atom, the spectra exhibit a triplet
(1:1:1). Then, due to the two magnetically equivalent
H(16) and H(17) hydrogen nuclei, the spectra exhibit
a triplet (1:2:1). Due to the two magnetically equiva-
lent H(12) and H(13) nuclei, the spectra exhibit a triplet
(1:2:1). Owing to the two magnetically equivalent H(14)
and H(15) nuclei, the spectra exhibit a triplet (1:2:1).
The spectrum showed thirteen hyperfine lines due to
superimposition of hyperfine splitings. For the para-
magnetic center formed in gamma-irradiated sulfanilic
acid single crystal, the average values of the g-factor
and the hyperfine coupling constants were obtained as
g = 2.00518, ayy, = 0.932 mT, ayy, = 2.105 mT, and
aH(lg) = aH(13) = 0.7 mT, CLH(14) = GH(15) = 0.56 mT
respectively, and these values are also in agreement with
the literature values given for these radicals.

5. Conclusions

The investigation of single crystals of gamma-
irradiated sulfanilic acid by the EPR method showed
the presence of a single carbon-centered radical. The
observed free radical was obtained by cleavage of C-S
bond. The radical is stable. The hyperfine structure
constants and the spectroscopic splitting factor of the
compound were calculated and their principal axis val-
ues and direction cosines were found. It is seen that the
hyperfine structure constants and g-value are anisotropic.
Experimental data have also been confirmed by simula-
tion studies.
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