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Abstract

Sulfonamides are used as active ingredients in different drugs to treat infections caused by bacteria. Sulfatiazole (STZ) is one
of the commonly used sulfonamides as antibacterial agent in drugs, which constitute potential candidates for radiosterilization.
However, the crucial point in this respect is to monitor the amount and characteristic features of the radiolytic intermediates
produced after irradiation. Electron spin resonance (ESR) spectroscopy is extensively used for this purpose due to its high
sensitivity toward intermediates exhibiting radicalic nature. Thus, the aim of the present work is to investigate the spectroscopic
and kinetic features of the species having unpaired electrons induced in gamma irradiated STZ at room and different temperatures
in the dose range of 5–50 kGy using ESR spectroscopy. Spectra of irradiated STZ consisted of many resonance peaks in the
studied dose and temperature ranges. Heights of the peaks measured with respect to the base line were used to monitor microwave,
temperature, time-dependent features of the radical species contributing to the experimental ESR spectra. Four tentative species
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f different spectroscopic and structural features assigned as A, B, C and D were found well explaining the experime
pectra of gamma irradiated STZ. Comparison between the principal IR bands of unirradiated and gamma irradiate
howed no detectable changes and appearance of new bands.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Gamma radiation has emerged as a useful, efficient
nd economic tool for sterilization of many drugs in

heir final containers, and it is more actively used now
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than at any time (Gopal, 1978; Bhalla et al., 198
Jacobs, 1995; Reid, 1995). The advantages of ster
ization by irradiation include high penetrating pow
low chemical reactivity, low measurable residu
small temperature rise and the fact that there are f
variables to control (Basly et al., 1996; Barbarin et a
1999; Gibella et al., 2000). However, the adoption
this method requires detailed investigations to en
that no undesirable changes take place, as ion
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radiation has been reported to cause degradation in
the pharmaceuticals and therefore, creating reactive
molecular fragments (Miyazaki et al., 1994; Schuler,
1994; Boess and B̈ogl, 1996), which may result in a
toxicological hazard.

Electron spin resonance (ESR) technique appears to
be well suited for determination of low concentration
of free radicals in complex media and could permit the
elucidation of mechanism of radiolysis even for a small
radiation dose. Moreover, other features such as high
sensitivity, precision, ease and non-destructive read-
out make ESR superior to other proposed analytical
techniques (Onori et al., 1996) to study radiolytic in-
termediates produced in irradiated solid samples. Pre-
vious results have already shown the suitability of ESR
for the detection of irradiated drugs and foods (Bögl,
1989; Delinćee, 1991; Desrosiers et al., 1991; Raffi et
al., 1992, 1994; Ciranni Signoretti et al., 1993, 1994;
Miyazaki et al., 1994; Raffi, 1998; Basly et al., 1999).

Although STZ is used in the sulfonamide containing
drugs at a large extent, the applicability of the steril-
ization by radiation to the solid drugs containing STZ
is not yet investigated in the literature. Therefore, the
aims of the present work are: to characterize the radi-
olytic intermediates carrying unpaired electrons pro-
duced in gamma irradiated STZ in the dose range of
5–50 kGy and to explore the potential contribution of
ESR technique in investigating the radiosterilization
of STZ and/or drug delivery system containing STZ as
active ingredient, through a detailed ESR study.
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Fig. 1. Molecular structure of sulfatiazole.

given in Fig. 1. Irradiations were performed at room
temperature using a60Co gamma cell supplying a dose
rate of 2.52 kGy/h as an ionizing radiation source at
the Sarayk̈oy Establishment of Turkish Atomic Energy
Agency in Ankara. The dose rate at the sample sites was
measured by a Fricke dosimeter. Investigations were
performed on samples irradiated at four different doses
(5, 10, 25 and 50 kGy).

ESR measurements were carried out using Var-
ian 9′′-E line-X band ESR spectrometer operating at
9.5 GHz and equipped with a TE104 rectangular dou-
ble cavity containing a standard sample (DPPH) in the
rear resonator which remained untouched throughout
the experiment. Signal intensities were calculated from
first derivative spectra and compared with that obtained
for a standard sample (DPPH) under the same spec-
trometer operating conditions. Sample temperature in-
side the microwave cavity was monitored with a digital
temperature control system (Bruker ER 4111-VT). The
latter provided the opportunity of measuring the tem-
perature with an accuracy of 0.5 K at the site of the
sample. A cooling, heating and subsequent cooling cy-
cle was adopted to monitor the evolution of the ESR
line shape with temperature using samples irradiated
at room temperature. The latter was first decreased to
110 K starting from room temperature, then increased
to 402 K with an increment of 20 K and finally was de-
creased again to room temperature. Variations in the
line shape and in the signal intensities with microwave
power were also studied in the range 1–80 mW for sam-
p
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t 55,
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c were
r ates
. Materials and methods

Sulfatiazole or with its chemical name, 4-ami
-(thiazol-2-yl)benzenesulfonamide of spectrosco
rade was provided from Faculty of Pharmacy
acettepe University (Ankara) and was stored at r

emperature in a well-closed container protected f
ight. No further purification was performed, and it w
sed as it was received. STZ is a white crystalline p
er, which slowly darkens on exposure to light. T
elting point of prismatic rods is about 200–204◦C
hile the other phase forms, six-sided plates
risms, melt about 175◦C or invert, at a lower tem
erature, to the high-melting phase (Clarke’s Isolation
nd Identification of Drugs in Pharmaceuticals, 19
he Merck Index, 1989). It has a molecular structu
les irradiated at room temperature.
Kinetic studies of the contributing free radicals w

erformed at different temperatures. To achieve
oal, the samples irradiated at room temperature
eated to predetermined temperatures (310, 348,
93 and 413 K) kept at these temperatures for pr

ermined times (3, 5, 10, 11, 15, 20, 30, 40, 45,
5, 75, 80, 95, 120, 140 and 200 min); then, they w
ooled to room temperature and their ESR spectra
ecorded. The results were the average of five replic
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for each radiation dose. A simulation calculation based
on a model of four tentative radical species, anticipating
from the results of microwave saturation and annealing
studies, was performed to determine the spectroscopic
features of the contributing free radicals.

IR spectra of unirradiated and 50 kGy gamma-
irradiated STZ samples were also recorded using Nico-
let 520 FT–IR spectrometer and a comparison between
the principal IR bands of STZ molecule was performed
to monitor the radiolytic products silent to ESR spec-
troscopy.

3. Experimental results and discussion

3.1. General features of the ESR spectra

Although unirradiated STZ exhibited no ESR sig-
nal, samples irradiated at room temperature showed
a complex ESR spectrum consisting of 10 resonance
peaks. Room temperature spectra recorded for two
samples irradiated at two different radiation doses are
given in Fig. 2a and b with the assigned peak num-
bers. The most intense resonance line appearing in the

F differe PPH line.

middle of the spectrum was found to have ag value of
2.0045 and a peak to peak width of 5.2 G. Increase in
the absorbed dose caused more intense spectra without
creating change in pattern. Thus, it was concluded that
irradiation dose was not an important parameter in the
formation of the shape of the ESR spectrum of STZ.

Variations of the heights, which were measured
with respect to spectrum base line and normalized
to the receiver gain, the mass of the sample and the
intensity of the standard of these resonance peaks with
applied microwave power in the range of 1–80 mW
were studied first. The results of these studies indicate
that heights of the assigned peak saturate with different
rates as inhomogeneously broadened resonance lines
do. Microwave saturation behaviours of the studied
resonance peaks and the results of spectrum simulation
calculations conducted us to propose four different
radical species of different characteristics, to explain
experimental results obtained in the present work.
Therefore, a theoretical function (Eq. (1)) obtained by
the sum of four different exponentially growing func-
tions associated with the contributing radical species
and best fitting to microwave saturation data derived
from room temperature spectra was tried (Stark, 1970)
ig. 2. Room temperature ESR spectra of STZ irradiated at two
 nt doses (a) 5 kGy, (b)50 kGy. Arrow indicates the position of D
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Table 1
Characteristic parameters calculated from microwave saturation data
for contributing radical species

Radical
species

Parameters Correlation
coefficient (r2)

d (mW)−1 Io (a.u.)

A 0.350 (±0.040) 0.06 0.98
B 0.031 (±0.003) 0.21
C 0.870 (±0.010) 0.01
D 0.160 (±0.050) 0.73

Figures in parenthesis represent the estimated error on the relevant
parameters.

to elucidate experimental microwave saturation data.

I = IA0(1 − e−dA×P ) + IBO(1 − e−dB×P )

+ IC0(1 − e−dC×P ) + IDO(1 − e−dD×P ) (1)

In Eq. (1), P is the microwave power in mW;Ios
andds stand for intensities at saturation and growth
parameters related with the involved radical species
assigned as A, B, C and D, respectively. Charac-
teristic parameters calculated by this technique for
contributing species are summarized inTable 1.

se. Da ntal data.

3.2. Dose–response curves

A higher concentration of radicals generated at
the same absorbed dose of radiation, indicates a
higher sensitivity of the substance toward the type of
radiation used. Radiation sensitivity of STZ was also
studied through the variations of the peak heights with
absorbed gamma radiation dose (Fig. 3). They are
found to follow a function of the type given inEq. (2)
with different growth rate parameter in the studied
dose range (0–50 kGy)

I = Io(1 − e−b×D) (2)

In Eq. (2), D andb stand for absorbed dose in kGy
and radiation dose growth parameters, respectively
andIo represents peak height at saturation. Parameter
values calculated by fitting (Stark, 1970) experimental
dose–response data obtained for each peak toEq. (2)
are summarized inTable 2. As seen from this table,
the radiation dose growth parameterb of the studied
peaks are different. This means, once more, that more
than one radical species contribute to the formation of
each resonance peaks.
Fig. 3. Variations of peak heights with absorbed radiation do
 shed lines represent theoretical curves best fitting to experime
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Table 2
Parameters best describing experimental dose–response data of stud-
ied resonance peaks

Peak Parameter Correlation
coefficient (r2)

Io (a.u.) b (kGy)−1

1 4.7 0.052 0.95
2 8.1 0.040 0.99
3 25.1 0.051 0.99
4 18.1 0.068 0.98
5 47.6 0.087 0.99
6 73.9 0.024 0.98
7 18.1 0.046 0.98
8 12.1 0.046 0.97
9 9.5 0.040 0.97

3.3. Stabilities of the radical species at normal
and stability conditions

Stabilities of the radiolytic intermediates in an ir-
radiated drug or drug raw material are also important.
Therefore, this feature of the radicals produced in ir-
radiated STZ was also studied. Samples irradiated at
different radiation doses were used to achieve this goal.

tic pea

The decay of the peak heights of the samples irradiated
at different doses and stored in well-closed container
at normal (290 K) and stability conditions (313 K and
75% relative humidity) were found to be independent
from the irradiation dose. Thus, the peak height de-
cay data, obtained for a sample irradiated at a dose
of 50 kGy, were used to get the decay characteristics
of the contributing radicals under both storing condi-
tions. The data relative to the decay of some charac-
teristic peaks are given inFig. 4. The decays over a
period of 90 days of the peak heights of the samples
stored at normal conditions were calculated best fitting
(Stark, 1970) to the sum of four exponentially decay-
ing functions of different weights and of different decay
constants as given inEq. (3).

I = IAoe−kA t + IBoe−kBt + ICoe
−kCt + IDoe−kDt (3)

In the last equation,t, Ios, andks stand for the time
elapsed after stopping irradiation, the initial signal in-
tensities and decay constants, respectively, for con-
tributing radical species. This result which agrees with
the microwave saturation data, was considered, once
more, as the justification of the presence of more than
Fig. 4. Variations of the characteris
 k heights with time at normal conditions.
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Table 3
Decay constants for the contributing radicals calculated from normal
conditions long term peak height decay data

Irradiation
dose (kGy)

Radical
species

Decay constants
k× 105 (day)−1

Correlation
coefficient (r2)

50 A 1483 (±107) 0.98
B 8400 (±420)
C 1178 (±95)
D 9800 (±450)

Figures in parenthesis indicate the estimated error on the relevant
parameters.

one radical species of different decay characteristics
contributing to the formation of the ESR spectra of
irradiated STZ. The data derived from the decay of
the signal intensities at normal conditions are summa-
rized inTable 3. Contributing radicals were calculated
to decay much faster at stability conditions (313 K and
75% relative humidity). The decay results relative to
the stability condition studies are not given here to save
space.

3.4. Variations of peak heights with temperature

A variable temperature study relative to the varia-
tions of the peak heights with temperature in the ranges
of 293–110 and 292–402 K was also performed. Cool-
ing the sample down to room temperature caused slight
reversible increases and/or decreases in the resonance
peak heights likely due to the presence in irradiated
samples of radical species of different microwave sat-
uration behaviours at low temperature. Namely, below
room temperature, variation in a given resonance peak
height is determined, in large extent, by the saturation
characteristics of most significantly contributing radi-
cal or radicals. This variation can be a decrease or an in-
crease depending whether it (they) was (were) saturated
or not at low temperature. Warming the sample above
room temperature produced practically no changes in
the heights of all observed peaks up to 320 K. How-
ever, increase of the sample temperature above 320 K
c reso-
n lly in
t o oc-
c out
i high
t ayed
c en-

tral line (g = 2.0045). The decreases at high tempera-
tures in all peak heights were irreversible due to rela-
tively high decays of the contributing radical species
at these temperatures. This result incited us to perform
annealing studies on irradiated STZ to determine the
decay constant at high temperatures and thus, to calcu-
late the activation energies relavant to the radical decay
processes.

3.5. Radical decays in annealed samples

Radical decay rates depend on the nature of the ma-
trix containing radicals, and annealing is a constant
process with local diffusion of radicals and molecules
in some softening of defects or irregularities (Tilquin,
1985). Radical species responsible for ESR spectrum
of irradiated STZ are expected to have different de-
cay characteristics depending on the sample temper-
ature. In other terms, the decay rates of the radicals
at high temperature are expected to be higher than
the decay rates at low temperatures. In fact, it was
found that it was the case. Increase in temperature
accelerated the decays of the radicals and the higher
the temperature, the higher were the decay rates. The
decay results relative to the height of peak 5 of a
sample irradiated at a dose of 50 kGy and annealed
at different temperatures for different times are given
Fig. 5 as an example of these variations. Similar de-
cay graphs were obtained for other resonance peaks,
but they were not given here to save space. Experimen-
t an-
n ulate
t t the
a low a
fi
r ying
w ex-
p s in
F od
( by
t icals
c the
S an-
n rized
i to
d ting
r
o

aused continuous decreases in the heights of all
ance peaks. Relatively sharp decreases, especia

he heights of 5th and 6th peaks, were observed t
ur. Above 372 K, ESR spectrum of STZ turned
nto a singlet resonance line. This indicates that at
emperatures, most of the radical species were dec
ompletely except that or those contributing to the c
al peak height decay data obtained for samples
ealed at different temperatures were used to calc

he decay constants of the contributing radicals a
nnealing temperatures assuming that radicals fol
rst-order kinetics as given byEq. (3). A model of four
adical species of different decay constants deca
ith assumed kinetics were found to fit best the
erimental signal intensity decay data. Dotted line
ig. 5, which are derived through a curve-fitting meth

Stark, 1970) show the theoretical curves obtained
his procedure. Decay constants calculated for rad
ontributing to the formation of the ESR spectra of
TZ samples irradiated at a dose of 50 kGy and
ealed at five different temperatures are summa

n Table 4. An Arrhenius plot was also constructed
etermine the activation energies of the contribu
adical species, and the values given inTable 5were
btained.
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Fig. 5. High-temperature decay results for peak 5 of a sample irradiated at a dose of 50 kGy and annealed at five different temperatures ((©)
(310 K), (�) (348 K), (	) (365 K), ( ) (393 K), (�) (413 K)) for different times.

3.6. Proposed radical species and specta
simulations

SO2 is the most sensitive group to radiation in
STZ molecule due to its high electrophilic feature.
Therefore, radicals with unpaired electrons localised
on SO2 group is expected to be produced upon irradi-
ation of STZ as in the case of sulphur-containing com-
pounds (Samoilovich and Tsinober, 1970; Bershov et
al., 1975; Huzimura, 1979; Katzenberger et al., 1989;
Barbas et al., 1992; Kai and Miki, 1992; Walther et
al., 1992). These radicals exhibit no hyperfine structure
and they haveg tensor of orthorombic symmetry with
an average value varying between 2.0037 and 2.0059
(Samoilovich and Tsinober, 1970; Bershov et al., 1975;
Huzimura, 1979). Experimentalg values determined
in the present work for intense resonance peaks of
the gamma irradiated STZ fall into this range. Conse-
quently, we believe that SO2− ionic (hereafter radical
A) and RSO2

o∗ neutral (hereafter radical B) species
are the responsible magnetic units from the three in-
tense resonance peaks appeared at the middle of the
ESR spectra of gamma irradiated STZ. Radicals A and

B produced in irradiated crystalline powder of STZ are
randomly oriented. However, the motion of species B
is restricted, in large extent, due to the big R group at-
tached to it, so that it gives rise to powder spectra with
principal g values varing betweengxx = 2.0022–2.0031,
gyy = 2.0015–2.0098 andgzz = 2.0058–2.0066
(Bershov et al., 1975; Huzimura, 1979). As for SO2

−
ionic species, its motional freedom is high due to rel-
atively weak steric effect experienced by this species
and, as a result of this, it gives rise to a single resonance
line of average spectroscopicg factor varying between
2.0037 and 2.0059 (Samoilovich and Tsinober, 1970;
Huzimura, 1979). Other plausible species are likely to
be produced after hemolytic ruptures of SN and C S
chemical bonds in irradiated STZ. They are assigned
as C and D species, respectively in the present work.
However, all species produced after irradiation are ex-
pected to undergo immediate germination termination
reactions (Tilquin, 1985) due to cage effect. There-
fore, the amounts of the species responsible from the
ESR spectra would be different depending on the ca-
pacity of these species participating to the germination
reaction.
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Table 4
Decay constants at five different temperatures for the radicals con-
tributing to the ESR spectra of STZ samples irradiated at a dose of
50 kGy

Annealing
temperature (K)

Radical
species

Decay constants
k× 105 (min)−1

Correlation
coefficient (r2)

310 A 9 (±1) 0.96
B 52 (±7)
C 10660 (±325)
D 2451 (±95)

348 A 59 (±8) 0.97
B 380 (±30)
C 27000 (±430)
D 11000 (±360)

365 A 344 (±45) 0.98
B 1230 (±75)
C 46000 (±550)
D 17000 (±280)

393 A 1575 (±105) 0.99
B 5500 (±120)
C 68000 (±310)
D 35200 (±180)

413 A 1675 (±120) 0.99
B 6462 (±110)
C 102000 (±220)
D 56207 (±205)

Figures in parenthesis indicate the estimated error on the relevant
parameters.

Simulation calculations were performed to support
the idea put forward and to determine correct spectro-
scopic parameters of the contributing radical species
assuming the presence of four radical species proposed
above, exhibiting isotropic (species A, C and D) and ax-
ially symmetric (species B)g tensors. Room temper-
ature experimental signal intensity data obtained for
a sample irradiated at a dose of 50 kGy were used as

Table 5
Activation energies calculated from the decay constants derived for
samples irradiated at a dose of 50 kGy

Radical
species

Activation energy
(kcal/mol)

Correlation
coefficient (r2)

A 14.0 (±1.5) 0.98
B 12.6 (±0.9) 0.99
C 5.5 (±0.2) 0.99
D 7.7 (±0.2) 0.99

Figures in parenthesis indicate the estimated error on the relevant
energy.

Fig. 6. Experimental and calculated ESR spectra for STZ irradiated
at a dose of 50 kGy. Solid line: theoretical;0 dashed line: experimen-
tal.

input to carry out the simulation calculations. The re-
sults of these calculations are summarized inTable 6,
and theoretical spectrum derived using the parameter
values given in this table are presented inFig. 6 with
its experimental counterpart. As seen fromTable 6,
linewidth and relative weight of the radical D are fairly
large compared with other species due to unresolved
hyperfine splitting originating from equivalent proton
of benzen ring and possibly large steric effect experi-
enced by this species. Species B, which has a line width
of 1.4 G and relative weight of 0.21, practically domi-
nates ESR spectra due to the distribution of itsg value
over a large scale. The agreement between experimen-
tal and theoretical spectra derived using calculated pa-
rameters is rather good which indicates that the model
based on four proposed tentative species of different
characteristic features explains well the experimental
ESR spectra of irradiated STZ.

3.7. FT–IR spectra of STZ

IR spectroscopy was thought to be a complemen-
tary technique to elucidate the types and structures of
the possible radiation-induced species silent to ESR
spectroscopy and, as a result, FT–IR spectra of both
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Table 6
Calculated spectroscopic parameters for proposed radical species

Radical species g factor Spectroscopic parameters Relative weight

Line width (G) HyperfineAN(G) SplittingAH(G)

A SO2
− 2.0051± 0.0002 1.5± 0.2 – – 0.06

B 2.0106± 0.0002 1.4± 0.2 – – 0.21

2.0030± 0.0002

C 2.0059± 0.0002 0.8± 0.2 13.7± 0.2 3.6± 0.2 0.01

D 2.0039± 0.0002 8.0± 0.2 – 3.2± 0.2 0.73

unirradiated and 50 kGy gamma irradiated STZ sam-
ples were also recorded at room temperature. How-
ever, no significant changes in the IR bands of STZ
molecule attributable to any final products created by
gamma radiation were detected. Therefore, it was con-
cluded that the amounts of the radiation-induced final
products were very small not creating any detectable
changes in the IR bands orginating from undamaged
molecules. This result was considered as correlating
with relatively smallG value of 0.1 reported in the
present work for gamma irradiated STZ by ESR tech-
nique. As is known,G value represents the number of
radicals produced by the absorbed radiation per 100 eV
(Ikeya, 1993).

4. Conclusions

Although unirradiated STZ exhibits no ESR sig-
nal, samples irradiated at room temperature exhibited a
complex ESR spectra consisting of 10 resonance peaks,
which saturated as inhomogenously brodened reso-
nance lines in the microwave power range 1–80 mW.

Dose–response curves related with the studied res-
onance peaks follow exponential increases in the radi-
ation dose range of 5–50 kGy.

Radical species responsible from experimental ESR
spectra are unstable at normal (290 K open to air) and
stability (313 K and 75% relative humidity) conditions,
and they decay nearly completely over a period of 50
d ility

conditions. A model based on four tentative radical
species, decaying with different rates, was found to ex-
plain well experimental decay data obtained for studied
resonance peaks.

Although radical species undergo reversible
changes below room temperature, they show irre-
versible change above 320 K.

Annealing samples at high temperatures produce
much faster decay in the peak heights due to significant
decrease in cage effects, which causes an increase in
the radical encounter frequency giving rise to fast decay
of the radical species at these temperatures. However,
decay activation energies of the radical species are not
same. Although activation energies of species C and D
are almost similar (5.5± 0.2 and 7.7± 0.2 kcal/mol,
respectively), they are much smaller than those ob-
tained for species A (14.0± 1.5 kcal/mol) and B (12.6
± 0.9 kcal/mol).

A model based on four tentative species having dif-
ferent features was found to explain well ESR data ob-
tained for STZ gamma irradiated up to 50 kGy. Species
B dominates the shape of experimental ESR spectra due
to its narrow linewidth although it has a weight smaller
than that obtained for species D.

Radiation yield of STZ is calculated to be fairly
small (G = 0.1) compared with those reported for sul-
fonamide solutions (G varies in the range of 3.5–5.1),
but it falls into the range of theG values reported
for solid sulfonamides (0.15–0.6) (Philips et al., 1971,
1973). This difference inGvalues was believed to origi-
n s
ays at normal conditions and still faster at stab
 ate from hydrated electron (e−

eq) and hydroxyl radical
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(•OH) produced in large amount as radiolytic interme-
diates in irradiated aqueous solutions of sulfonamides.
Although, the sensitivity of STZ to gamma radiation is
not high, the detection and discrimination of unirradi-
ated STZ from irradiated one turns out to be possible
even at low radiation doses (Fig. 2a).

Gamma radiation dose up to 50 kGy creates no
changes in the amount of STZ molecules detectable
by FT–IR spectroscopy.

Basing on the above results, it was concluded that
gamma radiation doses up to 50 kGy produce relatively
low-amount radicalic intermediates in irradiated STZ
and that ESR spectroscopy can be used as a potential
technique to characterize these intermediates.
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Ş. Çolak, M. Korkmaz / International Journal of Pharmaceutics 285 (2004) 1–11 11

Schuler, R.H., 1994. Three decades of spectroscopic studies of ra-
diation produced intermediates. Radiat. Phys. Chem. 43, 417–
423.

Stark, P.A., 1970. Introduction to Numerical Methods. Macmillan
Publishing Co. Inc, London, p. 273.

The Merck Index, 1989. In: Budavari, S., O’Neil, M.J., Smith,
A., Heckelman, P.E. (Eds.), An Encyclopedia of Chemicals,

Drugs and Biologicals, 11th ed., Merck and Co. Inc, USA, pp.
1403–1412.

Tilquin, B., 1985. Composant Radicalaire des Transformations
Radio-initiées Dans Les Alcanes̀a 77 K Th̀ese Dagŕegation.
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