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ESR dosimetry and radical kinetics of gamma-irradiated propyl gallate
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h i g h l i g h t s

� Polycrystalline propyl gallate was c-irradiated at room temperature and studied using ESR spectroscopy.
� Irradiated PG were present almost a singlet ESR spectra.
� Two different radical species were identified from the ESR spectra and simulation calculation.
� Kinetic features of the radicals were investigated at high and room temperatures, and the activation energies were calculated.
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a b s t r a c t

Propyl gallate (PG) is one of the most effective synthetic antioxidant. In the present work, the effects of
gamma radiation on powder PG were investigated by Electron Spin Resonance (ESR) spectroscopy. The
experimental spectra of irradiated PG were found to be consisted of two different overlapped spectra that
originated for different radical species. Structural and kinetic features of the radicals which are respon-
sible for experimental ESR spectrum were explored through the variations of the signal intensity with
applied microwave power, variable sample temperature, and high-temperature annealing studies. Acti-
vation energies of the radical species were determined using the data derived from annealing studies.
The dosimetric potential was also investigated in the range of 0.5–25.0 kGy. It was found that the G value
of PG is about 0.35.

� 2014 Elsevier B.V. All rights reserved.

Introduction

Propyl gallate (PG), or chemically n-propyl ester of 3,4,5-trihy-
droxybenzoic acid, is an ester of gallic acid, and it is freely soluble
in ethanol and slightly soluble in water. PG is widely used as an
antioxidant in food (E310), cosmetic, pharmaceutical and lubri-
cants industry to prevent the oxidation of unsaturated fatty acids
[1–8]. However, some early researchers emphasize that PG have
some toxicological effects [9–16], the Cosmetic Ingredient Review
Expert Panel reported that PG is safe to use at concentrations less
or equal to 0.1% (6).

Ionizing radiation has been used for sterilization of foods, food
additives and pharmaceuticals and established as a safe and effec-
tive method [17–19]. Using radiation to sterilize substances gener-
ally generates free radicals that have unpaired electron. Electron
Spin Resonance (ESR) or Electron Paramagnetic Resonance (EPR)
spectroscopy is successfully used in detection of radiation-induced
radicals which have unpaired electron [20–35]. Moreover, kinetic
features of the radiation-induced radicals and dosimetric potential

of the material could be determined using ESR spectroscopy
[25–31]. However, effects of ionizing radiation on PG have not
been reported in the literature. The radiolytic degradation and oxi-
dation effect of gallic acid in aqueous solution have been studied
using different spectroscopic methods in the literature [36–38].

It is important to determine the radiation effect and the radio-
sensitivity of PG from the effectiveness of point of view in the case
of radiation sterilization of materials containing it as additive.
Thus, the aim of the present work is to determine radio-sensitivity
of PG through a detailed ESR investigation carried out on the
kinetic and spectroscopic parameters of the radicals produced
upon gamma irradiation PG, and to determine the dosimetric
potential of PG in the intermediate dose range (0.5–25 kGy).

Materials and methods

The PG samples (Fig. 1) were provided from Aldrich, and no fur-
ther purification was performed. All irradiations were performed at
room temperature (�290 K) on powder samples open to air using a
60Co gamma source supplying by a dose rate of 0.80 kGy/h as an
ionizing radiation source at the Sarayköy Establishment of Turkish
Atomic Energy Agency in Ankara. The dose rate at the sample sites
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was measured by a Fricke dosimeter. A set of samples irradiated to
doses of 0.5, 1.0, 2.0, 5.0, 7.0, 10.0, 15.0, 20.0, and 25.0 kGy were
used to determine the radio-sensitivity of PG and to construct
the dose–response curve. Samples irradiated with a dose of
10 kGy were used both to investigate spectral, and kinetic features
of the radical species.

ESR measurements were carried out using a Bruker EMX-131 X-
band ESR spectrometer equipped with a high sensitive cylindrical
cavity. The magnetic field was measured with an NMR teslameter
which provided the opportunity of measuring the actual magnetic
field at the site of the sample. Thus, the g value could be deter-
mined directly from the experimental spectra. This was controlled
by taking 2,2-diphenyl-1-picrylhydrazyl (DPPH) spectrum before
and after each measurement (g = 2.0036). The operation conditions
were used as follow; central field, 351 mT; microwave power,
0.4 mW; microwave frequency, �9.86 GHz; (central field,
333.5 mT; microwave power, 0.04 mW; microwave frequency,
�9.37 GHz at low temperatures) scan range, 5 mT; modulation
amplitude, 0.1 mT; receiver gain, 2.52 � 104; modulation fre-
quency, 100 kHz; sweep time, 83.89 s. A digital temperature con-
trol unit (Bruker ER 411-VT) was used to monitor the sample
temperature inside the microwave cavity. Cooling, heating and
subsequent cooling cycles were adapted to monitor the free radical
evaluation in a wide range of temperatures. The temperature of the
samples was initially decreased to 130 K, starting from room tem-
perature with a decrement of 20 K, then increased to 400 K, and
finally decreased again to room temperature. Kinetic behaviors of
the contributing radical species were evaluated through annealing
studies at 370, 380, 390 and 400 K. The cavity was heated to a pre-
determined temperature then the samples were located inside the
microwave cavity and kept at this temperature for a predeter-
mined time for thermal equilibrium, and the ESR spectra were
recorded at intervals of two minutes without cooling the samples
back to room temperature.

Experimental results and discussion

Room temperature studies

While the unirradiated PG do not exhibit any ESR signal, the
irradiated samples were found to present almost a singlet ESR
spectra (Fig. 2b). Room temperature spectra was measured to
spread over a magnetic field range of approximately 2.4 mT with
0.55 mT linewidth and centered at about g = 2.0045. Variations of
the signal intensity (denoted as I, Fig. 2b) were investigated at dif-
ferent experimental conditions.

The microwave (MW) power dependence of the experimental
ESR line was investigated using a sample irradiated with a dose
of 10 kGy. Variations of the assigned line intensity with MW power

were investigated both at room temperature (290 K) and at 130 K.
The MW power was investigated in the ranges of 1.00 � 10�3–
5.05 mW and 1.00 � 10�3–2.53 mW for room temperature and
130 K, respectively. The measured line exhibited the characteristic
behavior of a homogeneously broadened resonance line at room
temperature, which the signal intensity increases at low MW pow-
ers, and then starts to decrease at high MW powers (Fig. 3). As it is
seen from the inset figure of Fig. 3 the same homogeneously broad-
ened behavior is presented at low temperature (130 K), except it
started to saturate at lower MW power values. In this figure (inset
of Fig. 3) the MW power saturation of room temperature and 130 K
are given together to make comparison in the range of
1.00 � 10�3–1.00 mW. The MW powers of 0.4 mW and 0.04 mW
were adapted to avoid the saturation effects at room and below
room temperature experiments, respectively.

The pattern of the low temperature spectrum is started to
change at MW power values higher than 0.63 mW (Fig. 2c). Almost
the same pattern changes were determined at room temperature
above 1.60 mW. The MW power saturation values are given in
the MW power range of which the spectrum pattern is not changed
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Fig. 1. Molecular structure of propyl gallate.
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Fig. 2. ESR spectra of gamma irradiated PG at two different spectrometer
conditions. (a) Unirradiated, (b) room temperature (MW power of 0.4 mW), and
(c) 130 K (MW power of 1.6 mW). (The down-arrow indicate the g value of DPPH
(g = 2.0036), and the two headed arrow indicate the signal intensity, I.)
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Fig. 3. Room temperature microwave saturation behaviors of the measured signal
intensity at a dose of 10 kGy. Inset: the room and low temperature MW saturation
behavior in the range of 1.0 � 10�3–1.0 mW (j room temperature, and D 130 K).
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to ignore the dramatic change in the interested signal intensity.
This pattern change has provided useful information about the rad-
ical formations of the irradiated PG. Namely, the experimental ESR
spectra (Fig. 2b) was constituted by overlapping of more than one
component that have different spectroscopic features.

The radical stability at room temperature of the sample irradi-
ated to 10 kGy is monitored about 2 months, and the ESR spectra
were recorded at regular time intervals. The measured experimen-
tal signal intensity variations on storage time are given in Fig. 4.
The same decay function that used to describe the annealing study
is used to determine the kinetic features at room temperature, and
it is found to be a good agreement with the experimental data.
Here, the relative weights findings from the simulation calculation
are used for the initial ratio of each radical.

High temperature effect on the signal intensity

Changes in the signal intensities with temperature and time can
give important information about the stabilities and the number of
radical created upon irradiation. Variations of the signal intensity
with temperature investigated in the temperature range of 130–
400 K using a sample irradiated with a dose of 10 kGy. The unirra-
diated sample was also controlled for radical formation due to
temperature up to 400 K, and no ESR signal was observed. The find-
ings from the MW power saturation carried out at 130 K were
adopted and it was set to 0.04 mW to avoid saturation effects.
The measurements were taken 60 s after the temperature reached
to the desired value. The measured intensities were normalized to
the intensity at starting temperature (290 K) to make comparisons.
Cooling the sample to 130 K and heating again to room tempera-
ture were presented reversible changes and the measured intensity
reached to their initial values before cooling. Heating the sample
above room temperature produced irreversible decreases in the
investigated intensity (Fig. 5). As it is seen from the figure, the
decay rate above 370 K is higher than below this temperature. This
increase in decay rate was due to the softening in the solid matrix.
The softening increases the mobility of the radicals, and as a con-
sequence the radical decay rate was increased.

To get more information about the kinetic properties of the rad-
icals produced after irradiation of PG, annealing studies carried out
at high temperatures were performed. In this respect samples irra-
diated at 10 kGy were annealed at four different temperatures
(370, 380, 390 and 400 K) for predetermined times up to 60 min.
Experimental decay data obtained for the line intensity were fitted
to a function consisting of the sum of two exponentially decaying functions (I = I10 � exp(�k1 � t) + I20 � exp(�k2 � t)) assuming that

the radical species undergo first order kinetics (Fig. 6), and the
decay constants of each radical (k1 and k2) were calculated at four
different temperatures. The relative weights findings from the sim-
ulation calculation were used for the initial radical concentrations
I10 and I20. Activation energies of the involved species were also
calculated from ln(k)�1

T graphs and 79.08 kJ/mol and 71.03 kJ/mol
were obtained for PG1 and PG2, respectively (Table 1).

Simulation calculation of experimental room spectrum

According to the MW power findings at high MW power values,
and literature [36–38]; spectrum simulation calculations based on
a model predicting the presence of two radical species with differ-
ent spectroscopic features were tried to determine the experimen-
tal spectroscopic parameters of the gamma irradiated PG. Signal
intensity data derived from the room temperature ESR spectrum
of a sample irradiated with a dose of 10 kGy were used. The results
of the simulation calculations are presented in Table 2. The theo-
retical spectrum of each species and their sum are given in Fig. 7
with their experimental counterpart for comparison. The similar
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Fig. 4. Stability of the experimental ESR signal intensity at room temperature.
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Fig. 5. Variation of the signal intensity with temperature for a sample irradiated at
dose of 10 kGy. (Cooling from 290 to 130 K and from 400 to 290 K (dashed lines);
heating from 130 to 400 K (solid lines)).
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Fig. 6. Variation of the signal intensity for a sample irradiated at dose of 10 kGy
with annealing time at different temperatures. Symbols represent experimental
data (j (370 K), d (380 K), N (390 K), . (400 K)); dashed lines represent the
calculated data.
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radicals proposed in the literature [36–38] were adopted to
describe the experimental spectra of PG. The first radical denoted
as PG1 is supposed to be produced by the loss of the hydroxyl H
atom. The ESR spectrum of PG1 expected to be a singlet, and does
not show any hyperfine splitting. The unpaired electron of the
other radical (PG2) interacts with one proton and is present a dou-
blet ESR spectra. Although the radical chemistry in aqueous solu-
tions has expected to be different for solid state, the agreement
between the experimental and model spectra have confirmed the
correctness of the proposed radical (Fig. 7).

Dosimetric features of PG

The dosimetric features of PG were investigated in the range of
0.5–25.0 kGy using ESR spectroscopy. ESR is commonly used for
dose measurement, and is successfully used in the discrimination
of irradiated samples from unirradiated ones. Samples irradiated
at dose range of 0.5–25.0 kGy were used to construct dose–
response curves. The measured signal intensities, which normal-
ized to mass of samples and spectrometer gain, were divided to
the highest intensity at 25.0 kGy to make comparisons. It was con-
cluded that the sum of two exponential function of applied dose,
that has the type of IðDÞ ¼ a1 � ð1� e�D=b1 Þ þ a2 � ð1� e�D=b2 Þ
describes best experimental data (Fig. 8), where I and D stand for

the intensity and applied dose in kGy, respectively, and the con-
stants in the equation are the parameters to determine.

Alanine was used as a reference standard to determine the radi-
ation yield (G) of the interested material, which is described as
number of radicals formed per 100 eV. Ikeya [39] was accepted
G = 1 for alanine. The ESR spectrums of irradiated alanine and PG
at 10 kGy are recorded in the same spectrometer condition (given
in section ‘Materials and methods’), and the spectrum area of the
absorption curves, which found by double integration of the
recorded experimental ESR spectra [40], are calculated and nor-
malized to the mass and to the spectrometer gain. It is found that
the G value of PG is about �0.35.

Conclusion

Gamma irradiated PG exhibits an ESR spectrum originated for
two different radicals, that their ESR spectra are overlapped and
looks like as a singlet (Fig. 2b). These two spectra were separately
distinguished at high MW power values at 130 K. Thus, a model
based on the presence of two radical species denoted as PG1 and
PG2 of different spectroscopic and kinetic features was found to
describe well the experimental ESR spectra of the irradiation of
PG. The radical PG1 supposed to be a singlet, and the unpaired
electron located on the O atom bonded to the C3 or C5. The other
radical (PG2) show a doublet due to the interaction of the unpaired
electron with one proton (H) and has the form as shown in Table 2.

The decay of the assigned line is relatively fast above 370 K.
While, the pattern of experimental ESR spectra at the end of the
annealing at 400 K is not changed, it is concluded that the activa-
tion energies of each radical should not be very different, and the
69.98 and 74.67 kJ/mol values are found. The radicals are decayed
even at room temperature and after two months of storage almost
45 percent of the radicals were decayed.

Instability of the radicals produced upon irradiation PG at the
room and at high temperature, non-linear dose–response behavior,
and low G value (�0.35) makes PG is not suitable to be a good dosi-

Table 1
Decay constants and activation energies calculated for responsible radical species at four different annealing temperatures.

Species Decay constants (�10�3) (min�1) Activation energy (kJ/mol)

370 K 380 K 390 K 400 K

PG1 38.76 77.83 131.52 216.43 69.98 ± 5.41
PG2 4.40 8.79 13.06 29.28 74.67 ± 5.41

Table 2
Spectroscopic parameters calculated for contributing radical species.

Radical Relative weight Spectroscopic parameters

_O(OH)2C6H2COO(CH2)2CH3 35.0 DHpp = 0.46 (±0.03) mT

(PG1) (± 2.7) giso = 2.0044 (±0.0003)

O(OH)2
_C6H2COO(CH2)2CH3 65.0 DHpp = 0.63 (±0.06) mT

(PG2) (± 2.3) giso = 2.0046 (±0.0002)
Aiso = 0.50 (±0.07) mT
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Fig. 7. (a) Experimental (black line) and simulated (dashed line) ESR spectra
calculated using parameter values given in Table 2. (b) Spectra of radical PG1, and
(c) spectra of radical PG2.
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Fig. 8. Variation of the normalized signal intensity (I) with applied radiation dose.
Dashed line: calculated using the exponential function (see Table 2).
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metric material. It is concluded that, due to low radiosensitivity
there are no disadvantages in using PG as an antioxidant in radio-
sterilized food, cosmetics, pharmaceutical drugs, etc.
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