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irradiated solid calcium ascorbate dihydrate using ESR
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Effects of gamma radiation on solid calcium ascorbate dihydrate were studied using electron spin resonance
(ESR) spectroscopy. Irradiated samples were found to present two specific ESR lines with shoulder at low
and high magnetic field sides. Structural and kinetic features of the radicalic species responsible for
experimental ESR spectrum were explored through the variations of the signal intensities with applied
microwave power, variable temperature, high-temperature annealing and room temperature storage time
studies. Dosimetric potential of the sample was also determined using spectrum area and measured signal
intensity measurements. It was concluded that three radicals with different spectroscopic and kinetic
features were produced upon gamma irradiation.
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1. Introduction

Calcium ascorbate dihydrate (CaAs), or chemically calcium salt of 2,3-didehydro-L-threo-
hexono-1,4-lactone dihydrate, is water soluble calcium salt of ascorbic acid (AAs), and has the
formula of Ca[(C6H7O6)

−]2 · 2H2O. CaAs is white to slightly yellow odorless crystalline powder
with a melting point about 440 K. It crystallizes as the monoclinic with the space group of P21

and there are two molecules in the unit cell (1–3). It is commonly used in food and cosmetic
industries as an antioxidant (4–8) and in medicine as vitamin C and Ca source (9–12). CaAs is a
common antibrowning agent for several fresh-cut fruits, primarily for apples (13–19).

Using ionizing radiation for sterilization of foods and pharmaceuticals has been established
as a safe and effective method after more than five decades of research and development. High
penetrating power, low measurable residues, small temperature rise and fewer variables to control
are the advantages of the radiosterilization. Thus, sterilization can be carried out on the finally
packaged product and is applicable to heat-sensitive products (20–23). Despite these advantages,
irradiation also causes damage in the molecular structure. Electron spin resonance (ESR) spec-
troscopy has been frequently used for identifying irradiation damage centers in many substances
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62 H. Tuner

(24–32). In this study, kinetic and structural features of the radicalic intermediates produced upon
gamma irradiation and dosimetric features of CaAs were studied using ESR spectroscopy.

Effects of gamma radiation on AAs and its sodium salt (NaAs) have been reported by different
researchers using ESR spectroscopy (26–32). Rexroad and Gordy (26) have already reported the
gamma radiation effects on solid CaAs, and they observed a singlet ESR line. However, room- and
high-temperature kinetic features, and spectroscopic parameters of the radical species produced
after irradiation of CaAs were not reported in the literature. Therefore, the aim of this study is to
determine the room- (290 K) and high-temperature (370, 380, 390 and 400 K) kinetic features,
structures and spectroscopic parameters of the radical species produced upon gamma irradiated
CaAs through annealing studies and spectrum simulation calculations, respectively. Moreover, the
usefulness of ESR spectroscopy in determining the applied radiation dose to CaAs is investigated.

2. Materials and methods

CaAs sample was provided from Aldrich and used without any further treatment by keeping in
sealed polyethylene vials at room temperature (290 K) before irradiation. All irradiations and
ESR experiments were carried out at room temperature and on samples open to air in order to
stay under commercial food irradiation and radiation sterilization conditions, and to explore the
possible dosimetric use of CaAs as a normal and/or accidental dosimeter. The irradiations were
performed using a 60Co-γ source supplying a dose rate of 0.8 kGy/h. Dose–response curves were
obtained using a set of samples irradiated at doses of 0.5, 1.0, 2.0, 5.0, 7.0, 10.0, 15.0 and 20.0 kGy.
Samples irradiated to a dose of 10 kGy were used to investigate structural, spectral and kinetic
features of the contributing radical species.

ESR measurements were carried out on samples transferred into quartz ESR tubes of 4 mm
inner diameter, using a Bruker EMX-131 X-band ESR spectrometer operating at 9.8 GHz and
equipped with high-sensitive cylindrical cavity. The operation conditions for both room/high and
low temperatures were determined from the microwave power investigations derived at room
(290 K) and low (130 K) temperatures, and modulation amplitude investigations were derived at
room temperature (central field, 351.5 mT; microwave power, 0.32 mW; microwave frequency,
∼9.86 GHz; (central field, 334.7 mT; microwave power, 0.02 mW; receiver gain, 2.52 × 104;
microwave frequency, ∼9.39 GHz at low temperatures), scan range, 6 mT; modulation ampli-
tude, 0.1 mT; receiver gain, 1.00 × 104; modulation frequency, 100 kHz; sweep time, 83.89 s).
Signal intensities were measured directly from the experimental spectra, and the spectrum area
under absorption curves, which is proportional to the total number of the produced radicals, was
calculated by the double integration technique using the Bruker WINEPR program (33).

The sample temperature was controlled using Bruker ER 411-VT digital temperature control
unit. Cooling, heating and subsequent cooling cycles were adopted to monitor free-radical signal
evaluations over a large temperature range. The temperature of the samples was first decreased
to 130 K, starting from room temperature with a decrement of 20 K, then increased to 400 K and
finally decreased again to room temperature. Kinetic behaviors of the involved radical species
were evaluated at four different temperatures (370, 380, 390 and 400 K). The samples were heated
to a predetermined temperature and kept at this temperature for about 5 min; then, spectra were
recorded at intervals of 2 min without cooling samples to room temperature.

3. Experimental results and discussion

Irradiated CaAs was observed to present an ESR spectrum consisting of two main strong resonance
lines (Figure 1). The spectrum that observed for gamma irradiated CaAs is quite different from that
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Radiation Effects & Defects in Solids 63
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Figure 1. ESR spectra of CaAs: (a) unirradiated and (b) irradiated at 10 kGy.

reported by Rexroad and Gordy (26). Room temperature spectra were calculated to spread over a
magnetic field range 5 mT and centered at about g = 2.0052. The main strong broad line (I1) is a
singlet or unresolved doublet and the other strong line (I2) that located almost at the middle of the
spectra has a small hyperfine splitting with narrow linewidth (∼0.1 mT). These narrow linewidth
make it possible to distinguish the doublet separately. The ESR spectra of irradiated CaAs also
have very weak lines that located at both sides of the strong lines (Figure 1(b)).Although evaluation
of these weak lines was not possible, the spectroscopic features of the responsible radical were
determined by spectrum simulation calculations. These preliminary investigations predict the
presence of two or three different radicals upon irradiation CaAs.

3.1. Variations of the signal intensities with microwave power and modulation amplitude

Samples irradiated at a dose of 10 kGy were used to determine the microwave power saturation
features of the associated radical species.Variations of the assigned line intensities with microwave
power were investigated both at room temperature (290 K) and at 130 K in the ranges 6.40 × 10−4–
6.36 and 2.00 × 10−4–0.50 mW, respectively. The measured lines exhibited the characteristic
behavior of homogeneously broadened resonance lines at room temperatures, that is, an increase
at low powers, and then a decrease at high powers. At low temperature (130 K), the monitored
ESR lines were shown as an inhomogeneously broadened resonance lines. However, evaluation
of I2 was not possible due to the screening of I1. The results are given in Figure 2.

Effects of the modulation amplitude on the ESR lines were also investigated. To achieve this
goal, the sample irradiated at 10 kGy and 0.32 mW microwave power value was recorded at room
temperature at different modulation amplitudes. Variations of each ESR lines of irradiated CaAs
in the range 0.02–0.25 mT are given in Figure 3. Although high modulation amplitudes increase
the signal intensities, the resolution is not as good as at low modulation amplitudes. Thus, 0.10 mT
is accepted as the modulation amplitude value in this study.
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Figure 2. Microwave saturations at room temperature for I1 (�) and I2 (�) intensities for a sample irradiated at a dose
of 10 kGy. Inset: microwave saturations at 130 K.
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Figure 3. Variations of ESR spectra of CaAs irradiated to a dose of 10 kGy with applied modulation amplitudes at the
microwave power of 0.32 mW.
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Radiation Effects & Defects in Solids 65

Table 1. Mathematical functions, parameter values and correlation coefficient best describing
experimental dose–response data.

Functions Spectrum area I1 I2

I = a + b × D + c × D2 a 12.769 3.673 21.118
b 32.000 8.665 8.121
c −0.642 −0.193 −0.239
r2 0.9978 0.9987 0.9577

I = h × D j h 52.655 14.857 31.226
j 0.685 0.651 0.368

r2 0.9947 0.9918 0.9744
I = k × (1 − e−m×D) k 503.436 120.197 84.950

m 0.077 0.090 0.298
r2 0.9979 0.9978 0.9806

I = n × (1 − e−p×D) + q × (1 − e−s×D) n 435.060 84.730 84.772
p 0.085 0.106 0.042
q 231.569 43.189 44.318
s 0.010 0.046 0.904
r2 0.9978 0.9977 0.9837

3.2. Dose–response curves

ESR spectroscopy is commonly used for dose measurement and the discrimination of irradiated
samples from unirradiated ones. For this purpose, the best mathematical functions used to describe
the dose–response curves should be determined. Linear, polynomial and exponential functions are
frequently used for this purpose (27–32). Samples irradiated at dose range 0.5–20.0 kGy were used
to construct dose–response curves. Measured signal intensities and calculated spectrum area from
recorded spectra were normalized to the mass of samples and spectrometer gain. Mathematical
functions given in Table 1 were tried to fit the experimental dose–response data in this study.
It was concluded that an exponential function of applied dose, that is, a function of the type
I = k · (1 − e−m·D) describes best experimental data, where I and D stand for intensity/spectrum
area and applied dose in kilogray, respectively. The results are presented in Figure 4.

The weak lines, which located at both side of the main strong lines, are hardly distinguishable
at low radiation doses, and slightly start to distinguish at high radiation doses.

3.3. Variable temperature studies

Changes in the signal intensities with temperature can give novel information concerning the
stabilities and the number of radical types created upon irradiation. Variations of the monitored I1

intensity (Figure 1(b)) and spectrum area with temperature were investigated in the temperature
range 130–400 K using a sample irradiated to a dose of 10 kGy. To avoid saturation even at the
lowest temperature achievable in this study (130 K), care was taken with the use of microwave
power. Cooling the sample to 130 K produced similar continuous increases in all intensities.
The variations of spectrum area, which is proportional to the total numbers of the produced
radicals, and the dominant line intensity (I1) are illustrated in Figure 5. The intensities and the
spectrum area were normalized to their value at 130 K. The decrease on the increment rate at low
temperature was concluded to be from the microwave saturation effect. The high increment rate
of the broad strong line I1 makes it difficult to evaluate the variations of the I2 intensity below
room temperature.

Heating the sample again to room temperature shows a reversible change, and the measured
intensity and spectrum area reached to their initial values before cooling. Heating the sample
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Figure 4. Variations of the measured intensities and spectrum area with applied radiation dose. Symbols: experimental
(spectrum area (•); I1 (�); I2 (�)); lines: calculated using an exponential function.
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Figure 5. Variations of the spectrum area (•) and I1 (�) with temperature for a sample irradiated at a 10 kGy. (Cooling:
290 → 130 K and 400 → 290 K (dashed lines); heating 120 → 400 K (solid lines)).

above room temperature produced irreversible decreases in the investigated intensity (I1) and
spectrum area (Figure 5). However, the decay rates in the signal intensities and spectrum area
were not the same. The spectrum area decreases faster than intensity I1. This observation predicts
the presence of more than one radical species upon irradiation of CaAs.
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Radiation Effects & Defects in Solids 67

Table 2. Spectroscopic parameters calculated for contributing radical species.

Radical Relative weight Linewidth �Hpp (mT) g-Value Hyperfine splitting (mT)

C

C

O

CO

CO O

H

R
(R1) 84.04 ± 1.73 0.703 ± 0.021 2.0056 ± 0.0004 –

C

C

O

CO

CHO O

H

R

(R2) 3.35 ± 0.84 0.105 ± 0.028 2.0051 ± 0.0006 0.161 ± 0.015

CH1OH2CH2OH 12.61 ± 1.19 0.196 ± 0.018 2.0046 ± 0.0003 H1 1.467 ± 0.009
H2 0.823 ± 0.008

350 351 352 353 354

(d)

(c)

(b)

Magnetic field (mT)

(a)

Figure 6. Experimental (solid line) and theoretical (dashed line) ESR spectra calculated using parameter values given
in Table 2. Sum spectra (a) and spectra of each radical (R1 (b), R2 (c), R3 (d)).

3.4. Simulation and proposed tentative radical species

Spectrum simulation basing on two models predicting the presence of two and three radical species
with different spectroscopic features were tried separately to determine the experimental spectrum
of gamma irradiated CaAs. Predicting the presence of three radical species was found to be the
best model that describes the experimental spectrum. Signal intensity data derived from room
temperature ESR spectra of a sample irradiated at a dose of 10 kGy were used. The results of the
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68 H. Tuner

Table 3. Decay constants and activation energies calculated for responsible radical
species at four different annealing temperatures.

Decay constants (min−1 ×10−3)

Activation energy
Species 370 K 380 K 390 K 400 K (kJ/mol)

R1 1.56 2.86 5.98 9.80 75.79 ± 1.32
R2 39.57 61.67 110.76 163.14 59.28 ± 0.73
R3 5.62 16.65 56.04 120.40 120.65 ± 9.74

simulations are presented in Table 2. Theoretical spectrum of each species and their sum were also
given in Figure 6 with their experimental counterpart for comparison. It is seen that theoretical and
experimental spectra are in good agreement and that model based on the presence of three different
radical species of different kinetic and spectroscopic features describes the experimental spectrum
very well. According to the spectroscopic features derived from the spectrum simulations, these
three radicals showed similar features to the radicals which were previously proposed for irradiated
CaAs (26), AAs (26, 29–31) and NaAs (32). The radical proposed by Rexroad and Gordy (26),
which was produced by loss of the hydroxyl H atom and did not show any hyperfine splitting,
is the radical responsible for the main strong singlet line (I1), and it is denoted as radical R1 in
this study. The other radical proposed by Tuner and Korkmaz (29, 31) and denoted as radical-II
for AAs and radical-A for NaAs is the radical responsible from the doublet which located at
the middle of the broad line (denoted as R2 in this study). The radical denoted as radical-I by
Tuner and Korkmaz (30) which proposed to be produced after gamma irradiation of AAs and has
the form of CHOHCH2OH (R3 in this study) is also produced in gamma irradiated CaAs. The
unpaired electron of the latter radical interacts with two inequivalent protons, which cause to split
to four ESR lines.

3.5. Annealing studies at high temperature

Variations of the line intensities and spectrum area at high temperature were studied to get
information about kinetic features of the radicals produced in irradiated CaAs. Data derived
at four different temperatures (370, 380, 390 and 400 K) for the spectrum area of a sample
irradiated at 10 kGy are given in Figure 7. Similar variations were obtained for the measured
line intensities (I1 and I2). Due to difficulties in determining the contribution ratio of each
radical to the signal intensities, calculated spectrum area is used in this investigation. There-
fore, the relative weight that obtained from the spectrum simulation for each radical could
be used to get a better result about the kinetics of the radicals. A function of the type of
Y(t) = Y(R1)0 · exp(−kR1 · t) + Y(R2)0 · exp(−kR2 · t) + Y(R3)0 · exp(−kR3 · t) was used to fit the
experimental decay data, where Y(R)0’s indicates the initial radical weights, and kR’s indicates
the decay constants to be determined. The results obtained for the spectrum area are given in
Table 3. Calculated decay constants given in the table were used to drive theoretical variation
curves of the calculated spectrum area data with annealing time at each annealing temperature.
Activation energies of the radicals were calculated from ln(k) − T−1 graphs (Arrhenius graph)
and following values were obtained for each radical; ER1 = 75.79 kJ/mol, ER2 = 59.28 kJ/mol
and ER3 = 120.65 kJ/mol.

3.6. Stability of the radical at room temperature

The sample irradiated at a dose of 10 kGy was stored at room temperature open to air over a storage
period of 90 days and its spectra were recorded in regular time intervals. Collected data relevant
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Figure 7. Variations of the spectrum area for a sample irradiated at dose of 10 kGy with annealing time at four different
temperatures. Symbols: experimental (370 K (�), 380 K (•), 390 K (�) and 400 K (�)); lines: theoretical (calculated
using parameters given in Table 3).
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Figure 8. Variation of the spectrum area with storage time at room temperature.

to the spectrum area are presented in Figure 8. As it is seen, the spectrum area experiences fast
decreases at the beginning of the storage period and after 2 weeks, more than 20% were decayed.

In agreement with the results of the spectrum simulation and annealing at high temperature
studies and with the literature findings on irradiated CaAs and AA (26, 30), three radical species
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70 H. Tuner

having different decay characteristics were predicted to take part in the formation of the experi-
mental ESR spectrum of gamma irradiated CaAs. The measured room temperature decay data of
the spectrum area were fitted to the same function, which was used in the annealing study. These
functions present the characteristics of the first-order decay kinetics, and t is the time elapsed
after stopping irradiation.

4. Conclusions

Gamma irradiated CaAs exhibits an ESR spectrum with many resonance lines, which can be
classified into three subgroups; (i) strong singlet with broad linewidth, (ii) doublet with weak
linewidth and (iii) weak lines located at both sides of the strong lines. A model based on the
presence of three radical species, denoted as R1, R2 and R3 of different spectroscopic and kinetic
features, was found to describe the experimental spectra well. Rexroad and Gordy (26) previously
proposed the radical R1 produced in irradiated CaAs, and the radicals R2 and R3 were proposed
by Tuner and Korkmaz (30, 32) for AAs and NaAs salts. The same radicalic species but with
slightly different spectroscopic features are predicted to be produced in the gamma irradiated
CaAs.

The decay of assigned lines and spectrum area above room temperature are relatively fast.
Above 380 K, decrease in the intensity of I2 is faster than I1 and at the end of the annealing times
at 400 K, its maximum start is to be screened by the broad strong line. It is concluded that the
radical R2 decay faster than radical R1. At room temperature almost 20% of the total amount
of radicals were decayed after 2 weeks of irradiation. Despite all these negative founding from
decay at room and high temperatures, ESR spectroscopy could be used for the discrimination of
irradiated CaAs from unirradiated one even after a storage period of 3 months.
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