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a b s t r a c t

High-energy irradiations of polymers may cause bond cleavage or crosslinking and change the structures
and physical properties of the polymers, which may offer various applications. Despite wide investiga-
tion, relationship between the kinetics and mechanism of annihilation after irradiations and the struc-
ture and some physical properties of irradiated polymers is still poorly established. We have been
exploring such possible relationship and report herein investigation of the kinetics of radical annihilation
of g-ray irradiated acrylic, i.e., poly(methylmethacrylate) or PMMA, at elevated temperatures with EPR
spectroscopy. The EPR spectra consist of three components, a quintet Ra, a quartet Rb, and a broad singlet
Rc. Ra and Rb follow second-order annihilation kinetics, while the decay of the radical Rc is comprised of
at least two parallel kinetic processes, a slow second-order pathway and a fast pathway which can be
equally well fitted to first- or second-order kinetics. The kinetics is analogous to that for the radical
decays in irradiated 2-hydroxyethyl methacrylate copolymer. On the basis of the large hyperfine coupling
constant of 230 mT, Ra may be assigned to a radical adjacent to two groups of protons, such as a doublet
of quartet with similar coupling constants due to an anti-methylene proton and a methyl group; the Rb
signal, possibly a methyl radical; and the broad singlet Rc, a magnetically coupled combination species.
Alternative assignments of the radicals have also been suggested. The rate constant increases with
increasing dose for each radical at a given temperature, possibly due to increase in radical concentrations
at higher doses. The rate constants satisfy the Arrhenius equation, suggesting a single mechanistic
pathway for the annihilation process in the temperature range; wherein the activation energy decreases
with increasing dose for all radicals, possibly due to higher concentrations of free radicals in close
proximity produced at higher doses.

� 2011 Published by Elsevier Ltd.

1. Introduction

When polymeric materials are exposed to high-energy irradia-
tions, including UV irradiation, particle bombardment, and g-ray
irradiation, their chemical bonds undergo scission or crosslinking
which can drastically change the structures and physical properties
of the polymers. Thus, these irradiations may have broad applica-
tions, including controlled degradation of synthetic and biopoly-
mers [1e3], influence on optical activities of optical fibers and
coatings [4e7], development of color indicators for radiation [8],
influence on mechanical properties [4,5], disinfection of bone
allografts [9] (despite damages to the bone structure [10,11]) and as
a resist in (photo)lithography [12]. Poly(methylmethacrylate)

PMMA or simply “acrylic” is one of the most widely used plastics
with unique optical and mechanical properties and has been
extensively studied [13], such as its use as an impact-resistant
alternative to glass, coating and fiber in optical devices, biocom-
patible materials in medicine, and painting materials in arts. Irra-
diated PMMA shows that the bond scissions is affected by the
irradiated conditions [14], the mechanical properties are degraded
by g-ray irradiation [15], the average molecular weight [16], the
glass transition temperature [17], the micro-hardness [18], and the
transmittance [19] decrease with increasing dose of the irradiation
while the thermal expansion coefficient increases with increasing
dose of irradiation [17], and bond scission takes place when the
value of linear energy transfer (LET) was smaller than 15 eV/nm,
while crosslinking occurs when greater than 15 eV/nm [20].

Free radicals are the major products in polymeric materials
generated by g-ray irradiation which can be monitored with elec-
tron paramagnetic resonance (EPR) spectroscopy. Particularly, the

* Corresponding author. Tel.: þ886 3 5719677; fax: þ886 3 5722366.
E-mail address: sblee@mx.nthu.edu.tw (S. Lee).

Contents lists available at SciVerse ScienceDirect

Polymer

journal homepage: www.elsevier .com/locate/polymer

0032-3861/$ e see front matter � 2011 Published by Elsevier Ltd.
doi:10.1016/j.polymer.2011.11.001

Polymer xxx (2011) 1e7

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110

JPOL15051_proof ■ 11 November 2011 ■ 1/7

Please cite this article in press as: Peng JS, et al., EPR study of radical annihilation kinetics of g-ray-irradiated acrylic (PMMA) at elevated
temperatures, Polymer (2011), doi:10.1016/j.polymer.2011.11.001

Delta:1_givenname
Delta:1_surname
Delta:1_givenname
Delta:1_surname
Delta:1_givenname
Delta:1_surname
Delta:1_givenname
Delta:1_surname
mailto:sblee@mx.nthu.edu.tw
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2011.11.001
http://dx.doi.org/10.1016/j.polymer.2011.11.001
http://dx.doi.org/10.1016/j.polymer.2011.11.001
Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
-

Original text:
Inserted Text
-



identity of the radicals can be revealed by EPR which renders it
possible to characterize the bond scission patterns and annealing
kinetics in polymers. We have recently revisited g-ray irradiated
syndiotactic polystyrene (PS) by the use of EPR spectroscopy and
kinetics [21], wherein the identity of the radicals was reassigned
and the annealing of the radicals at elevated temperatures was
found to follow first-order kinetics. However, the annealing kinetics
in irradiated 2-hydroxyethyl methacrylate (HEMA) copolymer is
quite different, in which two radical components follow second-
order kinetics while one has a complex kinetic pathway [22].
Although HEMA and PMMA show some structural similarities, their
EPR spectra after irradiation are quite different. Despite extensive
investigation of irradiated polymers, relationship between their
annihilation kinetics and mechanism and their structure and some
physical properties is still poorly established.

The EPR spectrum of irradiated PMMA powder shows apparent
two components, a quintet and a quartet, both with a hyperfine
coupling constant (hcc) of 260 mT, suggested to be due to the main
chain scission radical eCH2

_C(COOMe)CH3 [23,24]. A nine-line EPR
spectrum in irradiated PMMAwas assigned to themonomer radical
and a chain ending radical [25], independent of the presence of 2.5%
squalene [26]. Therein, the decay of radicals in a sample of 1-mm
thick was faster than that of 2-mm sample, which however
cannot be due to the intrinsic decay of the radicals yet attributable
to oxygen and free radical diffusion [26]. Further EPR studies of
irradiated PMMA powder at 77 K [27] revealed three types of
radicals, suggested to be � _CH�, �COO _CH2, and the anion radical
� _CðO�ÞOCH3 which were also suggested to be in irradiated poly(-
ethylmethacrylate) at 77 K [28]. Moreover, we observed a broad
single-line signal in PMMA irradiated with dose greater than
320 kGy [29]. Further studies with GPC and EPR suggested the
efficiency of main-chain scission decreased with decreasing
temperature below 200 K and was constant above 200 K [30]. In
this article we report the study of g-ray irradiated PMMA by the use
of EPR spectroscopy, wherein a few radicals were detected and
identified and their decays analyzed with kinetics, and correlation
with other physical properties further discussed.

2. Experimental

PMMAwas obtained fromDupont, DE, as 6.35-mm thick Lucite L
type cast acrylic sheet. The specimens were cut from the PMMA
sheet into 4.0 � 5.0 � 20 mm3, ground with 800, 1200, and 4000
carbimet papers, and polished with 1.0 mm alumina slurries. Then
the specimens were annealed at 368 K in air and furnace cooled to
room temperature for 24 h, then sealed in glass in air and irradiated
by a Co60 g-ray source with dose rates 16 kGy/h at room temper-
ature. The doses were 320, 480, 640 and 840 kGy.

EPR spectra were recorded at 298 K using a Bruker EMX-10 EPR
spectrometer (Kahrsrule, Germany) with a dual cavity. The micro-
wave power, modulation amplitude, time constant and scan range
are 20.02 mW, 16 mT, 81.92 ms, and 2 T, respectively. The EPR
spectrum of each specimen was measured immediately after irra-
diation, annealingat 313, 323, 333, 343, and353K. TheEPRspectrum
of a specimen was measured in one cavity port, while the corre-
sponding EPR spectrum of DPPH (2,2-diphenyl-1-picrylhydrazyl)
standardwith a total spin of 2.0�1015was recorded under the same
conditions in the other port. Each EPR spectrumwas first deconvo-
luted into a minimum number of components that afford good
overall simulation by the use of the software WinSim2002 [31]
(NIEHSeNIH). Then, each derivative-like EPR component from the
deconvolutionwas double integrated to afford the signal area as the
signal intensity and compared with that of the DPPH standard to
yield the number of spins. The spins of the deconvoluted compo-
nents are then fitted to an appropriate rate law to reveal the kinetic

pattern for the decay. The use of 20 mW increases the signal inten-
sity byabout two times relative to that of 2.0mWwhich allows clear
detection of signal decay for a long period of time up to more than
four days. Otherwise, a four times of the number of scans would be
needed to achieve the same signal-to-noise ratio acquired with
2 mW, which would not be practical especially for acquiring the
spectra at the beginningwhen the decay is relatively faster. The high
microwavepower results inw30% saturation andanoverestimateof
the rate constant kwhich can be easily calibrated. Nevertheless, the
reaction order and the activation energy for the decay fromthe slope
of log(k)-vs.-1/T plots are not affected.

3. Results and discussion

3.1. EPR spectral features

The EPR spectra of annealed PMMA irradiated with g-ray at
doses of 320, 480, 640, and 800 kGy at room temperatures are
virtually identical and a prototypical one with 320 kGy irradiation
dose is presented (Fig. 1). The similarity indicates that the genera-
tion and the decay of radicals reach equilibrium during the irradi-
ation with the various doses. The spectra in a wide range of
temperature from liquid nitrogen temperatures to 353 K are alike,
which indicates that the line-broadening may not be due to
increase in electronic relaxation and/or dynamic fluxion ormobility
but may be due to inhomogeneity of the radical environment in the
polymer. The spectra, however, are significantly different from
those of irradiated syndiotactic PS [21] and HEMA copolymer [22],
despite the presence of similar functional groups in HEMA and
PMMA (Fig. 1). The spectrum of irradiated PMMA shows a signifi-
cantly larger hcc and spin multiplicity than those of PS and HEMA,
indicating the production of different types of free radicals from the
latter ones. Since optical andmechanical properties of polymers are
affected by high-energy irradiations, it is thus important to identify
the radicals and understand the polymer chain cleavage patterns
rendered by the irradiations and correlation with the structures of
the polymers.

The EPR spectra of PMMA irradiated with 320 kGy and annealed
at 313 K right after the irradiation (Fig. 2A) and 10 h later (Fig. 2B)
have very different features, showing a distinct broad signal with
small amounts of sharper features at a longer annealing time. The
spectral features are also different from samples irradiated with
a low dose of 5.0 kGy in the dark at 77 K [27,28] since only stable
radicals can be detected at the elevated temperatures. Despite their

Fig. 1. EPR spectra of g-ray irradiated (320 kGy) PMMA (solid trace), HEMA copolymer
(dashed trace), and PS (dotted trace) at 313 K.
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different features, the spectra at the different annealing times at
313 K can be deconvoluted into the same three components (Fig. 2
and Table 1). One component is a quintet with intensity ratio
1:4:6:4:1 (short dashed traces) dubbed radical Ra, another
component is a quartet with intensity 1:3:3:1 (dashed-dotted
trace) dubbed radical Rb, and the third component is a broad singlet
signal (long dashed trace) dubbed Rc. The simulated spectra (solid
traces, Fig. 2) with the three components are in good agreement
with the experimental spectra. The significant decrease in the
signal intensity of Ra and Rb with time reflects their lower stability.
Moreover, the same hcc of 230 mT in Ra and Rb is close to previ-
ously reported [23,24] yet significantly higher than those in irra-
diated PS (<125 mT) [21] and HEMA (170 mT) [22], reflecting
different proton environment around the radical which is further
discussed below.

3.2. Bond cleavage and assignment of EPR signals

There are four possibilities for bond breakage to occur in PMMA
on the main chain to produce a tertiary radical and a methylene
radical (Scheme 1, pathways a and a’), on the side chain to produce
a methyl radical and a tertiary radical with two adjacent methylene
groups (b), and on the carboxyl side chain to yield a methyl group

and a carboxyl group (c) or a tertiary radical and a methylcarboxyl
radical (d). An early study of g-ray irradiated PMMA by the use of
mass spectrometry revealed the production of relatively large
molar amounts of CO (30.5%), CO2 (15.7%), CH4 (13.1%), and
HCOOCH3 (14.2%) and some HCHO (3.0%) [32], suggesting
a predominant bond cleavage at (d), and possibly (b) as well, as the
primary or a secondary process. Moreover, the nine-line spectrum
was suggested to be attributed from the main chain scission radical

�CH2C
�
ðCOOMeÞCH3 resulted from the decay of the side-chain

�COOC
�
H2 radical [27,28], wherein the methyl group shows a hcc

ca. 230 mT and the two methylene protons have their distinction
coupling constants [33].

Thequintetwith a largehcc of the radical Ramayarise froma free
radical with 4 equivalent protons, possibly originated from (i)
a tertiary radical adjacent to four equivalent protons or (ii) a doublet
of quartet with nearly identical hcc’s. In the case (i) via the cleavage
pattern (b), a tertiary radical is formedwherein only thoseprotons at
the syn or anti position on an adjacent carbon to the free radical can
afford large hcc’s in the magnitude of w230 mT in rigid configura-
tions, analogous to the Karplus correlation commonly used for the
explanation of the J coupling in NMR [34] and for the explanation of
the coupling between a radical orbital and a beta-H [35]. Since only
one proton on each methylene group can be at the syn or anti posi-
tion, spin multiplicity of a triplet or less with the large hcc would be
seen. Conversely, a quintet can be seenwhen this radical moiety has
fast motion to average out the different configurations of the adja-
cent methylene protons. However, since the EPR spectra are not
much sharper at elevated temperatures than at liquid nitrogen
temperatures, restriction of rotationmaybe the case in this polymer.
Cleavage of the main chain (a or a’) yields a tertiary radical that is
adjacent to a methyl and a methylene group as in the case (ii), and
was previously suggested [27,28,35]. In this case, the polymer chain
must adopt a rigid configuration wherein one of the methylene
protons is nearly at the anti position with respect to the radical,
whereas the methyl group at the vicinal position to a radical can
afford a coupling constant in a large range of w130e230 mT [36],
depending on the neighboring functional groups [37,38], and is
w230mT in t-butyl radical and several hydrocarbon radicals [36,39].
If main-chain cleavage occurs, a spin-triplet secondary radical is
expected to form as �CH2eC(CH3)(COOCH3)e. Since there is no
significant contribution from spin triplet in the deconvoluted
spectra, it is possible that this radical is quenched by decarboxyl-
ation and formation of a double bond. The decarboxylation was
suggested to be one main pathway in irradiated PMMA [32].

This quintet signal of Ra with a large hcc marks a significant
difference between PMMA and the analogous HEMA copolymer of
170 mT [22] as well as PS of <125 mT [21]. A common structural
feature between PMMA and HEMA is the backbone repeats of
dCH2CR(CH3)dwithR¼dCOOCH2CH2OH inHEMAanddCOOCH3

Fig. 2. EPR spectra (dotted traces) of PMMA irradiated with 320-kGy g-ray and
annealing at 313 K immediately (A) and after 10 h (B). The spectra are deconvoluted
into radicals Ra (dashed traces), Rb (dash-dotted traces), and Rc (long-dash traces),
along with the simulated spectra (solid traces) from these three components.

Table 1
Isotropic EPR parametersa of the radicals yielding spectra of PMMA in Fig. 1.

Radical g-factor pattern Nb A/mTc DH/mTd

Ra 2.0036 (2) 1:4:6:4:1 4 230 (20) 60
Rb 2.0032 (2) 1:3:3:1 3 230 (20) 100
Rc 2.0042 (2) 1 e e 250

a The numbers in parentheses are the estimated standard deviation.
b Number of adjacent equivalent protons.
c Hyperfine coupling constant.
d Peak to peak linewidth of individual line.

Scheme 1. Q2
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in PMMA. However, the backbone is the most probable cleavage in
PMMA to afford the hcc of 230 mT. The lack of a quintet radical
component thus reflects possible resistance in backbone cleavage in
HEMA, which might be attributable to its structural rigidity due to
crosslinking and/or relatively more cleavage-prone side chains.

The 1:3:3:1 quartet of the radical Rb can be originated from (iii)
a radical hyperfine-coupled with three equivalent protons or (iv)
a methylcarboxyl radical. However, the latter (iv) is not expected to
exhibit a large hcc since the methyl is separated from the radical by
an O atom. The production of CH4 observed in g-ray irradiated
PMMA [32] reflects the generation of methyl radical (via b or c) that
follows by proton extraction. The hcc of a methyl radical trapped in
methane matrix at 4.2 K was previously determined to be 230 mT
[40], consistent with the hccmeasured herein. Since the kinetics for
the generation of CH4was not determined therein tomatchwith the
decay of Rb radical, the identity of this quartet although consistent
with a methyl is tentative. An allylic radical with the resonance
structures of [�CH2eC(COOCH3)]CHe4CH2]C(COOCH3)e�CHe]
can be formed via proton extraction of a alkene moiety formed
during irradiationwhichwas suggested to exhibit a spin quartet due
to the three nearly equivalent protons [35]. However, the hcc’s for
the allylic protonsarearoundor less than150mT [41], too small tobe
accounted for the observed quartet herein. Alternatively, generation
of a double bond on the polymer main chain as eCH]C(COOCH3)e
CH2e and its attack byamethyl radicalmay form a tertiary radical in
the form of eCH(CH3)e�C(COOCH3)eCH2e which would give
a quartet. In this case, the bonds around the radical need to be
fluxional to average out the b-CH and b-CH2 proton hyperfine
couplings to afford a quartet.

The broad singlet signal of Rc has a g-factor 2.0042 and a large
peak-to-peak linewidth of 250 mT. The lack of significant hcc’s of
this singlet reflects that it is a radical isolated from protons, such
as a radical generated from the carboxyl group. The broadness of
this signal does not seem to be consistent with those of Ra and Rb
radicals, possibly due to a combination of more than one species
and/or a significantly lower T2 relaxation. Rc is observed in PMMA
with g-ray irradiation dose greater than 320 kGy [19], but not
lower than that dose. Thus, it is also probably resulted from
magnetic coupling due to multiple adjacent radicals that are
likely to be generated at higher irradiation doses. The irradiated
HEMA copolymer also exhibits a broad EPR feature [22]. Since
a common structural feature between PMMA and HEMA that
lacks interaction with protons is the carboxyl group, this radical
Rc is thus possibly partially attributed to bond breakage on the
carboxyl side chains. The identity of these radicals cannot be fully
assigned without selective isotope labeling on the protons (with
deuterium atoms) and/or carbons (with 13C), which await future
exploration.

Correlation with photodegradation of PMMA caused by pulsed
laser UV irradiation can be drawn, wherein cleavages on the
mainframe (pathways a or a’ in Scheme 1) and side chains (b, c,
and d) are suggested along with the rearranged secondary radicals
by means of EPR, mass spectrometry, and IR spectroscopy [42].
Mechanism for the photolysis and formation of various radicals
therein was proposed. However, the kinetics for the decay of the
radicals has never been determined. Since PMMA is commonly
used as a resist in the (photo)lithography process with an electron
beam, far UV, or X-ray [12], which results in chain scission and
bond cleavage and can afford high-resolution nanostructures
[43,44], better understanding of the kinetic of its lithographic
process with high-energy beams and subsequent annihilation is
thus expected to provide insights into structureereactivity corre-
lation for further applications in nanotechnology. Time-dependent
changes of the radical spin numbers were thus determined to
reveal the rate laws and rate constants for the decays.

3.3. Kinetics of radical decays

The double integral of each sub-spectrum is proportional to the
spin number of the corresponding radical, which can be quantified
with respect to the DPPH standard of 2 � 1015 spins in 420 mm3

and the spin concentrations of Ra, Rb, and Rc obtained by the
corresponding spin number divided by volume. The spin
concentration of Ra as a function of time at temperatures
313e353 K for doses 320 kGy are plotted in Fig. 3A. The traces
obtained for 480, 640 and 800 kGy are similar. Likewise, the
decays of spin concentrations of Rb and Rc are shown in Fig. 3B
and C, respectively. The spin concentration decreases with
increasing annealing time for all temperatures regardless of the
irradiation dosage. For a given time and dose, the spin concen-
tration increases with decreasing temperature. The change in the
spin concentrations N’s of Ra and Rb was analyzed with kinetic
models, and was found to be best fitted to a second-order kinetic
process (Eq. (1)),

dN
dt

¼ �k2N
2 (1)

Fig. 3. The spin concentration of radicals Ra (A), Rb (B), and Rc (C) as a function of time
at 313 (C), 323 (B), 333 (;), 343 (6), and 353 (-) K with irradiation dose of
320 kGy. The decays of the radicals obtained at different doses of 480, 640, and
800 kGy behave similarly. The dashed and solid traces in C are best fits to Eqs. (2) and
(4), respectively.
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wherein k2 is the second-order rate constant. The solution of
Eq. (2) is

1=N ¼ k2t þ 1=No (2)

wherein No is the initial spin concentration. The data are poorly
fitted to a first-order kinetic pathway.

The solid traces in Fig. 3A and B are the best fit of the decay of
the radicals Ra and Rb to Eq. (2), where the initial concentrations
are listed in Table 2 and the values therein in parentheses are
experimental data. The calculated No values are always greater than
the experimental data for all temperatures and doses because the
spin concentration decays very fast at a short time that may result
larger error than at a longer time. Moreover, there is a short initial
delay between the end of the irradiation and the EPR spectral
acquisition. Nevertheless, the rate constants are not changed by the
initial delay and the No values.

The temperature-dependence of the rate constants for the decay
of the spin concentrations of the radicals satisfies the Arrhenius
equation as shown in Fig. 4, from which the activation energy can
be obtained as 77e80 kJ/mol for Ra and 82e85 kJ/mol for Rb
(Table 3). The activation energy decreases with increasing dose for
both radicals Ra and Rb. This may be attributed to the fact that
higher concentrations of free radicals in close proximity can be
produced at higher doses which results in easier termination of free
radicals through coupling of proximal radicals. For a given dose, the
activation energy of Ra is slightly smaller than that of Rb. It is
probably due to that a methylene radical (Ra) is easier than
a methyl radical (Rb) to recombine with cleaved polymer chain. On
the basis of the experimental observations, there is a kinetic barrier
that prevents the annihilation of the radicals. It is known that
radicals in polymers formed by various methods can be quite stable
owing to the relative rigidity of the polymer chains in the
condensed phase which affords only limited mobility. The nature of
this activation energy is thus not attributable to bond breakage but
due to physical restriction of an isolated radical to pair up with
another radical or rearrange to afford unsaturated bond. Bimolec-
ular reactions are suggested to follow second-order kinetics in
condensed phases when the reactions simply need to overcome the
activation barrier upon collision, which are supposed to show
Arrhenius equation-like behavior [45,46]. The kinetics observed herein fits this pattern. However, different systems can behave

differently, even among polymers that show first-order or second-
order annihilation process as we previously observed [21,22]. We
also experienced that the annihilation of color centers in LiF single
crystals was too complicated to be analyzed on the basis of a ther-
mally activated process [47]. Moreover, the annealing in other cases
such as semiconductors is also chemically and physically different
process from radical annihilation of irradiated polymers [48].

The attenuation of spin concentration of radical Rc cannot be
adequately fitted to 1 s-order kinetic process shown in Eq. (2) as for
Ra and Rb. However, the data can be deconvoluted andwell fitted to
a two-step decay process, with a faster step following first-order
kinetics (solid traces, Fig. 3) shown in Eq. (3) and a slower step
following second-order kinetics (dashed traces, Fig. 3),

Table 2
The initial spin concentration No of radicals Ra, Rb, and Rc and N of radical Rc of
PMMA with different doses and annealing temperatures. The values in parentheses
are experimental data of initial concentration.

F(kGy) T (K) N0

Rað�1017Þ
N0

Rbð�1017Þ
N0

Rcð�1018Þ
N

Rcð�1017Þ
320 313 3.95 (3.77) 3.6 (3.46) 1.2 (1.16) 6.5

323 4.5 (4.05) 4.3 (3.90) 1.3 (1.18) 7.5
333 5.25 (4.50) 4.75 (4.22) 1.3 (1.20) 5.2
343 5.1 (4.46) 5.0 (4.47) 1.4 (1.29) 4.6
353 4.8 (4.14) 4.55 (4.07) 1.25 (1.15) 3.5

480 313 4.1 (3.93) 4.1 (3.91) 1.42 (1.37) 7.6
323 4.3 (3.90) 4.2 (3.90) 1.45 (1.39) 10.0
333 4.3 (3.66) 4.05 (3.61) 1.6 (1.34) 7.0
343 4.7 (4.01) 4.7 (3.97) 1.7 (1.46) 5.5
353 3.6 (3.03) 3.5 (3.07) 1.42 (1.08) 3.7

640 313 3.8 (3.24) 3.55 (3.16) 1.62 (1.31) 8.0
323 4.45 (3.60) 4.3 (3.45) 1.75 (1.48) 9.5
333 4.7 (3.61) 4.9 (3.47) 1.55 (1.49) 6.5
343 4.2 (3.47) 4.4 (3.45) 1.28 (1.39) 4.5
353 3.7 (3.03) 3.7 (3.01) 1.5 (1.18) 5.0

800 313 3.7 (3.38) 3.5 (3.24) 1.5 (1.44) 9.0
323 4.8 (3.78) 4.4 (3.60) 1.7 (1.56) 10.0
333 4.2 (3.41) 4.0 (3.18) 1.55 (1.45) 6.5
343 4.5 (3.57) 4.4 (3.31) 1.76 (1.61) 5.1
353 3.6 (2.96) 3.95 (3.01) 1.4 (1.25) 4.0

Fig. 4. Arrhenius plots of the rate constants for the annihilation of radicals Ra (A), Rb
(B), and Rc (C) irradiated with 320 (6), 480 (;), 640 (B), and 800 (C) kGy. The solid
and dashed lines are obtained for the slow and fast decays of radical Rc, respectively.

Table 3
The activation energies (kJ/mol) for the decay of radicals Ra, Rb and Rc of irradiated
PMMA Q1.

Radical Dose (kGy)

320 480 640 880

Ra 80.5 � 3.7 78.5 � 4.1 77.3 � 3.1 77.1 � 1.2
Rb 85.2 � 4.7 83.9 � 3.2 82.8 � 4.5 81.9 � 3.4
Rc (fast step) 82.4 � 1.6 76.5 � 3.6 73.8 � 3.5 71.8 � 3.8
Rc (slow step) 91.0 � 5.5 90.0 � 7.0 87.2 � 7.0 84.6 � 9.2
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dN
dt

¼ �k1N (3)

wherein k1 is the first-order rate constant. The solution of Eq. (3) is
shown in Eq. (4),

N ¼ Noexpð�k1tÞ (4)

wherein No is the initial spin concentration. Note that the
concentration for the slower step is the normalized concentration
(N), which is different from No during fitting to Eq. (2)(Table 2). The
fast decay can be equally fitted with a second-order decay.
However, owing to the limited number of data points, differentia-
tion between the two reaction orders for the fast initial decay
cannot be made and a fast first-order is modeled and presented
herein. The temperature-dependence of the rate constants was
fitted to the Arrhenius equation to afford the activation energies
(72e82 kJ/mol for the faster step and 85e91 kJ/mol for the slower
step; Table 3) which decreases with increasing dose. It is also found
that for a given dose the activation energy follows the sequence
Ra < Rb < Rc in the range of 77e91 kJ/mol for the second-order
kinetics. The relatively high activation energy of Rc compared to
those of Ra and Rb results in its much longer life time, which
renders Rc to be the predominant radical form after annihilation for
10 h (Fig. 2B). The fast first-order kinetics is observed only in radical
Rc. It is probable that it is either too fast to be observed or not
present at all in radicals Ra and Rb.

3.4. Irradiations and physical/mechanical properties

The color of PMMA changes to yellow or brown upon g-ray
irradiation. Since PMMA is transparent to the visible light, the
appearance of color centers must be attributed to defects that
absorb visible light. The formation of color centers in irradiated
PMMAwith irradiation dose from 400 to 1000 kGy was reported to
also follow a second-order kinetic process [19]; however, with
activation energies in the range of 44e51 kJ/mol that are signifi-
cantly different from those for the decays of the radicals observed
herein. It implies that the formation of the color center is not
directly attributed to the decay of radicals. Moreover, hardness of
PMMA was found to decrease linearly with radiation-induced
defects and increase with increasing time during isothermal
annealing [18]. Therein, the increase in hardness due to annihila-
tion of the defects follows a first-order kinetic process with acti-
vation energies within 36e45 kJ/mol in the dose range of
400e1000 kGy. Because the annihilation of the defects and the
formation of the color centers have different reaction orders and
lower activation energies from those of the decays of the radicals
(Table 3 and Fig. 3), both the hardening due to the defects and the
transmittance due to coloration occur with lower activation ener-
gies (hence faster rates) which are thus not likely to be directly
attributed to the decay of radicals in the range of the experimental
time although they might be linked to processes associated with
radical decays. The hardening and coloration with faster rates may
most probably take place prior to the radical decays in the time
frame we monitored.

Although the change in physical properties can be associated
with the formation or decay of free radicals (such as EPR spectral
features and intensities due to the identity and quantity of radicals,
change in hardness due to bond breakage or crosslinking, and
detection of color centers due to formation of defects), the changes
occurring outside the time frame of the radical decays hereinwould
not be detected. The different rate constants of some physical
properties from those of the radical decays herein suggest their
different mechanisms and/or time frames during g-ray irradiation.
A recent study showed that pure PMMA film has no influence on its

UV/Vis spectrum upon UV irradiation [49]. However, the use of
low-intensity Hg UV lamp for the study may not effectively cause
bondecleavage reactions in the polymer. Conversely, the two peaks
at 270 and 315 nm in PMMA disappear after g-ray irradiation and
the intensity in the UV/Vis range decreases with increasing irradi-
ation time [19].

4. Summary and conclusion

After irradiated with g-ray, PMMA exhibits EPR spectra attrib-
uted to at least three radicals Ra, Rb, and Rc. The radicals Ra and Rb
are attributed to the cleavage of the main chain and the side chains.
Rc has a broad single-line spectra which is probably attributed to
the presence of magnetic coupling between/among radicals in close
proximity. For a given dose and temperature, the spin concentra-
tion of each radical decreases with time. With the exception of
radical Rc in a short-time period that follows a fast annihilation
process, the slower decays of the radicals can be fitted by a second-
order annihilation process. The complicated nature of Rc decay also
reflects that it may be a combination of multiple magnetically
coupled species. For all the decays, the rate constants satisfy the
Arrhenius equation from which the activation energies are ob-
tained. The color center related to transmittance of irradiated
PMMA also follows a second-order kinetic process, but with much
lower activation energies [19]. However, the hardness controlled by
the defects created by irradiation is governed by a first-order
annihilation process and rate constants [18]. These observations
imply that the color centers and the defects are not directly
attributed to the decay of radicals Ra, Rb, and Rc in the range of the
experimental time.
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