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ABSTRACT

Polymer based on (polyethyl- methacrylate) (PEMA) were exposed to dif-
ferent doses of gamma radiation up to 100 kGy and the physical properties
have been studied. The effects of gamma irradiation on the optical spec-
trum of PEMA films have been investigated using spectrophotometric mea-
surements of reflectance and transmittance in the wavelength range 200-
1100 nm. Thestructure of the sampleisanalyzed by X-ray diffraction tech-
nique and isfound to be amorphous and partially crystalline. TGA studies
revealed that the thermal stability of polyethyl methacrylate, improved af-
ter irradiation doses up to 100 kGy. On other hand driving absorption coef-
ficient a(w), consequently the band tail width E, and optical band gap
estimated. This behavior is believed to be associated with the generation
of excess of electronic localized states. Also, Optical constants such as
refractiveindex (n), extinction coefficient (K) have been determined using
Swanepole method. Optical dispersion parameters and the dispersion pa-
rameters, such as E_(single-oscillator energy), E, (dispersive energy) are
discussed in terms of the single-oscillator Wemple- DiDomenico model.
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INTRODUCTION

Acrylic and methacrylic polymers have charac-
teristicsof brilliance, optical clarity, high transpar-
ency, improved mechanical properties, adhesion ca-
pability and chemical stability!™. The photostability
of aiphatic acrylic and methacrylic polymersaregen-
erally very high. Applicationsfor rigid methacrylate
polymer productsinclude signs and glazing substi-
tutefor safety glass and to prevent vandalism, opti-
cal fibersfor light transmission, plastic eyeglass
lenses, denturesand dental filling materia's, and con-

tact lenses (hard and soft)[?. Polymethacrylates de-
gradetolower molecular weight compoundsor to the
monomerson heating or irradiation with high energy
radiation. Thedecomposition or stability of methacry-
late polymersisrelated tother structuressuch astype
of ester groups molecular weight and itsdistribution,
sereoregularity and copolymer composition. Although
data have been reported on the glass transition tem-
perature™s of poly (ethyl methacrylate), itsthermal
degradation has been studied®®. Malhotraet a. how-
ever intheir isotherma weight loss studiesreport that
up to 40% wei ght lossval ues, the thermal decomposi-
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tion of PEMA isclosely resembling that of PMMA.
Their GPC anaysisa so showsthat the decomposition
of PEMA isdominated by depolymerization. The na-
ture of relaxation mechanismsinamorphousPEMA is
discussed on the basisof the TSDC and dielectricre-
sults?.

Ingenera, thermal stability of the polymer com-
positesplay acrucia rolein determining application,
becauseit effectsthefinal propertiesof the polymer
compositessuch asthe upper-limit usetemperatureand
dimensional stability. For thefabrication of advanced
compositeswith better balancein processing and per-
formance, itisvery ingructiveto characterizethether-
mal decomposition behavior of the polymer compos-
ites. Inthisregard, thermogravimetricandysis(TGA)
isin common useto characterizetherma decomposi-
tion behavior and the kinetic parametersof therma de-
composition processes, because of itsssimplicity and
useful information about therma decompositioni©-24,
Consequently, theunderstanding of thethermal stability
and thermal decomposition kinetics of polymer com-
positesmakeit possibleto devel op and extend their
goplicationsasvariousindudrid fieds. Atthesametime,
the need to develop amol ecular-level understanding of
thethermal degradation of polymersisbecomingin-
creasingly important in areas of scienceand technology
associ ated with the high-temperature processing and
combustion of these materias.

Studiescontinueto focus on devel oping new meth-
odsfor increasing theradiation resi stance of polymeric
materia ssinceradiation exposureisaconcernin many
polymers applications. The smaller the extent of mo-
lecular changesduetoirradiation, themoreradiation
resstant themateria. Modification of polymersbyirra
diation, withionizingradiationin particular, isan ex-
panding fiel d of research and application because of its
technologica implications. In addition, y-irradiation has
been proved to be asignificant tool™ for such modifi-
cations. Itiswell known that y-irradiation can amend
thedectrica, opticd, thermd propertiesetc of the poly-
meric materialsby changing their morphol ogy through
variousprocessesof chain oning and crosslink-
ing*&%8, Thepolymer irradiation leadsto shiftin optica
absorption edges, which shows alowering of theen-
ergy-gap. Thedecreasein energy band-gap infersan
increasein conductivity of theirradiated polymerswhich
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might be dueto theformation of clusterswith rings, or
dueto the formation of conjugated double bonds or
quinonic structures?,

Inthe present work the affect of different gamma
doses (10to 100 KGy) on the optical and thermal de-
composition character of PEMA has been studied by
UV-Vis spectroscopy and TGA measurements. The
affect of irradiation doseon the optica and therma prop-
ertieshasbeen discussed in thelight of the polymer’s
track registration sengtivity. Thekinetics of decompo-
stion of PEMA hasbeen studied under non-isotherma
conditionsusing thermo-gravimetry to determinetheac-
tivation energy (E,). Thermal behavioral analysis of
PEMA asan affect of y-irradiation have attracted much
attention becauseof their gpplicationinoptical devices,
and hasanimportant study inthisdirection.

EXPERIMENTAL

Materials

Poly (ethyl methacrylate) (PEMA) with amolecu-
lar weight of ~ 280 000 g mol-1 was purchased from
Scientific Polymer Products, Inc (Ontario, NY) and
used without further purification.

M ethod

The samples for these works were prepared by
employing the solution casting technique. Films of
PEMA wereprepared by first dissolving 1-2g of PEMA
inapproximately 20 mL of chloroform. Themixtures
werestirred for 24 husing digital magnetic stirrersto
ensurethat the PEM A powdersfully dissolved. After
thoroughly dissolved, the samplewas cast into Petri
dish and let to dry at room temperature for 48 h to
ensure compl ete evagporation of thechloroform without
promoting thermal degradation. The resultant thin
PEMA film (0.5 mm) was carefully removed from the
moldsfor subsequent analyss.

Samplesirradiation

Sampleirradiation was carried out using a®Co
gammasourcemode |SSLEDOVATEL manufactured
by Russianirradiator and located at NCRRT, Egypt.
Thedoseratewas 910 kGy /100 min and thetempera-
tureduringirradiationwasabout 40°C. Irradiation doses
ranged from 10to 100 kGy inair.
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Sructural characterization and thermal decompo-
gtion

X-ray diffraction (XRD) patternswererecorded
using Shimadzu diffractometer XRD-6000 x-ray dif-
fraction spectrometer with acopper target (A=1.542
A9 at operating voltage of 40 kV and an electric cur-
rent of 30 mA. The optical absorbance and transmit-
tance spectrawere recorded against wavel engths of
200-1100 nm using UV / vis unikon 360 double beam
spectrophotometer. Thermogravimetricanaysis(TGA)
were performed using Shimadzu-50 instrument (Japan)
at heating rate of 10 °C / min under flowing nitrogen
(20 ml/min) from ambient temperatureto 500°C. The
primary TGA thermogramswere used to determinethe
kinetic parameterssuch asactivation energy and order
of thethermal decomposition reaction.

RESULTSAND DISCUSSION

X-ray diffraction studies

The X-ray diffraction pattern of (polyethyl-meth-
acrylate) PEMA samplesareshowninFigure 1. The
patternsrevededthat thereareno sharp diffractionlines
and the broadened background scattering area of
PEMA suggests the presence of amorphous nature,
which confirmsitsnon-crystalline structure. Conse-
quently, theincreasein X-ray intensity may beresulting
fromgraingrowth. The particleconsistsof grainswhich
areintengity i nterconnected, causing particlestobeal-
most without porosity. Thisappearsasboarding peaks.
When PEMA filmsareirradiated withy - rays, across-
linked product isformed. Theproduct isdimensiondly
stableand hasincreased therma stability and asignifi-
cantincreaseintensilestrength. So, itiswell known
that theinteraction of radiation with polymer materias
result in theformation of freeradica sby dissociation of
theexcited states or by ion—molecular reactions.

Thermogravimetricanalysistechniques(TGA)

Thethermd gability of the polymer compositesplay
acrucid roleindetermining thelimit of their working
temperature and theenvironmenta conditionsfor use,
which arerelated to their therma decomposition tem-
perature and decomposition rate?. to study the affect
of y-irradiation on these kinetic parameters, TGA ther-

mograms of pristineand gammairradiated samplesof
PEMA polymer at different doses have been recorded
and are presented in Figure 2. TGA thermograms of
PEMA polymer at 100 C/min under nitrogenisshown.
TGA curvesof PEMA polymer shifted toward higher
temperatureregionswith y- irradiation doses, which
was explained by thefact that polymer moleculesdid
not have enough timeto exhaust the heat withincreas-
Ing y- irradiation doses, |eading to slower decomposi-
tionrate and higher decompositiontemperaturedueto
slow diffusion of heat®. TGA providesamethod for
thermal stability testing. It isobserved that thereare
threestagesof decomposition gppearingin TGA curves
asshowninFigure2. Thefirst stageat decomposition
temperature ~ 2300C is attributed to elimination of
evaporated molecul esin the side groups. The second
stage of weight lossin the temperature range ~ 230
4000C isattributed to quaternized graft chain degra-
dation and thethird stage of decomposition of the back-
bonepolymer.
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ing most commonly used method of Horowitz —
Metzger?221, The activation energiesof virginand y-
irradiated samplesof PEMA polymer corresponding
with themgjor degradation process have been deducted
using theexpression?’

100

a0 o

(=l

Un-irradiated films

T T T
100 200 =00
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clear cut increaseinthevauesof activation energy with
theincreasingirradiation dose. Such anincrease may
be attributed to theinitialization of chain scissioning,
poss bleevaporation of volatilesdegroupsresultingin
sgnificant reduction of packing density, reorganization

100 1

Irradisted films 10 kGy

T
400
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20+
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o 100 200 =00 400
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Figz. 2 TGA Thermograms for for un-nradiated and irradiate PERA films

Ln(In[w,-W, /W, =W, ])=E_8/RT? 0

whereW, , W, aretheinitial andfind weights, W, isthe
remainingweight at temperature T, E, istheactivation
energy, Risgasconstant (R =8.314 Jk-1 mol-1), and
0 = T-T_with Ts asthe reference temperature corre-
spondingto W, - W,/ W —W_ = l/e. Inthelight of the
equation (1), the activation energy Eacan be calcu-
lated from thed opeof thelinear fitted linebetweenLn
(In[W,— W, /W, -W]) and 6 as illustrated in Figure
3., for virgin and y -irradiated samples at doses 10,
20,40,60 and 100 kGy. Thevauesof activation ener-
giesso determined for pristineaswell asy-irradiated
samples have been enlisted in TABLE 1. Thereisa

of molecular arrangementsetc. inthepolymeric sample
which signifiesthedecreaseinthermd stability of the
p0| ymer[zz,zs,zs]_

Optical studies
Theoptical absor ption edge

The study of the optical absorption and particularly
theabsorption edgeisan useful method for theinvestiga:
tion of optically induced trangitionsand for theprovison
of information about the structure and energy gapin both
crysdlineand non-crystdlinematerias. Theprincipleof
thistechniqueisthat aphoton with energiesgrester than
the band gap energy will be absorbed. The absorption
coefficient of w) depends exponentialy onthe photon
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energy ho. Theabsorption edgein many disordered ma-
teriad sfollowsthe Urbach (1953) rulé? given by:

Films. Itisclear from Figure 4. that blank showsone
absorption bands. Theabsorption at 325 nmisidenti-

hao fied asthe sorest band (B-band). Thesebands are at-
a(@)=P exp( o) (@ tributed tothecarbonyl groupin polymeric macromol-
whereisthe absorption coefficient at an angular fre-  €cule. Itisobserved that dose dependence UV hasa
i Un-Irradiated : Irradiated 10 kiGey
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Fig 3. Plots of In{la[W0- WH/(Wt- Wi )]} versu: g =(T-Ts)kK
for un-oradiated and imradiate PEMA films

guency of w=2zvand p isaconstant. AE isthewidth of
tail of localized statesin theband gap. The lower en-
ergy part of the absorption spectragivesinformation
about thevibrations, and the higher part of the spec-
trum givesinformation about el ectronic statesin the
normal materia. Figure 4. showsthe absorption char-
acteristic for theun-irradiated and irradiated EPMA

dight effect onthe position and theintensity of thisband
for PEMA films. Moreover, theintensity of carbonyl
group peak decreases by increasing irradiation doses
wheressitspostionisdightly shiftedfor dl films.

Theoptical band gap

A mode based on thedectronictransition between
thelocalized statesis not preferable. For higher values
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Fig. (4) Effect of the irradiation gamma doseson the absorption
coeffictent (o) with wavelength for PEMA films

TABLE 1: Thevaluesof variousactivation energy E_, initial

and final weights(w,,w,) and remainingweight at temper ature
T (w,) for virginand y-irradiated PEMA films

Dose kGy E. Wo Wi W,
0 19412 2.01 0.06 0.907826
10 19.684 191 0.04 0.853043
20 20.5 178 0.05 0.802174
40 21221 139 0.04 0.626957
100 21996 153 0.03 0.682174

(a.>10 cmt), the absorption coefficient (where ab-
sorption isassociated with inter-band transitions)!®3U
takestheform:
() = B(ho-Ey )" /io )
E o the optical gap, and anumber that characterizes
thetransition process. Thevaueof theconstant 3 in
equation (3) can be evaluated from the slope of the
straight part in Figure4. In the high absorption region
where absorption isassociated with inter-band trang -
tions, there are two kinds of optical transition at the
fundamenta edgeof crystalineand non-crystdline, di-
rect transitionsand indirect transitions. Both of which
involvetheinteraction of an e ectromagneticwavewith
andectroninvaanceband, whichisthen raised across
thefundamenta gap to the conduction band.

For indirect trangtions, interactionswith latticevi-

—= Fyl| Paper

brations (phonons) take place; thusthewave vector of
thed ectron can changeintheopticd trangtionand mo-
mentum changewill betaken or given up by phonons.
Inother words, if the minimum of the conduction band
liesinadifferent part of K-space fromthe maximum of
thevaenceband, adirect optical transition fromthe
top of the valence band to the bottom of the conduc-
tion bandisforbidden.

For direct transition M=1/2 or 3/2whilefor indi-
rect transtion M =1, 2 and 3which characterizes many
amorphousor semi crystaline substances. Thechanges
arestrongly dependent on theinternal structureof the
absorbed substances. It may be expected that the
gammaradiation can causeionization or excitation of
the optical eectronsand possi bly, displacement of at-
omsfromtheir Stesinthelattice of solid. When PEMA
filmsareirradiated withradiation cross-linkingand chain
scissonareformed.

Theoptica band gap, E, ptfor un-irradiated and ir-
radiated sampleswas determined using Eq. (3), from
theinterceptsof the extrapol ated linear part of plots of
(ahv)¥2versus (hv), asshownin Figure5. Thevaues
of Eopt obtained arelisted in TABLE 2 andit wasfound
that E, , decresseswithincreasing of theirradiation dose.

D10

®  Unirradiated film
Lrradiated Dose 10 kGy
v Irradiated Dose 20 kGy o
008 { & Irradiated Dose 40 kGy
®  Irradiated Dose 100 kGy

0.06 4

oLy 2
fom eV)

12

(511

0.04

0.0z

0.00

Photon energy hu (V)

Fig. (5) The optical absorption coefficient edge plotted as (u::hu)l :
versus photon energy (hw) for as deposited and irradiated
PEMA films with different doses

Theband tail width

The band tail width was obtained using Eq (3)
and then by plotting (In o) against (hv) asshownin
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Figure 6. that should yield astraight line of aslope
equals (1/). It should mention that Eq (3) isapplied
only inthelow absorption region. Theband tail width
E islistedinTABLE 2, itincreaseswith increasing
dosg; i.e. E_ exhibitsan oppositetrend with E. This
is could be due to the fact that, when polymer ex-
posed toirradiation doses, it startsto crosslink, afor-
mation of new covalent bonds can be produced. Then,
different chainsare obtained, i.e crosslinking starts
which arein turn hinder the motion of moleculesand
reduceitsactivitiesand in turn decrease the optical
band gap. On further gamma doses, aformation of
freeradical sare obtained, which are causesadecrease
intheoptica band gap. Asthegammadoseincreases
from 10 to 100 kGy, the crystalline structureis as-
sumed to be perturbed and leading to anincreasein
the degree of disorder. At higher dose (100 kGy), the
chains scission become predominant relativeto the
crossinking. From the density —of- states model it is
known that Eopt decreaseswith increasing the degree
of disorder of amorphous phase Furthermore, theband
tailing shiftsto higher energiesas shownin Figure5.
and extendsinto the forbidden band.

Dispersion analysis

Inthiswork, the polymer filmsaresufficiently thick
compared to the beam wavel ength to neglect theinter-

®  Un-inadiated flm
0 Inadiatien Dos2 10k
¥ Inadiation Dos
% Inadiation Dos
B Imadiztion Dose 100 LGy
—— Plot 1 Regr

Lo ()
1

20 25 30 35 4.0 45 5.0
Photon Energy (2V)

Fig. 6 The loganthnuc vanation of absorption coefficient In(o) versus
photon energy for PEMA films irradiated with different doses

L

TABLE 2: Optical parametersfor PEM A filmsunder dif-
ferent y-irradiation doses

PEMA Films O%t;gaéet\’g”d Vﬁﬁ?ﬁ (t;'/')
Un-irradiated films 2.95 0.53
Irradiation Dose 10 kGy 2.80 0.61
Irradiation Dose 20 kGy 2.65 0.63
Irradiation Dose 40 kGy 2.55 0.70
Irradiation Dosel00 kGy 2.45 11

ference phenomena. Theair/polymer interfacetrans-
mission T areexpressed asfunctionsof refractiveindex
(n) and extinction coefficient (K)i*2.
4n

e @

Oncethe measurements T have been performed,
aniterative procedureto caculatenand K isinitiated.
When the absorption o isknown, theextinction coeffi-
cient K canbefoundtherdationK = aA/4r. Thered
andimaginary partsof dielectriccongtant £’ and £” can
be estimated if therefractiveindex and extinction coef-
ficient is known from the relations &’=(n?-K?) and
&’=2nK. Thereda part generally relatesto dispersion,
whiletheimaginary part providesameasuretothedis-
sipativerate of thewavein mediumi=.

Therefractiveindex and the singleoscillation pa-
rameters have been cal cul ated and discussed in terms
of the Wemple-DiDmenico model® Figure 7. That
the parameterssingle-oscillation energy (E ) and dis-
persion energy (E,) have been cal culated by knowing
therefractiveindex (n) which isindependent onthe

—8— Urrimagiated

—s— Dose 100KGY

Refmotive mdex (n)
=]
©n

-
=1

Wawelength (A)nm

Fiz. 7. Refeactive index (n) against wavelength (A) nm, for PENLA Film
before and after irradiation with different dose.
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Fig (8) Plot of refractive index factor (n>-1)" versus E2
for unirradiated and irradiated PEMA films

—e— Ep single oscillator energy
- E4 dispertion energy

Single Oscilliation parameters Ey. Ey
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Fig 9 The variation of Ey) single oscillator energy and Eg
dispertion energy with gamma irradiation dosed

or PEMA films

scale of optical dielectric constant (g) and is conse-
quently an “average” energy gap, where as E jisde-
pendsonthescaleof € and thus servesasan interband
strength parameters. SincetheM_and M, moments
areinvolved most heavily near theinterband absorp-
tion edge®!.

Thedigpersonaof refractiveindex beow theinterband
absorption edge according to the single oscillator model
isgivenby®; ..

2 EOE

n (E)=1+|:E(2J—|;2:| 6]
wherethe parametersE , E, arethesingle-oscillation
energy and dispersion energy respectively. By plotting
(r*—1)*versusE? andfittingastraight lineasshownin
Figure8; E_and E are determined directly from the
gradient, (E, E) ' andtheintercept (E_ / E), onthe
vertical axis, TABLE.3. and Figure 95,
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TABLE 3: The calculated single- oscillation parameters
valuesof PEM A filmsbeforeand after y-irradiation

Gamma Dose E, Eq4
Un-irradiated 5.083256 12.65121
10 kGy 4.4832 5.657539
20 kGy 4.22017 2.802622
40 kGy 3.803229 1.220061
100 kGy 3.598682 0.983112

CONCLUSIONS

Fromtheresultsand discussion aboveitispossible
to concludethat:.

1. XRD obtainedfor PEMA filmsconfirmed theamor-
phous nature and partially crystalline nature for
differentfilms. The XRD data suggested
that thecrosdinking process predominated dur-
ingtheirradiation of PEMA.

2. TGA studiesrevededthat thethermd stability of
polyethyl methacrylate

3. Gammaraysirradiationof PEMA filmsinthedose
range of 10 up to 100 kGy has been investigated
asapotential technique of refractiveindex modu-
lating optica € ements. Therewasadecreaseinthe
refractiveindex in viathe decreasein the disper-
sion energy for theirradiated filmswith different
doses.

4. Singleoscillator energiesinthe PEMA filmswere
sgnificantly influenced by gammairradiation affects.
It was observed adecrease in the dispersion en-
ergy and discussed in terms of the Wemple-
DiDmenicomodd.

5. Theaffect of gammairradiation ontheoptica band
gap obtained from. Moreover, therewasadecrease
intheoptical energy gap withincreasing radiation
dose up to 100 kGy. It was deduced that the en-
ergy of gammarays, inthe doserangefrom 10 up
to 100 kGy, is suitable for the cross-linking of
PEMA films
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