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ABSTRACT KEYWORDS
In the present work, composites of poly(methyl methacrylate)/alkali rare Poly(methyl methacrylate);
earth aluminate photol uminescent pigment (PMMA/AREAPP) (100/0, 98/ Rare earth element;

2, 96/4, 94/6, and 92/8 wt/wt%) were prepared using mixture technique.
The pigment has the composition formulaof MeO.xAl,O,.ySIO,.Eu(Me=

Luminescent materials;
Tristimulus values and color

Ca, Mg, Sr, Ba, x =0.5-2.0, y = 0.005-0.5) which is activated by rare earth parameters,
element (Eu). Thereflectance spectraand thetristimulusvaluesaswell as Absorption and extension
the color parameters were employed to characterize and reveal the coefficients.

miscibility map and the relationship of the structure properties. The study
has been extended to include the absorption and extension coefficients of
the prepared composites, the band tail width and band gap energies for
the composites. From the obtained results, it is found that the organic
parts are attached with the inorganic parts in the PMMA/AREAPP
composites. Also, itisclear that the AREAPP powder hasagreat effect on
improving the performance properties of PMMA and greatly depends on
its concentration in the composite.
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INTRODUCTION

Polymer blendingisoneof themost important con-
temporary waysfor the devel opment of new polymeric
materiad SU. Polymer blendsoften exhibit propertiesthat
aresuperior to any one of the component a one. How-
ever, the manifestation of superior propertiesdepends
upon themiscibility of homopolymersonthemolecular
scale. Methodsfor the experimenta study of polymer
miscibility arenumerousand very diverse, and may be
divided into severd main groupssuch as?: (1) meth-
odsbased on the determination of optical homogeneity

of themixture; (2) methodsfor determination of inter-
actionsonmolecular levels, and (3) indirect method for
misaibility.

One of the decisive factorsin the design of any
materia based on polymer blendsismiscibility, com-
patibility or component solubility, ascomputability has
amagor effect onthefinal properties.

Poly(methyl methacrylate), PMMA, isaversatile
polymeric materia, whichisvery suitablefor numerous
microel ectronic gpplications, including asphotoresi st for
direct-write-e-beam, X-ray and deep UV micro-litho-
graphic processes. PMMA isadopted in photonic of
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nanotechnol ogy because of theuniform optical index of
its structure®, and in prosthetic compositesused in
dentistry because of its excellent cell adhesion and
biocompatibility*®. PMMA is also widely used in
cosumer productsdueto itsexcel lent mechanica prop-
ertiesand performance under various processing con-
ditiond®. Thepropertiesof polymers, suchasPMMA,
aregoverned distinctively by molecular weight, tem-
perature and gas atmosphere during decomposition, dl
of which can changethe material characteristicsand
havebeeninvestigated”.

L uming photol uminescent pigment (has6 series) is
akind of rare earth photol umi nescent powder, with no
radioactive component. Luming photoluminescent pig-
ment powder can be used as an additive among the
trangparent agents. It can beadded in coating, ink, paint,
plastics, printing paste, ceramics, glass, and fiber etc.,
to activatetheemitting functionsof theagentsand then
the medium canglow inthedark. The products made
from the pigment can besafdy gppliedindifferent fields
suchas: indication position; safety fidds; building; toys,
clothing, decorations and others as: arts and crafts,
amber, sand crystal, glass, painting worksand the sys-
temsof trangportation, military industry, architecture,
etc. Furthermore, some applicationsof rareearth lumi-
nescence are: Lighting technologies, white LED ap-
proaches, LED conversion phosphors, persistent phos-
phors, scintillator phosphors®. Applicationsare numer-
ousin both thecommercia and domestic markets.

Poly(methyl methacrylate)!®; oxide glasses'® are
well known asexcellent hostsfor rare-earthions. The
present phosphorescent pigment (type PLO-6D from
Six series) used in the present work isatype of long
persi stence phosphorescent pigment powder of aka-
lineearthauminate. Themain characteristic of thisma:
teria istheparticular structureof itscrystal with the
strong capecity of absorbing-storing-emitting light. This
luminouspigment isalight-yellow powder whichturns
togreen color after activated by visblelight. Compared
withthetraditional luminousmaterial ZnS, it hasthe
advantagesof short activating time, long afterglow time,
long lifetime (can be 10 years), high brightness, various
environmenta adaptation, non-toxic, harmless, non-ra-
dioactivity, non-flammability and non-explosiveetc. All
of these advantages makeit surethat the new pigment
isan environmental friendly one. It can beeasily and
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widely used in many fields. It hasgood stability and
westher ability. Excitation and emisson can berepeated
indefinitely.

In the present work, the matrix polymer used is
poly(methyl methecrylate) (PMMA). PMMA ismixed
with different concentrations (2, 4, 6 and 8 wt%) from
andkdi earth duminate-glicate photol uminescent pig-
ment powder activated by rare earth element (Eu)
(AREAPP). Optical anadysesareemployed to charac-
terizeand toreved therdationship of thestructure prop-
ertiesof PMMA. Also, the study hasbeen extended to
includethechangesin thecol or parameters, absorption
and extinction coefficients, theband tail widthand band
gap energiesfor the composites.

EXPERIMENTAL

Materials

Poly(methyl methacrylate) (PMMA) powder
CAS:9011-14-7 043982 of chemical formula [-
CH,C(CH,)(CO,CH,)-], with average molecular
weight of 320,000 and melting point > 150 °C was
supplied fromAlfaAesar (A Johnson Matthey Com-
pany, Massachusetts, USA). Phosphorescent pigment
powder (type PLO-6D) of akaline earth aluminate
(AREAPP) hasaformula: MeO.xAlO,ySO,:Eu(Me
= Ca, Mg, Sr, Ba, x = 0.5-2.0, y = 0.005-0.5) acti-
vated by rareearth d ement (Eu) wassupplied by Ddian
Luminglight Scienceand Technology Co. Ltd., Shang-
hal, Chinaand its physica and luminescent properties
aregiveninTABLE 1 (Ref. (1),

Ener gy disper sive X-ray spectr oscopy

Thedemental andysisof theakalineearth aumi-
nate phosphorescent pigment powder wasdoneby using
Energy Dispersive X-ray Spectroscopy (EDX, Oxford
InstrumentsINCA X-sight) accompanied by the Scan-
ning Electron Microscope (SEM, Jeol JXA 840) oper-
ating in liquid nitrogen atmosphere with 5% error
(TABLE 2) (Ref. [11),

Samplepreparation

The PMMA powder ismixed with AREAPP pow-
der for fivedifferent concentrations(2, 4, 6 and 8 wt%).
Thegarting materialswereground usingaPhillips PW
4018/00 MiniMill for 15 minuteswith arotating speed
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TABLE 1: Typical physical and luminescent propertiesof
thealkalineearth aluminate phosphor escent pigment powder
(AREAPP)

Typical physical properties

Appearance Y ellowish

Density 3.6 glem®
Temperature 250 °C
resistance

Average 10-15 um
particle size

10 to 20 years depending on
manufacturing process, mixing and
moisture content of the vehicle
Typical luminescent properties

UV radiation, white light (any visible

Luminosity life

Excitation light)

Excitation 200-450 nm

wavelength

Peak value 520 nm

Glowing color  yellow-green

Brightness of > 12 hours after absorbing the light for
afterglow 10-30 minutes

Ter_nperature 250 °C

resistance
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WhereR isthereflectance, T isthetransmittanceand d
isthethicknessof thesample (= 0.01 cm). Theoptica
energy gap (Eg) of thethin filmshasbeen determined
from absorption coefficient dataas afunction of pho-
ton energy (hv ineV). According to thegeneraly ac-
cepted model proposed by Tauc for higher values of
absorption coefficient wherethe absorptionisassoci-
ated withinterband trangtions, it yiel dsthe power part
which obeysthe Tauc* and Mott and Davis*® rela-
tionsas.

ahv=B(hv-E)" 2
Where B isthe slope of the Tauc edge called the band
tall parameter and nisthetypeof eectronictransition
responsi blefor absorption, being 0.5 for direct trans-
tionand 2for indirect one. Inthelow absorption region
the absorption coefficient (o) shows an exponentia
dependence on photon energy (hv) and obeys the
Urbach rel ation(*!:

a=a,exp (hv/E,) ©)
Where o, is aconstant and E, isthe Urbach energy,
interpreted asthewidth of thetailsof localized statesin

TABLE 2: Elemental analysisof thealkalinerareearth aluminate phosphor escent pigment (AREAPP) powder

Element Mg Al Si P

S Ca Ni Cu Zn

Weight% 0.449 0.016 7.672 0.881

40.378 0.828 0.017 0.034 49.727

of 3400 rpm to form ahomogenous mixture*Y,
Visible spectroscopic measurements

Themeasurementsinthevisibleregionfrom400to
700 nmfor PMMA/AREAPPwerecarried out usinga
Shimadzu (V1S) Double Beam Spectrophotometer with
standard illuminant C (1174.83) Modd V-530and band
width 2.0 nm coverstherange 200-2500 nm with ac-
curacy +0.05%. The color properties were analyzed
using the CIE Colorimetric System, CIE 1931 2-de-
gree Standard Observer!'213,

Thetristimulusreflectancevaues(x , y.andz), the
relative brightness(L), thecolor constants ‘a’ and “b’,
thewhitenessindex (W), andthecolor difference (AE)
are calculated using the CIE relations previously re-
ported214],

Theabsorption coefficient (o) of the present mate-
rialsstrongly dependson optical transmission, reflec-
tion and thicknessof filmwhichisevauated usngthe
relation>11;
o= (d)en (1-R)YT 1)

the band gap. The absorption edge (E ), the band tail
(E), thedirect energy gap (E,) andtheindirect energy
gap (E, ) werealso calculated from the graphs of: a
versushv, ena versushv, (ahv)? versushv and (ohv)¥2
versushv, respectively.

Theextinction coefficient (K) isimportant param-
eterscharacterizing photonic materials. Valueof K can
be cal cul ated from transmission and reflection spectra
usingtherel ation!¢':

K =aM4n 4
Where\ isthewave ength incm and o isthe absorp-
tioncoefficientincm™

RESULTSAND DISCUSSION

Reflection measur ements

Figure 1 representsthereflection spectrainthevis-
iblerange (400-700 nm) for pure PMMA and PMMA
mixed with 2, 4, 6 and 8 wt% AREA PP composites. It
isclear that, thereflectance val ues decrease gradual ly
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Figurel: Thechangeinreflection percentage(R%) spectra
for PMMA/AREAPP composites. () 100/0, (m) 98/2, (A)
96/4, (x) 94/6 and (*) 92/8 (wt/wt%)

with increasethe concentration of AREAPP.

From the values of reflectance (Figure 1), the
trisimulusreflectancevaues(y ) areca culated and plot-
ted asafunction of wave ength (400-700 nm) and shown
inFigure2for PMMA/AREAPP composites. Itisob-
served fromthefigurethat thebehavior of y fordl the
compositesissimilar and no changein peak position
(about 560 nm) isdetected. Itisnoticed that, y vaues
decreaseswith increasing AREA PP concentration up
to 8 wt% (92/8 wt/wt% composite).

900
800 | G

Tristimulus reflectance value, y;

500 3550 600 650

Wavelength (nm)
Figure2: Variation of thetristimulusreflectancevalue(y,)
with wavelength for PM M A/AREAPP composites. (4) 100/
0, (M) 98/2, (A) 96/4, (x) 94/6 and (*) 92/8 (wt/wt%)

350 400 450

Fgures3and4 show thevariaionsof thetrisimulus
reflectance valuesx and z,, respectively, with wave-
lengthintherange400-700 nm for PMMA/AREAPP
composites. Itisclear from thefiguresthat the behav-
iorsforeachx and z for al thecompositesaresimilar
andther valuesdecreasewithincreessngAREAPPcon-
centration and a so show no changeintheir peak posi-
tions.
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Figure3: Variation of thetristimulusreflectancevalue(x )
with wavelength for PM M A/AREAPP composites. (4) 100/
0, (W) 98/2, (=) 96/4, (x) 94/6 and (*) 92/8 (wt/wt%)
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Figure4: Variation of thetristimulusreflectance value(z,)
with wavelength for PM M A/AREAPP composites. (4) 100/
0, (W) 98/2, (A) 96/4, (x) 94/6 and (*) 92/8 (wt/wt%)

TABLE 3illugtratesthevauesof x ,y and z at the
peak positionsfor PMMA/AREAPP composites. Itis
noticed from thetable that thetristimul usreflectance
vauesx, y, and z, decreasewithincreasi ng the concen-
tration of AREAPPup to 8 wt%. The observed results
arein agreement with that obtained for the color pa-
rameters.

The observed changesinthe color parameters(L,
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TABLE3:Thex y, and z tristimulusreflectancevaluesof
PMM A/AREAPP composites

PMMA/AREAPP —— X — kyf_ Z
C(Ovct‘fvf,)tso/fss 440 600 560 XEI‘T‘]“O
nm nm nm
100/0 30814 61467 78128 1545.59
98/2 20857 459.80 509.37 104256
96/4 207.85 46257 511.73 965.40
94/6 19247 427.85 47266 926.40
92/8 18472 40485 44973 78057

a, b, W, Yeand A E) calculated from the reflectance
curvesof PMMA/AREA PP compositesunder investi-
gation aretabulated in TABLE 4. Aswell known, L
parameter measuresthe brightness of the composite
and variesfrom 100 for perfect whiteto zerofor black.
Itisclear from thetablethat the 92/8 wt/wt% PMMA/
AREAPP compositeisdarker in color than the other
compositeswhile 96/4 wt/wt% PMMA/AREAPP ac-
quiresthebrightest color. The color constant “a’ varies
from greenfor negativevaueand redfor positivevaue.
Itisnoticed from TABLE 4that ‘a’ values increase in
case of 94/6 wt/wt% compositewhich meansthat this
composite tendering towards red color and on other
hand the lower value of “a’ is that for 92/8 wt/wt%
compoasitewhichindicatesthat thiscompositehad more
green coloration. In considering the color constant ‘b’,
it wasfound that aconsiderabledecreaseinbvauefor
92/8 wt/wit% compasite, whichindicatesthetendering
of thiscomposite towards blue color instead of yellow
one. By followingtheva uesof whiteness (W), itisno-
ticed that the whitenessindex (W) shows nearly the

TABLE 4 : Values of the color parameters for PMMA/
AREAPP compositesand their percentage changes

PMMA/ AREAPP composites
Color (WAt %)
Parameters ~ino0 982 96/4 946 9208
L 80.82 77.13 7726 7485 73.34
AL% - 058 191 207 2.54
a -047 -023 -028 -019 -0.37
Aa% - 1702 4681 -213 -12.77
b 220 -0.81 '1'_05 052  -0.96
0,
Ab% - 136 4, .. 636 1.36
w 6540 56.12 5450 50.93 5107
AW% 168 1208 550 7.80
AE 893 9.08 6.68 5.45
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same behavior asthe color constant b’. The obtained
resultsindicatethat variationsin color difference be-
tween samples are occurred by the presence of
AREAPP by different concentrationswith PMMA.

The observed changesin the color parameterscal-
culated from thereflectance curveswiththeincreasein
the concentration of AREAPPin PMMA/AREAPP
composites may be dueto the changein the physical
bondsand then changein themolecular configuration
of PMMA which may lead to formation of new centers
of thepolymeric materid. In addition, the obtained re-
sults of the color parametersare of great importance
for theimprovement of theoptica propertiesof PMMA
pol ymer[14,19] .

Optical absor ption measurements

Thetotal absorption spectral response (o) for the
compositesunder investigationiscaculatedinthevis-
iblewave ength rangefrom 400to 700 nm and in the
photon energy (hv) range 3.10-1.77 €V. Figure5 shows
the relation between the absorption coefficient (o) asa
function of wavelengthin the visiblerange (400-700
nm) for PMMA/ARAEPP composites. It isclear from
thefigurethat the absorption coefficient (o) decreases
gradudly withincreas ngAREAPPcontent upto 8wi%.
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w
th
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Absorption coefficient (v) (fln'l)
7

- ‘
500 600

Wavelength (1un)
Figure5: Theabsor ption coefficient (o)) of PM M A/AREAPP
compositesasafunction of wavelength. (¢) 100/0, (m) 98/
2, (A) 96/4, (x) 94/6 and () 92/8 (wt/wt%)

450

550

The changein the absorption coefficient may be
dueto thechangein the chemical bonds between the
PMMA polymer and theinorganic material AREAPP,
whichform other molecular species®. Thisinturnleads
to theformation of new color centers?, i.e., preferen-
tid light absorption at particular wavelength. AREAPP
componentsroleisto strength thelinkage formed be-
tween the reactive species of the PMMA chemical
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groupsandtheir polar groups. Besides, hydrogen bonds
arefound between hydroxyl group of PMMA polymer
and thechemical groupsof AREAPP.
Figure6illustratesthevariation inthe absorption
coefficient (o) with photon engery (hv) for PMMA/
AREAPP compositesunder investigation. Itisclear that
for purePMMA, the absorption coefficient valuesin-
creaseswithincreasing photon energy. Thebehavior of
absorption coefficient for the compositesof PMMA/
AREAPPfor different weight percent showsunremark-
ableincreasewithincreasing photon energy.

90

2]
h
*

80

Absorption coefficient () (cm™)
th

70
2.5
Photon energy, hv (eV)

Figure6: Theabsor ption coefficient (o) of PM M A/AREAPP
compositesasa function of photon ener gy (hv). () 100/0,
(M) 98/2, (A) 96/4, (x) 94/6 and () 92/8 (wt/wt%)

Figure 7 showstherel ation between—!n o and hv
for PMMA/AREAPP composites. Thedraight linesob-
tained suggest that the absorption followsthe quadratic
relation for inter-band transitions given by Mott and
Davisand the Urbach ruleis obeyed®5'9, Thevaues
of bandtall energy (E,) can bededuced fromtheslopes
of thestraight linesand arelistedinTABLES. The E,
values decreasewithincreasing AREAPP concentra-
tion contained in PMMA polymer matrix up to 4 wt%

4.50

4.45 -

4.40 »

In (v)

4.35

4.30
30 3.5

2S5

1.5 20
Photon energy, hv (eV)

Figure7: Urbach law plotsfor PM M A/AREAPP composites.
(@) 100/0, (m) 98/2, (A) 96/4, (x) 94/6 and (°) 92/8 (wt/
wt%)
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andthenincreaseat AREAPP8 wt%. Thischangein
thebandtail a different concentration of AREAPPmay
arisefromtherandom fluctuationsof theinternd fields
associated with structure disorder in the amorphous
region of the polymer material®*9,

TABLES: Valuesof band tail energy (E,) and direct energy
gap (E,) of PMMA/AREAPP composites

PMMA/AREAPP composites

(WHWL%) By (&V)  Eq(eV)
100/0 0368 181
9812 0206 154
96/4 0186 156
94/6 0232 157
928 0237 158

Figures 8 and 9 show the dependence of (ahv)?
and (chv)¥? on photon energy (hv) for PMMA/
ARAEPPcomposites, respectively. Fromthefigures, it
isobserved that theallowed direct energy gap (E,) is
determined by extrgpolaing thelinear partsof thecurves
to zero absorptionand thevaluesaregivenin TABLE
5. Itisnoticed from theseinterceptsthat the values of
E, are closed together for all the PMMA/AREAPP
composites and lower than that of the pure PMMA.
So the obtained valuesfor E, show the dependenceon
the composition of the sample. The decrease of them
may bedueto the number of ionsper unit length avail-
ablefor conduction and the changein molecular con-
figuration induced by increas ng AREA PP concentra-
tioninthePMMA matrix#2,
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Figure 8 : The variation of (ehv)? for PMMA/AREAPP
compositesasa function of photon ener gy (hv). (@) 100/0,
(M) 98/2, (A) 96/4, (x) 94/6 and (*) 92/8 (wt/wt%)
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Figure 9: Thevariation of (ahv)¥?for PMMA/AREAPP
compositesasa function of photon ener gy (hv). () 100/0,
(m)98/2, (A) 96/4, (x) 94/6 and () 92/8 (wt/wt% ) Extinction
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Extinction coefficient

Theextinction coefficient (K) describesthe prop-
ertiesof themateria tolight of agivenwavel ength and
indicatesthe amount of absorptionlosswhentheeec-
tromagnetic wave propagatesthroughthematerid, i.e.,
representsthe damping of an EM waveinsidethe ma
terial. Figure 10 showsthevariation in theextinction
coefficient withwave ength of PMMA/AREAPP com-
posites. It isclear from thefigurethat smilar behavior
for all compositesare observed and thevauesof K are
foundtobesmdl intheorder 10+ throughout the stud-
ied wave ength range (400- 700 nm) whichindicatethat
the composites under investigation are considered to
beinsulating materid sat room temperaturé?l. Itisaso
clear that, the composite 92/8 wit/wit% indicatesthelow-
est valueof K through thewholerange of wavel ength.
In addition, the behavior of theabsorption coefficientis
preserved for al samples near the absorption edge.
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Figure10: Variation in the extinction coefficient (K) asa
function of wavdength (A) for PM M A/AREAPP composites.
(@) 100/0, (m) 98/2, (A) 96/4, (x) 94/6 and (°) 92/8 (wt/
wit%)
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