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The radiationless energy transfer mechanisms between energy donor and acceptor have
been studied to determine the character of their spatial distribution. The observed devia-
tion of luminescence decay law from the root dependence indicates a inhomogeneous
distribution of p-terphenyl in a polystyrene block. This inhomogeneity is due to p-ter-
phenyl expelling from internal volume of a polystyrene macromolecule. Therefore, one way
to improve the scintillation efficiency is to provide a more homogeneous distribution of
activator in a scintillator block. This can be realized in a system including a plastic
copolymer and the activator molecules.

HccnemoBanbl MexaHM3Mbl 0€3bI3Jy4aTEIbHOIO IIEPEHOCA DHEPIUM MEMKIYy AOHOPOM M aK-
IEeIITOPOM 9HEPIHU C IeJbI0 OIPEeJeIeHnsI XapaKkTepa UX IPOCTPAHCTBEHHOI'O PacIIpegeeHus.
Habarogaemoe OTKJIOHEHNE KPHUBBIX 3aTyXaHHUSA JIOMHHECIEHIIUM OT KOPHEBOIl 3aBHCHMOCTU
YKashlBaeT HA HEPaBHOMEPHOE paclpejeeHue n-repeHusa B OJI0YHOM IIOJMCTHUPOJE. ITa
HEePaBHOMEPHOCTHL O0YyCJIOBJIEHA BBITECHEHHEM 7-Tep(eHunJa 13 BHYTPEHHEro o0bemMa MaKpo-
MOJIEKYJIBI ITOJHCTHPOJa. I[0aTOMY OZHMM M3 CIOCOGOB IOBBIIIEHUSA 9(PPEKTUBHOCTH CI[HH-
TUAIATOPA ABJAAeTCA obeciedyeHune 0ojiee OJHOPOLHOI'O pacCIpeeeHns aKTHBATOPA B CIHH-
TUJLIANHAOHHOM O0JOKe. OTO MOMKeT ObIThb JOCTUIHYTO B CHCTEME, BKJIOUAIOIIEH IIJIacTMacco-
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BBIII COIOJIMMED U MOJIEKYJIbI aKTUBATOpA.

Plastic scintillators (PS) are used widely
in various detectors of elementary particles
(counters, calorimeters, trackers, etc.).
They show high action speed (0.5-3 ns),
high transparency to self-luminescence,
high temperature and lifetime stability, and
high radiation hardness. It is to be added
the manufacturing possibility of large size
and different configuration PS with low
cost and ease of PS coupling with light
guide and spectrum-shifting fibers. How-
ever, the PS scintillation efficiency is
rather low (about 50 % relative to anthra-
cene), that is why during last decade, a
great attention is given to its improvement.
To understand more clearly the ways to
such improvement, let us outline the effec-
tive collecting processes of the plastic ma-
trix excitation energy. Now almost 100 %
of plastic scintillators market are polysty-
rene based or polyvinyl toluene based scin-
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tillators. The luminescence base of these
polymers is m-conjugated electron system
(benzene molecule). After a high-energy
particle enteres the scintillator, the excita-
tion of polymer matrix occurs which, after
a fast relaxation during about 10712 s, is
finally localized on luminescent moieties of
macromolecules. The excited state lifetime
of a luminescent moiety is about ten
nanoseconds. A localized excitation may
relax by radiation, migrate to a neighboring
center or make a practically non-lumines-
cent excimer with the neighboring center. It
is to note that if another closely located
center with appropriate properties exists in
the surrounding of the excited fragment,
then the excimer formation time between
phenyl moieties of the polystyrene molecule
is some picoseconds. The excimer concentra-
tion can reach several tens per cent, accord-
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ing to estimations by different authors [1].
Therefore, to eliminate ineffective excita-
tion energy transfer paths in the polymer
base, a luminescent additive (activator) is
usually added thereto. The main task of
that additive is to release the excitation of
the polymer matrix in a radiationless man-
ner and to prevent its migration along a
polymer chain. To realize the effective ra-
diationless energy transfer from the excited
center of a polymer matrix to the activator
molecule, these molecules should be spaced
by a distance less than so-called Forster ra-
dius [2]. As far as Forster radius for phenyl
moiety of a polystyrene molecule and mole-
cule of a typical activator — p-terphenyl is
not greater than 30 A, and dimensions of
polystyrene macromolecules with 106 con-
version degree are of hundreds Angstroms,
then the efficiency of radiationless transfer
depends immediately on the homogeneity of
activator molecules distribution in a poly-
mer block. At present, there are no suffi-
ciently reliable experimental methods to de-
termine the activator distribution in a poly-
mer matrix. In this work, we tried to
answer this question by investigating the
peculiarities of radiationless energy trans-
fer from a polymer matrix to activator
molecules in a plastic scintillator.

To study the spatial distribution of the
activator (p-terphenyl) molecules, polysty-
rene samples were synthesized with differ-
ent p-terphenyl concentrations (from
0.01 % to 4 % mass). The samples were
synthesized by the standard technique de-
scribed elsewhere (see, for example [1]). The
residual monomer concentration did not ex-
ceed 0.1 % . The steady-state absorption and
emission spectra were studied at room tem-
perature using a FluoroMax-4 (HORIBA
Jobin Ivon Inc.) spectrofluorimeter. The
decay kinetics was measured by Combined
Steady State and Lifetime Spectrometer
FLS-920 (Edinburgh Instruments). The exci-
tation source was a nanosecond flash lamp
with the pulse width 1 ns and repetition
rate 40 kHz. The fluorescence decay was ob-
served at 307 nm wavelength.

It is generally admitted [3] that the lu-
minescence of a pure (non-activated) poly-
styrene is presented by the luminescence of
excimers which are formed between two
neighboring (~ 3.2 A) phenyl moieties of
macromolecules. The luminescence maxi-
mum is at 307 nm wavelength, which is
clearly seen in Fig. 1. It is very important
for the further analysis that these excimers
are homogeneously distributed within a
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Fig. 1. Luminescence Spectra of a block
polystyrene activated with p-terphenyl mole-
cules: 1 — 2% p-TP; 2 -1%; 3 - 0,1%; 4 —
0,01% ; 5 — pure polystyrene.
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Fig. 2. Decay of excimer luminescence (307 nm)
of a block polystyrene activated with
p-terphenyl: 1 — 0,1% p-TP; 2 — 0,01% p-TP.

polystyrene molecule. It is seen in Fig. 1
that with increasing p-terphenyl concentra-
tion, the quenching of the polymer base is
occurred and for p-terphenyl concentration
1 mass. %, polymer luminescence is totally
absent. The radiationless luminescence
quenching of the polymer base is confirmed
by observed character of its decay.

Fig. 2 shows time-resolved curves of ex-
cimer luminescence obtained after pulse ex-
citation at 265 nm wavelength. It is seen in
the Figure that at small activator concen-
trations (0.1 % and below), the decay
curves of a block polystyrene luminescence
are single-exponential with lifetimes about
13 ns. The lifetime of non-activated poly-
styrene is constant in the whole observed
luminescence spectrum from 300 nm to
350 nm, which indicates the presence of
only single luminescence center.
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Fig. 3. Decay curves of the donor (styrene) lu-

minescence in Inf(¢) + 1/1, vs. V¢ coordinates:
1-0,1% p-TP; 2 - 0,01% p-TP.

When the activator concentration is
higher than 0.1 %, the decay curve obtains
a distinet trend to non-exponential charac-
ter, as is seen in Fig. 2. The observed non-
exponential law evidences the existence of a
radiationless energy transfer channel from
the polymer matrix to activator molecules.
In this case, the decay curves are described
rather well by Forster theory where the
main parameter is the critical radius of en-
ergy transfer R, determined by overlapping
of the donor luminescence spectrum and the
acceptor absorption spectrum [2]:
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where F,(w) is the normalized spectrum of
the donor luminescence; L,(®), molar extine-
tion of the acceptor; c, light speed; N,, the
activator molecular concentration.

Using the donor luminescence spectra in
Fig. 1 and known absorption spectrum of
p-terphenyl, we can, according to Eq.(1),
calculate the critical radius of energy trans-
fer in our system. This value is found to be
of 16 A.

The time dependence of the donor lumi-
nescence decay depends immediately on spa-
tial distribution of acceptors with respect to
a donor [3]:

f@) = (2)
t

—exp - - [dr - pg_o(( = exp(—t - W(r) |,
0

where p;,(7) is the function of acceptor dis-
tribution relative to donor; W{(r), radiation-

less energy transfer rate between donor and
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Fig. 4. Arrangement model of donors (phenyl
moieties of a polystyrene molecule) and ac-
ceptors (p-terphenyl) in a plastic scintillator.

acceptor placed at distance r and defined by
the following equation:

6
R 3
W = L(_Oj ,

_Td .

where 1; is the donor lifetime in the absence
of acceptor.

If the donors are homogeneously distrib-
uted relative to acceptor, then their spatial
function of mutual distribution is:

Pa_g(r) = 4nc,r2, (4)

where c, is the acceptor concentration.
Substituting (4) into (2), we get the
donor decay law as:

V6

It is seen from Eq.(5) that the donor
decay curve in Inf(¢) + 1/t; vs. \t coordi-
nates can be fitted by linear function. The
decay curves of Fig. 2 re-drawn in the new
coordinates are presented in Fig. 8. The ob-
tained experimental points do not lie on a
straight line. This may indicate the inhomo-
geneity of p-terphenyl distribution in a
block of polystyrene.

To analyze the obtained curves, we can
suppose that p-terphenyl molecules are dis-
tributed inhomogeneously in the polystyrene
volume and tend to preferable collecting be-
tween balls of macromolecules. Therefore,
the process of the excitation energy quench-
ing in a block polystyrene can be considered
as radiationless transfer of excitation en-
ergy from excimers (energy donors) ran-
domly distributed in a ball, to p-terphenyl

(T = exp(—t/Td - 21'38753/21?36[1\/;7_1;).(5)
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molecules (energy acceptors) randomly dis-
tributed on the ball surface (Fig. 4).

As is seen from (2), to provide numerical
assess of the quenching process, it is neces-
sary to know the funection of mutual distri-
bution between donor and acceptor. To de-
fine it, we can use the characteristic funec-
tion method known from the probability
theory. Thus, if we know the centrally sym-
metric distribution functions of donor p(r)
and acceptor p,(r), then we always can calcu-
late their characteristic functions which have
the general form Pd(a )(k) <exp(ik - r)>[5].
Integrating this equation with angular pa-
rameters as integration variables, we can
write the characteristic functions of donor
and acceptor for the centrally symmetric
case in the form:

s1n(k r)d (6)

(Pd(a)(k) J. Pd(a)( )

To find the function of donor against
acceptor mutual distribution defined in r; —
r, variables, it is sufficient to use the fact
that a characteristic function of a sum of
independent random variables is the prod-
uct of their characteristic functions. So the
donor-acceptor distribution function can be
written in the form:

2 . D
Paa () = ;j 0 () Rk - rsin(k - r)dk.
0

Let us suppose the donor molecules to be
distributed homogeneously in a sphere of
radius R. Then the function of the donor
spatial distribution is:

pr)=0R -r)-3r?/R. )

If the acceptor distribution is a simple
funection ¢ - 8(r — R), then, according to [4],
the unknown spatial function of donor-ac-
ceptor distribution has the form:

2
P o) = o5 @R-1) -0 - B ©)

We have used (9) to fit the experimental
decay curve (Fig. 5). The acceptor density
and the sphere radius were chosen as ad-
justable parameters. The best approxima-
tion is obtained for R = 162 A and ¢ = 1.06
(Fig. 5).

It is known that in the model of free link
connecting with no self-crossing, the aver-
age ball dimension can be expressed as [6]:
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Fig. 5. Fitting of experimental decay curve
(Fig. 8) for 0.1 mass. % p-terphenyl.

<h?> = N6/312, (10)

where N is the total molecular chain length;
l, elementary unit length of the chain.

The total length N of a polymer macro-
molecule depends on the polymerization
temperature. In our case, the experimental
samples were polymerized at 140°C. For
this temperature, N ~ 8.44.10%. In this case,
the average ball radius is 194.48 A, agree-
ing rather well with experimental value.

To validate the described approach to de-
termination of the spatial distribution of
activator molecules in the plastic scintilla-
tor block, it is to consider a system where
donors are randomly distributed relative to
acceptors. A styrene/methyl methacrylate
copolymer may be such a system. Here,
phenyl moiety of styrene molecule acts as a
donor and acceptors are excimers, the for-
mation probability of the latter increases
with specific fraction of styrene molecules.

To consider the quenching processes in
such a system, we have synthesized some
methyl methacrylate/styrene (MMASt) co-
polymers with different styrene concentra-
tions. As was expected, when styrene con-
centration is increased, the quenching of
their chromophore fragments is observed
which is clearly seen in Fig. 6. The lumines-
cence of the p-MMASt copolymer is due to
luminescence of styrene phenyl moieties
with the maximum at 290 nm, while
methacrylate moiety is not luminescent in
this spectral region.

When the specific fraction of styrene
molecules is increased, the luminescence
quenching is observed. The reason for such
a quenching is described in detail in litera-
ture [7] and is connected with the mutual
arrangement of styrene and methyl
methacrylate molecules in the copolymer.

Functional materials, 16, 4, 2009
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Fig. 6. Luminescence spectra of copolymer
(p-MMASt) for excitation at 255 nm wave-
length: I — styrene concentration 0,01%; 2 —
0,1(%); 3-1%.

The copolymerization constants do not favor
the direct alternation of styrene molecules
in a copolymer chain; nevertheless, such an
alternation is possible and may result in
formation of excimers which are the excita-
tion energy traps localized at the phenyl
moieties of styrene molecules. With increas-
ing concentration, the probability of styrene
pair coupling in the p-MMASt copolymer
rises, thus increasing the excimer formation
probability which, in turn, causes a de-
crease of the copolymer luminescence inten-
sity (Fig. 6).

The luminescence quenching connection
with the radiationless energy transfer proc-
esses is confirmed by observed luminescence
decay curves which are presented in Fig. 7.
It is seen in the Figure that as concentra-
tion increases, ever more deviation of the
decay law from single exponential is ob-
served. This indicates the presence of a ra-
diationless channel of energy transfer. Even
for 0.1 % of styrene molecules in copoly-
mer, the luminescence quenching is ob-
served. When considering the process in
more detail and drawing dependences
In(I/Ig) + t/19 VS. \t, then, as it seen from
(5), for the homogeneous distribution of ac-
ceptor relative to donor, the linear depend-
ence must be observed. Rebuilding the
decay curves in Fig. 3 and taking 26 ns as
the donor lifetime when there is no quench-
ing, we can see that obtained dependences
are well fitted by a straight line (Fig. 8).
This is in accordance with our analysis of
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Fig. 7. Decay curves of p-MMASt copolymer
luminescence with different content of styrene:
1-1%;2-0,1%: 3 -0,01%.
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Fig. 8. Decay curves of p-MMASt copolymer
luminescence in In(I/Iy) + t/7y Vs. \t
coordinates: I — 0,1%, tana = -0,158; 2 — 1%,
tano = -1,178.

excimers formation in the studied copoly-
mer chain.

Thus, the consideration of decay curves
allows us to answer the question about the
spatial distribution homogeneity of activa-
tor molecules in a plastic scintillator block.
Moreover, in Fig. 8, it is seen that the rate
of radiationless quenching is essentially
proportional to the fraction of styrene mole-
cules in a copolymer chaim. The line slope
in In(I/Iy) + t/tg vs. vt coordinates must
be determined by Eq.(5), while knowing the
Forster radius of energy transfer allows to
determine the ratio of absorption centers
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(excimers) in the phenyl subsystem of a
polymer. The calculation made in such a
way let suggest that within the limits of
error this fraction is essentially equal to the
total concentration of styrene molecules in
the copolymer. That is, all styrene mole-
cules act as energy donors and acceptors
simultaneously. The presented analysis of
the excimer state fraction is of course not
fully correct, because it must take into ac-
count the possibility of excitation energy
migration over identical centers, its rate
being dependent on the square of concentra-
tion. But this dependence is not observed in
Fig. 8. This indicates that the migration in-
fluence on the quenching processes is con-
siderably lesser than influence of caption by
traps which appear because of excimers
forming.

Thus, a detailed study of radiationless
energy transfer mechanisms between energy
donor and acceptor makes it possible to de-
termine the character of their spatial distri-
bution. The observed deviation of lumines-
cence decay law from the root dependence
indicates a inhomogeneous distribution of
p-terphenyl in a polystyrene block. This in-
homogeneity is due to p-terphenyl expelling
from internal volume of a polystyrene mac-

romolecule. The simplest model of such an
expelling allowed to estimate the average
size of a macromolecule ball to be of 32 nm.
Therefore, one way to improve the scintilla-
tion efficiency is to provide a more homoge-
neous distribution of activator in a scintil-
lator block. This can be realized in a system
including a plastic copolymer and the acti-
vator molecules.

References

1. N.Barashkov, O.Gunder, Fluorescent Poly-
mers, Ellis Horwood, New York (1994).

2. V.M.Agranovitch, M.D.Galanin, Electronic
Excitation Energy Transfer in Condensed Mat-
ter, North-Holland, Amsterdam, (1982).

3. P.de Sainte Claire, J.Phys.Chem.B, 110,
7334 (2006).

4. 0.J.Rolinski, D.J.S.Birch,
116, 10411 (2002).

5. G.A.Korn, T.M.Korn, Mathematical Handbook
for Scientists and Engineers, McGraw-Hill,
New York, (1967).

6. J.Guillet, Polymer Photophysics and Photo-
chemistry. An Introduction to the Study of
Photoprocesses in Macromolecules, Cambridge
Univ. Press, Cambridge-London-New York-
New Rochelle-Melbourne-Sydney (1985).

7. M.Inouea, M.Inokuchia, Y.Itoha et al., Europ.
Polymer ., 36, 303 (2000).

J.Chem. Phys.,

IlinBumeHHsa ePeKTUBHOCTI MIaCTMAaCOBHUX
CHMHTHUJIATOPIB HA OCHOBi MOJIICTHPOJY

A.DP.Adadypos, Il H.-Kmypun, B.H./Ie6edee, B./].Tiyrkan

HocaimKeHo MexaHisMu 0e3BUIPOMiHIOBAJLHOTO IlepeHOCY eHeprii MiKk moHOpOM Ta ak-
IeITOPOM eHeprii 3 MeTO0 BU3HAUEHHA XapaKTepy IXHBOI'O IIPOCTOPOBOrO posnoainy. Bixxmu-
JIeHH KPUBUX 3aTyXaHHA JIIOMiHecIHeHIIi1 BiJ, KopeHeBOl 3a/ieKHOCTI BKasye Ha HepiBHOMIp-
HUil posmoxin n-tepdeHinmy y OsokoBoMy moJictuposi. Ild HepiBHOMipHicTE 00ymMoBIeHaA
BUTHUCHEHHAM 7-TepdeHisy 3 BHYTPIIHBOTO 00’€My MaKpPOMOJIEKYJH moJjictuposy. Tomy
OOHUM 3i cImocobiB migBUIeHHS e(PeKTUBHOCTI CIUHTUIATOPA € 3abedlmeueHHA OLIBII OTHO-
pPiZHOTO pPOBMOJiNYy aKTWBaTOpa y CHUHTHJIAIiMHOMY Osoii. Ile momke O6yTu ZOCATHYTO Y
cucTeMi, fKa BKJIOUYAE MJACTMACOBUI CHiBIIOJIiMep Ta MOJEKYJIU aKTUBaTOpAa.
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