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Exciton transport efficiency in pseudoisocyanine (PIC) J-aggregates formed in PVA
thin film has been studied using an exciton trap. As a trap, anionic cyanine dye DiD-C3S
has been used. Luminescence spectra have been obtained using luminescence microscope
that allows us to collect the spectra from very small areas within the film. Heterogeneous
dye distribution has been found. Using Stern-Volmer equation for the J-aggregate lumines-
cence quenching by the trap, it has been found that 50 % J-aggregate luminescence is
quenched at the ratio PIC/DiD—C3S = 30:1. The obtained value is very small and points to
the exciton migration over rather small distances.

HNsyuena oPHEKTUBHOCTL SKCUTOHHOIO TPAaHCIOPTA B dJ-arperarax IICeBIOM3OIMAHNHA
(PIC), chopmupoBaHHBIX B TOHKMX IeHKax I[IBC, mpu momMoIimyu SKCHUTOHHOM JIOByIIKU. B
KauecTBe JOBYIIKM MCIIOJb30BAH AHMOHHBIA IUAHMHOBBIA Kpacurenb DiD—C3S. CuexTpbl
JIIOMAHECI[EHIIUY IIOJYYeHbl IIPU MIOMOIY JIOMHHECIIEHTHOrO MHUKPOCKOIIA, UTO IIO3BOJIIJIO
co0upary CIEeKTPHI ¢ OYeHb MAaJeHbKHUX y4YacTKOB IieHKH. OGHApPYKeHO HEOIHOPOIHOe pac-
npegeneHue Kpacureneil B miueHke. Mcunoaws3ys ypaBHenue Illtepua-@osnbmepa Qs TYIIEHUS
JIIOMUHECIIEHIIUN J-arperaTos JIOBYIIKOII, IIOKasaHo, uro 50 % JoMuHecueHIInN J-arperaTtos
rymuresa B coorHourennu PIC/DiD-C3S = 30:1. IlonyuenHoe 3HaueHWe OYEHb MaJO M YKa-
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3bIBA€T HA MHUI'PAIINI0O 9KCHMTOHOB HaA MaJible PACCTOAHHI.

1. Introduction

Luminescent molecular aggregates (so-
called J-aggregates) take a special position
among organic materials, due to very nar-
row absorption band, near resonant lumi-
nescence, giant oscillator strength, giant
optical nonlinearities, high sensitivity of
spectral properties to the microenvironment
[1-4]. These features are caused by delocali-
zation of the excitation over a molecular
chain and Frenkel excitons appearing [1-4].
One of the fundamental questions in J-ag-
gregates photophysics is exciton migration
efficiency. There is a significant contradic-
tion in the efficiency of exciton energy mi-
gration reported by different authors. Ac-
cording to some data the exciton migrates
in J-aggregates over up to several hundred
molecules [56—8], while other authors report
the exciton motion over 10% molecules at
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room temperatures [9, 10]. Recently, using
exciton traps we have shown the efficient
exciton migration in J-aggregates of am-
phiphilic pseudoisocyanine (amphi-PIC) dye
[7, 8]. However, to clear up the exciton mi-
gration features in J-aggregates it is impor-
tant to deal with objects which are com-
monly known. Probably, the best candidates
for this are J-aggregates of pseudoisocyan-
ine (PIC) dye, which are the most investi-
gated ones [1-4].

Even for PIC J-aggregates different data
concerning its exciton migration efficiency
could be found. For example, D.Mobius re-
ported that 50 % PIC J-aggregate lumines-
cence was quenched by eosin at the ratio of
1 eosin molecules per 2600 PIC molecules
[1]. However, all our attempts to reproduce
such results were unsuccessful: we haven’t
found conditions for PIC J-aggregate lumi-
nescence quenching by eosin in solutions.
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Another estimation of exciton migration ef-
ficiency in PIC J-aggregates could be found
in [11]. Authors studied PIC J-aggregates
dispersed in thin polymer film using the
NSOM technique. Analyzing single J-aggre-
gate photobleaching behavior, they stated
that upper limit of exciton migration is
50 nm [11]. To compare these two results,
we could assume the PIC J-aggregates to be
linear chains, which are composed of PIC
dimers spaced 0.4 nm apart [12]. So, the
upper limit for the exciton migration dis-
tance according to data [1] is 520 nm that
is 10 times larger than that according to
data [11].

Thus, the aim of present paper is to pro-
vide novel experimental results concerning
the exciton transport in J-aggregates of PIC
(Fig. 1a). For this purpose PIC J-aggregates
has been formed in thin polymer film (poly-
vinyl aleohol, PVA) and another cyanine dye
DiD—-C3S (Fig. 1b) has been used as an exci-
ton trap.

2. Experimental

Pseudoisocyanine (1,1'-diethyl-2,2'-cyan-
ine iodide, PIC) dye was purchased from
Sigma Aldrich (USA) and used as-received.
DiD-C3S (1,1'-di(3-sulfopropyl)-3,3,3",3'-
tetramethylindodicarbocyanine sodium salt)
dye was synthesized by Dr.I.A.Borovoy (In-
stitute for Scintillation Materials NAS of
Ukraine) with purity controlled by NMR
and thin layer chromatography. PIC was
dissolved at PVA water solution (2 mass.%)
at the concentration of 1072 mol/l. There-
upon DiD-C38S was added to the solution at
required concentrations. To produce the
thin polymer films the dye solution was
heated to 70°C and drop of it was spin-
coated onto a glass microscope slip cover at
2000 rpm. According to [11], using such a
procedure the films of about 30 nm thick-
ness could be obtained.

For spin-coating, lab centrifuge SM-12
(Russia) with home-made adapter for glass
plates was used. Absorption spectra was
registered using a microspectrometer
USB4000 (OceanOptics, USA) supplied with
an incandescent lamp. Luminescent images
and spectra were obtained using lumines-
cence microscope MIKMED-2 var.11 (LOMO,
Russia) equipped with 5 Mpixels microscope
digital camera DCM510 (Oplenic Optronics,
China) and fiber-optic adapter for mi-
crospectrometer USB4000. Luminescence
was excited at 450—480 nm and collected in
the 520-700 nm spectral range. The equip-
ment used allows collecting luminescent
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Fig. 1. Structural formulas of the dyes inves-
tigated: (a) PIC, (b) DiD—-C3S.

spectra from the spots with a diameter less
than 50 um. Luminescence excitation spec-
tra were recorded using a spectrofluorime-
ter on the base of two grating monochroma-
tors MDR-23 and a xenon lamp. One of the
monochromators was used to select a re-
quired wavelength (FWHM ~ 0.5 nm), the
other one was used for the luminescence
collection.

3. Results and discussion

First of all, it was necessary to prove the
PIC J-aggregates formation in PVA films.
Indeed, in the work [11] the J-aggregates of
cationic PIC was formed in the films of an-
ionic poly(viny sulfate) (PVS) polyelectro-
lyte and electrostatic interactions were sug-
gested to be one of the main factor of the
dye aggregation. PVA is a neutral polymer
and could not promote the aggregation. On
the other hand, due to a very small amount
of PVA in the solution (only 2 mass.%),
enhanced concentration of the dye during
the film formation takes place that is the
key factor for the dye aggregation.

Luminescent image (Fig. 2) of PVA film
with the dispersed PIC dye reveals a num-
ber of long thin fibers similar to PIC J-ag-
gregate fibers, which are usually observed
[11, 12]. In the luminescence spectrum of
the film, a narrow band with the maximum
at A =583.2 nm is clearly seen (Fig. 3a,
solid line). At the same time, the absorption
spectrum demonstrates a very narrow band
(J-band) centered at A = 581.1 nm, which is
red-shifted as compared to the PIC mono-
mer band (A, = 525 nm) (Fig. 3b, solid
line). Thus, we could conclude the success-
ful PIC J-aggregates formation in PVA film
by spin-coating.

The next step is to check whether DiD-
C3S dye can be an exciton trap for PIC
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Fig. 2. Luminescence image of PIC J-aggre-
gates spread within PVA film.

J-aggregates. There are several reasons to
expect such results. First, DiD—-C3S has the
same chromophoric part as DiD dye, which
was used as efficient exciton trap for J-ag-
gregates of amphiphilic analogue of PIC-
amphi-PIC dye. Second, DiD—C8S is an an-
ionic dye and should efficiently interact
with PIC dye due to Coulombic attraction.
And third, due to strong concentration dur-
ing the film formation, PIC and DiD-C3S
have to come close together. Indeed, lumi-
nescence spectrum of the PIC J-aggregates
with DiD—C3S in the PVA film at the ratio
PIC/DiD—C3S = 50:1 reveals intense sensi-
tized DiD-C3S band (%,,, = 680 nm) and
PIC J-aggregates band quenching (Fig. 3a,
dashed line). Note, we suggest that the dyes
embedding into the film is proportional to it
concentration in the solution. The lumines-
cence excitation spectrum of DiD-C3S (A,
= 685 nm) reveals an intense band corre-
sponding to PIC J-band (Fig. 3b, dashed
line) that confirms energy transfer from
PIC J-aggregates to DiD-C3S dye. Thus,
DiD-C3S dye is indeed an exciton trap for
PIC J-aggregates.

One of the ways to estimate the effi-
ciency of the exciton migration, the J-ag-
gregate luminescence quenching by the exci-
ton trap could be analyzed using the well-
known Stern-Volmer equation [13]:

Fy/F =1+ Kg[Q], 1)
where Fy and F are the J-aggregate lumi-
nescence intensities in the absence and pres-
ence of the trap, respectively, [@] is the
quencher concentration and Kgy is the
Stern-Volmer constant. The value 1/Kgy
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Fig. 3. a) Luminescence spectra of pure PIC
J-aggregates (solid line) and PIC J-aggregates
in presence of DiD-C3S at the ratio
PIC/DiD-C3S = 50:1 (dashed line) in PVA
film; b) Absorption (solid line) and DiD—C3S
luminescence excitation (kreg = 685 nm,
dashed line) spectra of PVA film containing
PIC J-aggregates in presence of DiD-C3S at
the ratio PIC/DiD—-C3S = 50:1.

gives us the concentration of the trap that
quenches 50 % of the J-aggregate lumines-
cence.

However, collecting luminescence spectra
from different areas within the films, the
heterogeneous distribution of DiD-C3S dye
have been found that appears as different
ratios between the J-aggregates and traps
luminescence bands (Fig. 4). Such a hetero-
geneous distribution was smaller at low
DiD-C3S concentration and larger at high
DiD-C3S concentration (like that, shown on
Fig. 4). So, further we will take deal with
estimation of exciton migration rather that
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Fig. 4. Luminescence spectra of PVA film
containing PIC J-aggregates in the presence
of DiD-C3S (PIC/DiD-C3S = 50:1) from dif-

ferent areas of the film.

with strict quantitative analysis. For each
film, luminescence spectra were recorded at
least at 10 different areas and averaged.
Such a procedure was carried out for the
film contained different ratio PIC/DiD-—
C3S. As a result a family of luminescence
spectra required for Stern-Volmer analysis
has been obtained (Fig. 5a). The increase of
the trap concentration leads to the redistri-
bution of the J-aggregate and trap lumines-
cence band intensities. The most efficient
exciton energy transfer is achieved at the
ratio PIC/DiD-C3S = 20:1. As one could
see, at higher DiD-C3S concentration (the
ratio PIC/DiD-C3S = 10:1), both PIC J-ag-
gregates and DiD—C3S luminescence intensi-
ties decrease and the DiD—C3S band is red-
shifted as compared to that at the ratio
PIC/DiDC3S = 20:1 (Fig. ba). That points to
the DiD-C3S concentration quenching, i.e.
it associates formation [14].

Stern-Volmer plot appeared to be
straight line (Fig. 5b). Note, that for
amphi-PIC J-aggregates Stern-Volmer plot
was not straight due to excitons not accessi-
ble to the quencher existing [7, 8]. So, it
has been found that 50 % of the PIC J-ag-
gregates luminescence is quenched at
PIC/DiD—-C3S = 30:1 (critical concentra-
tion). This value is much less as compared
with amphi-PIC J-aggregates case (amphi-
PIC/trap = 120:1) [8]. If we refer the result
obtained to those reported in [1, 11] it could
be postulated that it coincides with the ex-
citon migration determined in [11], but not
in [1]. So it could be stated that excitons in
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Fig. 5. a) Averaged luminescence spectra of
the PIC J-aggregates with the DiD-C3S trap
at different PIC/DiD-C3S ratios; b) Stern-
Volmer plot of the J-aggregate luminescence
quenching by the trap.

J-aggregates migrates over hundreds of
molecules, but not over thousands ones.

4. Conlusions

PIC J-aggregates was successfully
formed in thin PVA films by spin-coating.
The DiD-C38S dye was used as the exciton
trap for PIC J-aggregates. Spin-coating
method of film preparation results in het-
erogeneous dye distribution in the films.
The J-aggregates luminescence quenching
analysis by Stern-Volmer equation yields
the critical concentration equals to
PIC/DiD—-C3S = 30:1. It was concluded that ex-
citons in J-aggregates migrates over hundreds
of molecules but not over thousands ones.

73



A.V.Sorokin et al. /| Exciton migration in ...

=

74

References

. D.Mobius, Adv. Mater., 7, 437 (1995).

. J-Aggregates, ed. by T.Kobayashi, World Sci-
entific Publishing, Singapore (1996).

. B.I.Shapiro, Russ. Chem. Rev., 75, 433 (2006).

. J.Knoester, V.M.Agranovich, Electronic Exci-
tations in Organic Based Nanostructures.
Thin Films and Nanostructures, ed. by
V.M.Agranovich and G.F.Bassani, Elsevier,
Amsterdam, Oxford (2003), v.31, p.1.

. L.Lu, R.Helgeson, R.M.Jones et al., J.Am.
Chem. Soc., 124, 483 (2002).

. M.Sakomura, T.Takagi, H.Nakayama et al.,
Coll. Surf. A, 198—200, 769 (2002).

. R.S.Grynyov, A.V.Sorokin, G.Ya.Guralchuk
et al., J. Phys. Chem.C, 112, 20458 (2008).

8.

9.

10.

11.

12.

13.

14.

A.V.Sorokin, I.I.Filimonova, R.S.Grynyov et
al., J. Phys.Chem.C, 114, 1299 (2010).
J.A.Tuszynski, M.F.Jorgensen, D.Mobius,
Phys. Rev. E, 59, 4374 (1999).

1.G.Scheblykin, O.Yu.Sliusarenko, L.S.Lepnev
et al., J. Phys. Chem. B, 105, 4636 (2001).
D.A.Higgins, P.F.Barbara, J. Phys. Chem., 99,
3 (1995).

H.von Berlepsch, C.Bottcher,
Phys.Chem. B, 104, 8792 (2000).
J.R.Lakowicz, Principles of Fluorescence
Spectroscopy, gnd ed., Kluwer Academic/Ple-
num Publishers, New York, Boston, Dor-
drecht, London, Moscow (1999).

B.Valeur, Molecular Fluorescence. Principles
and Applications, Wiley-VCH Verlag GmbH,
Weinheim (2002).

L.Dahne, J.

Mirpanisa eKCUTOHIB B J-arperarax mceBaoi3oIlfiaHiny,
chopMoOBaHUX y NMOJIMEPHHUX ILITiBKax

0.B.Copoxin, B.A.I'nan, I1.I. dunumonoséa,
C.J1.€Epimosa

Busueno edeKTHBHICTHL €KCHUTOHHOI'O TPaAHCIIOPTY B J-arperarax mcesmoisoriaminy (PIC),
copmoBanux y ToHKuX mriBkax I[IBC, 3a momomororo eKcuTOHHOI macTKu. B sakocri macrku
BUKOPMCTAHO aHioHHMH miamimoBuii 6apBHuk DiD—-C3S. CuexTpu JaoMiHecmeHIil oTpuMaHo
3a [IOIIOMOI'0OI0 JIIOMiHECI[EHTHOIO MiKpPOCKOIa, IO [QO3BOJHJIO 30MpaTu CIEKTPU 3 IyiKe
MaJIeHbKHUX [IiISTHOK ILIiBKM. BusiBieHo HeomHOpPigHu pos3moxis 0apBHHKIB y miaiBimi. Buko-
pucroByioun piBusHHs Illrepua-Ponbmepa nasA racimusa Jgomimecrneniiii J-arperariB macr-
KOI0, IoKasauno, 1o 50 % maiominecuenmii J-arperaris racursca y criBeiguomenni PIC/DiD—
C3S = 30:1. OrpumMmaHe SHaAUeHHSA € JAyKe MaJuM § yKasye Ha Mirpamiio eKCuTOHIB Ha

HeBeJaUKi BizecraHi.
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