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Using cyanine dye J-aggregates as
luminescence probe for nanostructured media
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Due to excitonic nature of electronic excitations in J-aggregates causing the unique
spectral properties they successfully applied as luminescent probes in biology. In present
report we demonstrate a possibility using J-aggregates as the probe for nanostructured
materials basing on BIC J-aggregates. As the probing tool the exciton delocalization length
has been used as well as the lifetime. It has been shown direct dependence of the exciton
characteristics of the J-aggregates on the specific features of solid matrices such as
nanoporous matrix and polymer films.
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HccnenoBana BOZMOMKHOCTL MPUMEHEHUS J-arperaToB B KauecTBe 30HIA [JA HAHOCTPYK-
TYPUPOBAHHBIX MAaTepPHAJOB Ha ocHOBe J-arperaroe kpacutenad BIC. B xauecrBe 30HIUPYIO-
IIero MHCTPYMEHTA HCIOJb30BAHBI AJMHA MEJIOKAIU3ANUYN SKCHUTOHOB M BPEMS HUX KUSHU.
ITokazana mpaMas 3aBUCHMOCTb SKCHTOHHBIX XapPaKTEPHCTHUK J-arperaToB oT 0CcobeHHOCTEH
TBEPLOTEJLHBIX MATPHIl, TAKMX KAaK HAHONOPHCTAS MATPHIA U HOJMMEPHas IJeHKa. Biaro-
rapsa 9KCUTOHHOII IIPUPO/e 3JIeKTPOHHLIX BO30y:KIeHuil J-arperaTsl 001aIal0T YHUKAJIbHBIMU
CHEKTPAJLHBIMU CBOMCTBAMU, UTO OeaeT UX IEePCIeKTUBHBIMHU AJS MPUMEHEHHS B KauecTBe
JIIOMUAHECIIEHTHBIX 30HI0B B OMOJIOTHH.

Bukopucranusa J-arperariB nmianiHOBHX 6apBHHKIB B SIKOCTI JIOMiHeCHEHTHUX 30HIIB
A HAHOCTPYKTYpPHuUX cepemosuin. O.B. Copoxin, I.FO. Ponaxosa, I.A. Boposoil, I.I. Becna-
nosa, CJI. Epumosa
HocaimxeHO MOKJIMBiCTH BUKOpPUCTAHHSA J-arperariB B AKOCTi 30HIA [Jd HAHOCTPYKTYPOBAa-
HuX MarepianiB Ha ocHoBi J-arperarie 6apsuura BIC. V akocri 3oHmyouoro incrpymenTta
BUKOPUCTAHO [OBMKHHY mejokKataisarmii ekcuromir i uac ix xwurrta. Ilokasano mpamy 3a-
JeKHICTE €KCUTOHHUX XapaKTepPUCTUK J-arperaris Big 0co0JmBOCTEH TBEPAOTIIBHUX MAT-
PHUIb, TAKMX SK HAHOIOPMCTA MATPHUIA 1 mosiMepHa IIiBKa. 3aBIAKU €KCUTOHHIN IIpUPOXLL
eJIeKTPOHHUX 30ymIKeHb J-arperatu MaroTh YHiKaJbHI ClIIeKTPalibHI BJIACTUBOCTI, IO PoOUTH
iX IepCHeKTUBHUME [IJA 3aCTOCYBAHHS B SKOCTI JIOMiHeCIeHTHUX 30HIIB y Oiosorii.
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1. Introduction

In modern optics the most popular desti-
nations are optoelectronics, photovoltaics,
optical methods of recording and processing
of information [1-8]. They are inseparably
linked with the nanophotonics where a spe-
cial role is played by organic fluorescent
nanostructures, such as conjugated poly-
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mers and J-aggregates, due to their unique
spectral properties, relative ease of manu-
facture and enormous opportunities of func-
tional design [1-3]. The photophysical char-
acteristics of J-aggregates, such as narrow
absorption band, resonant fluorescence,
giant third-order susceptibility, high oscil-
lator strength etc., are dramatically differ-
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ent from those of the individual molecules
forming the aggregate [4-8]. Such optical
properties of J-aggregates are explained by
strong interaction between the molecules
and their ordering within the aggregates re-
sulting in delocalization of electronic exci-
tations over certain molecules on the chain
with Frenkel exciton formation [4-8]. As a
result a red-shifted exciton band (J-band,
the T“face-to-tail” arrangement) appears
thought depending on a molecular packing
in the aggregate chain a blue-shifted exci-
ton band (H-band, the "face-to-face” ar-
rangement), or both J- and H-bands (the
"herringbone” arrangement with two mole-
cules in the chain unit resulting in Davy-
dov-splitting [9]) can be also observed [4-6].
The special feature of J-aggregates is a close
correlation between J-aggregate excitonic
properties and structure that opens up possi-
bilities for the manipulation of J-aggregate
optical characteristics by changing the condi-
tion of nanocluster formation [4-8].

J-aggregates can be applied in many
areas of science: in electronic engineering
for preparing some elements for solar pan-
els or for creation lighting devices of new
generation, they also can be used for
biomedical applications as luminescent
nanoprobes or for photodynamic therapy [4-
8,10]. The specific feature of J-aggregates
is strong dependence of the spectral proper-
ties (e.g. J-band width and lifetime) on the
exciton delocalization length which is typi-
cally much smaller comparing with aggre-
gate physical size [4-8]. So, the exciton de-
localization length could be applied to probe
different media especially nanostructures
ones first of all using simple linear absorp-
tion [11]. Of course, luminescence charac-
teristics also important and provides addi-
tional information [4-8].

Unfortunately, J-aggregates could
change their structure in different media,
especially solid nanostructured materials
like nanoporous matrices or polymer films
[12-14]. However, recently we found that
J-aggregates of BIC dye possess by spherical
structure with diameter about 20 nm which
is unusual for J-aggregates [5] and pre-
served in different nanostructured media
[12,15]. BIC J-aggregates reveal single rela-
tively narrow J-band and popular for differ-
ent applications [4,5,12,15,16-19]. So the
aim of present report is to compare the
spectral properties of BIC J-aggregates in
different nanostructured media and to make
a conclusion if they could be used as the
luminescent probes for these media.
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Fig. 1. a) Structural formula of BIC dye; b)
absorption (1,3) and luminescence (2,4) spec-
tra of BIC (C = 10™* M) monomers in ethanol
(1,2) and J-aggregates in water (3,4).

2. Experimental

BIC dye (1,1’-disulfopropyl-3,3’-diethyl-5,5,
6,6’ -tetrachlorobenzimidazolylcarbocyanine
sodium salt) dye was synthesized by Dr.
I.A. Borovoy with purity controlled by
NMR and thin layer chromatography. J-ag-
gregates were prepared by dye dilution in
deionized water at definite concentration.
Poly(vinyl aleohol) (PVA, Mw ~ 89000 -
98000 g/mol) and poly(diallyldimethylam-
monium chloride) (PDDA, average
Mw < 100000 g/mol, solution 35 wt.% in
H,0) were purchased from Sigma Aldrich
(USA) and used as-received.

To prepare spin-coated polymer films the
dye was dissolved in PVA (4 wt.%) water
solution at definite concentration. After that
75 uL of the obtained solution was spread on
a glass substrate and rotated for 3 min. at
2000 rpm velocity using lab centrifuge with
home-made substrate holder.

To prepare layered polymer films the
spray layer-by-layer assembly method has
been used [13,14]. For this purpose commer-
cially available paintbrushe 80-897 (Miol,
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Fig. 2. Absorption (a) and luminescence (b) spectra of BIC J-aggregates in different solid matrices:
1 — LbL film, 2 — PVA spin-coated film and 3 — AAO matrix.

China) has been used. A substrate glass
plate was preliminarily cleaned by hot
(95 OC) piranha acid (H2804 + H202 = 2:1).
Then, an aqueous PDDA solution (0.5 wt.%)
was sprayed on the substrate for coating by
a positively charged film. The BIC J-aggre-
gates layer was deposited on the PDDA
layer from the water solution. The J-aggre-
gates layer was coated by PDDA layer to
provide isolation from surrounded air. Each
layer deposition was followed by rinsing
sprayed distilled water.

Highly porous anodic aluminium oxide
(AAO) matrices with the average pore di-
ameter is 4244 nm and the distance between

their centres is 83+2 nm were synthesized
by Dr. I.I. Bespalova according to procedure
described in [20]. To embed J-aggregates
into AAO matrix it was immersed in the
J-aggregates water solutions for at least 24
hours that leads to intense uniform matrix
coloration [12]. Then the surface of compos-
ite obtained was washed with alcohol to re-
move the dye excess [12].

Absorption spectra was registered using
a microspectrometer USB4000 (OceanOptics,
USA) supplied with an incandescent lamp.
Fluorescence spectra were recorded using
Lumina spectrofluorimeter (Thermo Scien-
tific, USA). To decrease scattering influence
front-face illumination geometry has been
realized using solid sample holder and thin
2 mm quartz cuvette. Fluorescence decay
spectra were registered using FluoTime 200
fluorescence lifetime spectrometer (Pico-
Quant, Germany) equipped with 531 nm pi-
cosecond pulsed laser diode head. An instru-
ment response function (IRF) width for the
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whole setup was 100 ps. The solid sample
holder was used to provide front face illu-
mination. For decay curves analysis FluoFit
software (PicoQuant, Germany) was used.
Absolute fluorescence quantum yield was
measured using a home-made integrating
sphere (diameter of 100 mm), which pro-
vides a reflectance > 99% over the 300-
1000 nm range. As an excitation source, a diode-
pumped Nd3*:YAG laser (A, = 532 nm, 5 mW)
was used.

exc

3. Results and Discussion

Due to double sulfo-groups BIC dye pos-
sess by good solubility in water with simulta-
neous J-aggregate formation even at low con-
centrations [4-6,12,15]. The BIC monomer (in
ethanol) has typical for cyanine dyes narrow
absorption (A,, = 519 nm) and fluorescence
(Apax = 539 nm) bands (Fig. 1b). J-aggregates
formation leads to red-shifted much narrower
J-band (A, = 592.5 nm and Apywgy = 310
em1) and near-resonant luminescent band
(Apax = 9598 nm) appearing (Fig. 1b). The
exciton delocalization length N, could be
found using equation [7]:

_ 3-(Mof¥a?

- — 1
2-(AvFrEa)? W

1,

c

where AvP9% . and Avfy s are widths of

the monomer and J-bands, respectively.
Using = 785 cm™l for the main electronic
transition of the monomer band we obtain
N, ~ 8 monomers which is less than one for
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PIC J-aggregates [13], but larger than one
for amphi-PIC J-aggregates [8].

As the examples of nanotructures mate-
rials were chosen nanoporous AAO matrices
(the average pore diameter is ~ 42 nm) pre-
viously used in our study [12], layered
PDDA polymer film with the layer thick-
ness ~ 1.5 nm [13,19] and spin-coated PVA
film with typical thickness ~ 50 nm [21].
The spectral position of BIC J-band in all
these solid matrices is nearly the same but
its width and shape strongly different for
all media (Fig. 2a) contrary to luminescence
band (Fig. 2b). The most significant J-band
shape changing with additional red-shift is
observed for AAO matrix despite its pores
have sufficient size for the J-aggregate em-
bedding (Fig. 2a). The long-wavelength tail
of BIC J-band in AAO takes a Lorentzian
shape instead of typical Gaussian one indi-
cating strong topological disorder [7,8].

The J-band widths for the main excitonic
transitions in different media are:
Aﬁ%}‘HM = 240 em1, Ag%%M = 665 cm!

and A9, = 730 em™! (with Lorentz ap-

proximation). Hence, the exciton delocaliza-
tion length could be found using Eq.1 and
taking into account the monomer and width
in polymers AvBS, 5, = = 870 em™1: N PVA ~
18 monomers, N,/ PPA ~ 2 monomers and
NAAO ~ 1-2 monomers. So, if for layered
polymer film and AAO matrlx the exciton
delocalization length is a very small indicat-
ing strong static disorder, for PVA spin-
coated film that is more than twice larger
comparing with the water solution.

To understand the results obtained the lu-
minescence decays should be also analyzed
(Fig. 3). In the water the average lifetime
(taking into account nonmonoexponential
form of luminescence decay) is tWater ~ 124
ps (for Cgyc = 1078 M) [12]. Embedding the
J-aggregates into AAO matrix lead to the
lifetime decreasing to ™49 ~ 75 ps (Fig. 3)
[12]. For both polymeric films used the BIC
J-aggregates lifetime is even much less with
tPVA - 85 ps and 1PPPA < 20 ps (less than the
setup resolution) (Fig. 3). So, taking into ac-
count the strong delocalization length in-
creasing for the BIC J-aggregates in PVA
film the coherence effects life exciton super-
radiance [7,17] could be supposed. Very uni-
form the J-aggregates distribution is assumed
for PVA films with a small contact between
single J-aggregates. Contrary, the very thin
PDDA film cause the exciton delocalization
length strong decreasing simultaneously with
the lifetime. In that case disorder increasing
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Fig. 3 Luminescence decay curves of BIC
J-aggregates in different media: 1 — water
(for comparison), 2 — AAO matrix, 3 — PVA
spin-coated film, 4 — LbL film and 5 — IRF.

should be taking into account and some
processes affected on the exciton dynamics
like exciton self-trapping [8] should be con-
sidered. According with the AFM data ob-
tained for similar system [19] there is
strong contact between single J-aggregates.
The nanoporous AAO matrix with rather
large pores should be assumed as the most
complicated host for BIC J-aggregates. Tak-
ing into account the influence of J-aggre-
gate coagulation on their spectral properties
[22] the BIC J-aggregate efficient accumula-
tion could be supposed for this case. Defect
local areas appeared at the boundaries of
contacting single J-aggregates leads to the
exciton strong localization [8] and the J-band
transformation. However, contrary to the
exciton self-trapping [8] such exciton local-
ization on defects has much less influence
on the exciton dynamics resulting in rela-
tively small lifetime decreasing.

4. Conclusions

Spherical BIC J-aggregates have been
used as luminescence probes for different
solid matrices, namely nanoporous anodic
aluminium oxide matrix, nanolayered poly-
mer PDDA film and thin spin-coated poly-
mer PVA film. The spectral properties of
the J-aggregates are strongly different for
all these nanostructured media, with main
changes in the exciton delocalization
lengths and the lifetimes. Taking into ac-
count specific excitonic properties of J-ag-
gregates they could be sufficiently used as
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the luminescence probes for nanostructured
materials.
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