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Features of J-aggregates formation in highly structured pores of anodic aluminum
oxide (AAO) have been studied using steady-state absorption and luminescence spectros-
copy and time-resolved luminescence spectroscopy. J-aggregates with different structures
(spherical and thread-like) were chosen for the studying. Spectroscopic investigations show
the presence of both types of the J-aggregates in the AAO pores. It leads to a static
disorder increasing in the J-aggregates. Besides, in the case of the thread-like J-aggre-
gates changes in the structure have been supposed also.

Hccaemopanbl ocobennocTr (POPMUPOBAHUSA J-arperaToB B IIopax BBICOKOCTPYKTYPHUPOBAH-
HOTO aHOXHOro oKcuia anroMuHud (AAQ) ¢ IOMOIIBIO CTAIIMOHAPHBIX CIEKTPOB OIMTHYECKOTO
MIOTJIOIIEHUS U JIOMHUHECIIEHTHOM CIIEKTPOCKONINM, a TAaKiKe BPeMSA-PaspelleHHON JIOMUHE-
CIIEHTHOI1 cueKTpockonuu. A wmcciegoBaHus BBIOPAHBI J-arperarbl ¢ pPasHOU CTPYKTYpPOH
(chepuueckoit 1 HuUTeo6pasHoit). CHEKTPOCKONMUYECKMUE HCCAEJOBAHUA IIOKABAIM HAJIUYHUE
J-arperatoB oboux Tumnos B mopax AAO. 910 NPpUBOLUT K YBEIMYEHUIO CTATHUYECKOro Geclio-
panxa B J-arperarax. Kpome atoro, B ciayuae HUTEOOPA3HBIX J-arperaTtoB TaKiKe IIPEIIIoJa-
raercd USMEHEHIE HX CTPYKTYPBI.

Ocobaueocmi opmyeanna J-azpezamié y nopax HAHOCMPYKMYPOEAHOZO0 AHOIHO020
orxcudy anwominiro. O.B.Copoxrin, A.B.Borowro, I.I.Pinimonosa, I.1.Becnanoga, C.JI.€pimosa.

Hocmimxeno ocobauBocTi (opMmyBaHHSA J-arperaTiB y TopaXx BHCOKO CTPYKTYPOBAHOTO
aHOJHOTO OKcuAy amiominito (AAQ) 3a LOTTOMOTOI0 CTAITIOHAPHUX CIEKTPIB OMTUYHOTO TIOTJIU-
HAHHS Ta JIOMiHECI[eHTHOI CIIeKTPOCKOIIil, a TAKOMK JIIOMiHECIIeHTHOI CIeKTPOCKOMii 3 uaco-
BUM poaainenuaMm. Ina gocrigsxenHa obpaHo J-arperaTu 3 pisHOIO CTPYKTYPOIO (chepuUUHOIO
Ta HUTKOMOAi0HO00). CeKTpoCcKOmiuHi JoCHiiKeHHa TOKasaau HadBHICTHL J-arperaTiB 06ox
TuniB y mopax AAQO. Ile mpusBogUTH A0 30iJBINIEHHA CTATHUHOTO 0esiany B oJ-arperatax.
Kpim Toro, y pasi HuTKOomOAiOHUX J-arperaTiB TAKOK TependauacThcd 3MiHA iX CTPYKTYpH.
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1. Introduction

Development of nanomaterials and nano-
composites with defined physical and chemi-
cal properties is an important problem of
modern material science. Development ten-
dencies of new optical materials for photon-
ics and optoelectronics show that the inves-
tigation of organic luminophores properties
is very actual nowadays [1-3]. Very per-
spective objects in this direction are well-or-
dered molecular nanoclusters called J-ag-
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gregates [4—8]. Interest to solid samples
based on J-aggregates is primarily related
to a perspective of practical application of
thin film materials [3]. For example, thin
film samples with J-aggregates may be used
as saturating absorbers of the laser radia-
tion for development of optical memory ele-
ments and for devices in nonlinear optics
[8-10]. It is connected primarily with the
significant increase in stability of J-aggre-
gates formed in polymer films [9, 10]. On
the other hand, optical properties of organic
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dyes formed in polymer films depend
strongly on the polymer properties [3, 10—
12]. To resolve this problem nanoporous ma-
terials often used as substrates [13]. One of
them is highly porous anodic aluminium
oxide (AAQ) which demonstrates strict or-
dering of pores at large surface areas, nar-
row dispersion of pore diameters and the
intervals between them, perfect cylindrical
shape and the strictly parallel channels [14—
18]. Due to it’s features AAO is a very
attractable for different applications such
as sensors and so on [14-18].

Despite intriguing properties of hybrid
J-aggregates-AAQO composites could be ex-
pected there are only few studies in this
field were found [1, 19, 20]. Authors of [19]
used AAO templates to create a matrix of
Au nanorods which were surrounded by
J-aggregates shell to examine exciton-plas-
mon interaction. In [20] AAO pores were
used as templates to form cylindrical J-ag-
gregates with controlled shape and sizes.

So, a purpose of present article was to
form in AAO pores J-aggregates of two dif-
ferent cyanine dyes and to found changing
J-aggregate spectral properties as a result
of the formation into pores. The AAO sam-
ples possess an ordered porous structure
with a perpendicular arrangement of pore
channels relative to the sample surface [21].
Mathematical treatment of the SEM data
has shown that the average pore diameter is
42 £+ 4 nm and the distance between their
centres is 83 =2 vu [21].

To fill AAO pore J-aggregates with dif-
ferent structures has been chosen: spherical
BIC J-aggregates [22] and thread-like PIC
J-aggregates [23]. Recently it was shown
that BIC J-aggregates possess unique ther-
mal stability due to their spherical struc-
ture with an average diameter about 20 nm
[22]. Contrary, PIC J-aggregates which are
among the most studied types of J-aggre-
gates [4—8] look like threads with a length
up to 10 um and a diameter of 2.3 nm [23].

2. Experimental

PIC (1,1’-diethyl-2,2’-cyanine iodide,
pseudoisocyanine) dye was purchased from
Sigma Aldrich (USA) and used as-received.
To prepare PIC J-aggregates the dye was
dissolved in aqueous solution of NaCl
(0.2 M). As result intense J-band in ab-
sorption spectrum (A,,, = 572.5 nm) was
observed [23]. BIC or TTBC anionic dye
(1,1’-diethyl-3,3’-bis-(3-sulfopropyl)-5,5’,6,6’
tetrachlorobenzimidazolocarbocyanine) was
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synthesized by Dr. I.A.Borovoy (Institute
for Scintillation Materials NAS of Ukraine)
with purity controlled by NMR and thin
layer chromatography. To prepare BIC J-ag-
gregates the dye was dissolved in aqueous
solution (C = 103 M). As result intense J-
band in absorption spectrum (A, =
594 nm) and in luminescence spectrum (1;,,,
= 609 nm) was appeared [22]. Preparation
details of porous anodic aluminium oxide
templates were described in [21]. To put
J-aggregates into AAO matrix it was im-
mersed in the J-aggregates aqueous solu-
tions for at least 24 h that leads to intense
uniform matrix coloration. Then the surface
of composite obtained was washed with alco-
hol to remove the dye excess.

Absorption spectra were registered using
microspectrometer USB4000 (OceanOptics,
USA) supplied with an incandescent lamp.
Luminescence and luminescence excitation
spectra were recorded using fluorescence
spectrometer Lumina (Thermo Scientific,
USA). Measurements have been done using
a solid sample holder. 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,
USA) and fiber-optic adapter for microspec-
trometer USB4000. Excitation was filtered
by 450-480 nm band filter and lumines-
cence was collected in the 520-700 nm spec-
tral range. The equipment used allows col-
lecting luminescent spectra from the spots
with a diameter less than 50 um. Lumines-
cence decay spectra were registered using
FluoTime 200 fluorescence lifetime spec-
trometer (PicoQuant, Germany) equipped
with 531 nm picosecond pulsed laser diode
head. An instrument response function
(IRF) width (FWHM) for the whole setup
was about 100 ps.

3. Results and discussion

After impregnation the AAO matrices by
BIC and PIC J-aggregates the matrices were
coloured and revealed correspondent .J-ag-
gregates spectra (Fig. 1). In comparison with
the aqueous solution in nanoporous films sig-
nificant J-aggregate absorption band (J-band)
broadening was observed: for BIC J-aggre-
gates from Av olution — 645 cm™! in the solu-
tion [22] to AvJﬁlm =785 cm™! in the film
(Fig. 1a) and for PIC dye from Av jsolution —
150 cm™! [23] in the solution to Avfilm —
450 ecm™1 in the film (Fig. 1b). In the case of
BIC J-aggregates the broadening is a quite
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J-aggregates in the AAO matrix. On inset — chemical structure of the corresponding dyes.

Fig. 2. Fluorescent images of PIC J-aggregates in a) the aqueous solution and b) the AAO matrix.

small (1.2 times) and could be associated
with static disorder increasing [24]. Such
phenomenon is often observed for J-aggre-
gate formation in solid matrices and could
be explained by surrounding effect on the
molecular chains [4, 8, 11, 12]. Contrary, in
the case of PIC J-aggregates formed in the
AAO pores threefold increasing of the J-band
was observed. Such large broadening could-
n’t be explained by the static disorder con-
tribution only. One of possible reasons is
PIC J-aggregates structure changing due to
spatial confinement by the pores. Indeed,
porphyrin J-aggregates formed in the AAQO
matrix revealed nanotube structure with pa-
rameters corresponding to the AAO pores
geometry [20]. As PIC J-aggregates threads
much bigger compared with the AAO pores
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they should to be reorganized while embed-
ded into the matrix. Despite, as BIC J-ag-
gregates are small enough to enter into the
pores they structure remains unchanged.
Changes in the PIC J-aggregates struc-
ture could be confirmed by images taken
using a fluorescent microscope. While in
aqueous solutions thread-like structures ob-
viously seen (Fig. 2a) in the AAO films J-
aggregates look like separate bright spots of
smaller size, i.e. aggregates’ size is strongly
decreased (Fig. 2b). Of course, due to the
diffraction limit of optical resolution their
physical size cann’t be determined exactly
[1]. Besides, using fluorescent microscopy
PIC J-aggregates were detected throughout
all the depth of the cleaved AOA film. In
contrast to the PIC J-aggregates, J-aggre-
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gates of BIC apparently preserve their
structure during formation in AAO films.
Their fluorescent images look similar both
in the solution and in the film (not shown)
and correspond to the PIC J-aggregates in
the AAO matrix images (Fig. 2a).

To confirm these observations lumines-
cence decay curves of J-aggregates in the
aqueous solution and in the AAO films were
recorded (Fig. 3). For BIC J-aggregates in
aqueous solution the decay curve appears to
be not single-exponential and can be ap-
proximated by two exponential decays with
Ty ~ 232 ps (84 %, amplitude weighted) and
Tg ~ 76 ps (16 %, amplitude weighted) and
average lifetime is 1,,%°%on ~ 124 ps (am-
plitude weighted) [15]. In AAO films, the
curves of luminescence decay also can be
approximated by two exponential curves,
with average decay time reduced to Tavﬁlm ~
75 ps (Fig. 3a). Moreover, in both cases,
contribution of luminescence of monomers
is significant. Lifetime decrease could be as-
sociated with static disorder increasing
caused by the spatial restriction in the AAO
pores [4-8].

In the case of PIC J-aggregates in the
AAO films a significant deviation from the
monoexponential decay law which is charac-
teristic to the luminescence decay in aque-
ous solution [25] was observed (Fig. 3b).
Furthermore significant reduction of life-
time to 71,,/%™ =~ 0.6 ns as compared with
that in aqueous solution (raVSOZutiO” =~ 1.4 ns)
[17] was observed. These changes have con-
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firmed the hypothesis that the exciton prop-
erties of PIC J-aggregates at the formation
in the nanoporous AAQO are result of not
only static disorder increase but also the
structure changing.

4. Conclusions

J-aggregates formation in the nanopor-
ous anodic aluminium oxide films has been
studied using steady-state and time-resolved
spectroscopy. Spherical BIC J-aggregates
penetrate into the pores with small changing
their spectral properties and structure caused
by static disorder increasing. PIC J-aggre-
gates formation in the AAO pores results in
their structure change leading to significant
spectral properties transformation.
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