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The features of the formation of three cyanine dyes .J-aggregates in a porous TiO,
matrix formed by positively charged microparticles were studied using optical spectros-
copy. The formation of the J-aggregates was found to be better for cationic PIC and L-21
dyes compared to anionic BIC dye despite the charge of TiO, particles. This manifests
itself both in the color of the matrices and in the spectral properties of J-aggregates. For
all the dyes, the degree of aggregation was much lower than in solutions, and the
monomers made a significant contribution to the absorption spectra. For J-aggregates in
TiO, matrices, a weaker dipole-dipole interaction and a greater static disorder were found.
Considering the spectral properties and stability, the PIC dye can be attributed to the best
dye for the formation of J-aggregates in a porous TiO, matrix formed by microparticles.

Keywords: cyanine dye, J-aggregate, TiO, particle, porous matrix, luminescence, ab-
sorption.

Onrnuna criekTpockomis J-arperartis rianinosux GapsBHuKiB y mopucrux marpuimx TiO,.
I1.FO.Ponaxosa, II.B.Ilickaoea, I.I.Becnanosa, I.A.Bopoeoii, O..Baein, II.B.Mameiiuenro,
C.J.Epimosa, A.B.Copokin

Metomamu omTuuHOi cmeKTpocKommii mocmimkeHO ocobmuBocTi dopMyBaHHS J-arperarTis
TPLOX ITiaHiHOBUX GapBHUKIB y mopuctiii marpuni TiO,, yrBopeHiil IOZUTUBHO 3apATKEHUMU
MiKpouacTHHKaMU. Byslo BUABIeHO Kpallle YTBOPEHHA J-arperariB Ansa KaTioHHNX 6apBHUKIB
PIC i L-21 mopieusano 3 anmiomnum Gaperurxom BIC, mespaxarun Ha sapap 4acTHHOK 110,.
ITe mposaBnseThca Ak y 3abapBJIeHHI MaTPUIlh, TAK i B CIIEKTPANBHUX BJIACTUBOCTAX oJ-arperarTis.
Hna Bcix GapBHUKIB cTyminb arperanii 6yB 8HAYHO MEHININM, HiK y PO3UMHAX, i MOHOMEpPU
JaBaNTY 3HAUHUI BHECOK y CIeKTDPHU HornuHaHHA. [ns J-arperaris y marpunax TiO, BuUABIeHO
CcJablry AUIIONL-TUIONLHY B3a€MOLit0 Ta Ginbinuii craTnunmi 6e3nan. BpaxoByroun cneKTpanbHi
BJacTUBOCTI Ta crabinbHicTb, MoykHa HasBary GapBHuK PIC Hafikparum Bunagxom GopMyBaAHHS
J-arperatis y nopuctiti marputti TiO,, yTBopeHill MiKpoYacTMHKAMH.

© 2022 — STC "Institute for Single Crystals”

1. Introduction

Molecules of some organic dyes and pig-
ments, such as cyanines, merocyanines,
squaraines, etc., show a unique ability to
associate; as a result, various compositions
and structures from dimers to supramolecu-
lar systems can form in solutions or on the
surface of aggregates [1]. Particular atten-
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tion is paid to J-aggregates, which have an
ordered structure and specific spectral prop-
erties [2-7]. High-molecular ordered aggre-
gates, called J-aggregates, are low-dimen-
sional crystals, the optical properties of
which are due to the delocalization of elec-
tronic excitations in some areas with the
formation of Frenkel excitons [2—-7]. De-
pending on the molecular arrangement, the
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excitonic band can be narrow, red-shifted
(called the J-band), or broad, blue-shifted
(called the H-band)[2-7]. Due to the exci-
tonic nature of optical properties and their
strong dependence on the structure, J-ag-
gregates reveal many unique spectral char-
acteristics, such as a very narrow J-band
(with the width depending on the exciton
coherence length), a large excitonic band
shift, near-resonance fluorescence, giant
cubic susceptibility, exciton superradiance,
a very high oscillator strength, etc.[2-T7].
J-aggregates typically form in highly con-
centrated solutions and have a structure
that is intermediate between amorphous and
crystalline. In solutions, J-aggregates are
usually linear or closed molecular chains ca-
pable of forming complex supramolecular
structures[2-T7].

Aggregation processes and unique optical
properties of dye molecular aggregates at-
tract great interest both for basic research
and in the applied aspect[1-9]. New promis-
ing applications of J-aggregates for the de-
velopment of new generation LED devices,
frequency conversion of laser radiation,
creation of photovoltaic devices based on
molecular units, etc. have been proposed [2,
7, 10-14]. For practical applications, J-ag-
gregates in the form of solid-state samples
are more promising than solutions due to
higher stability [2-7]. Unfortunately, J-ag-
gregates can change their structure in solid
nanostructured materials, such as nanopor-
ous matrices or polymer films, causing a
modification of spectral properties [2-T7].
For example, we reported a change in the
optical properties of BIC, PIC, amphi-PIC,
and TDBC J-aggregates when formed in
nanostructured media, such as polymer films
and nanoporous AAO matrices [15-18].

Porous titanium dioxide is an attractive
material due to its high stability, superior
electron transport properties, and the facili-
ties to control the surface morphology[19—
21]. Thus, it finds multiple applications,
first of all, in organic photovoltaics and
perovskite solar cells[19-21]. It was shown
that cyanine dyes are efficiently adsorbed
on TiO, surfaces as monomers or J-aggre-
gates and can be used as photosensitizers
for organic solar cells or photodetectors[11,
12, 22—-26]. Mostly, the anionic cyanine dyes
were utilized to be adsorbed on positively
charged TiO, surfaces in these studies.

In this work, we present the results of
J-aggregation of cationic dyes PIC and L-21
and anionic dye BIC in highly porous TiO,
matrices formed using TiO, microparticles.
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Fig. 1. Photographic images of TiO, matrices
colored by J-aggregates of different dyes: a)
pure matrix, b) L-21, ¢) PIC, and d) BIC.

2. Experimental

TiO, microparticles were formed as fol-
lows: 10 ml of titanium (IV) butoxide
(Sigma Aldrich, USA) was added to 10 ml
of butanol, and this mixture was stirred
until a homogeneous solution was obtained;
then an aqueous surfactant solution (0.2 ml
of OP-9 in 10 ml of H,0) was added drop-
wise with vigorous stirring. As a result, a
suspension of amorphous TiO, in an aqueous
butanol solution was obtained. This suspen-
sion was heated to 80°C for the time re-
quired to obtain a “paste” of amorphous
TiO,. Then the "paste™ was heated to 150°C
and kept for 2 hours. The resulting amor-
phous TiO, powder was annealed at 300°C
for 12 hours. Thus, a fine powder of TiO,
particles was obtained. An aqueous solution
of acetic acid (10 % wt.) was added to the
obtained fine powder. This mixture was
stirred to form a homogeneous white paste.
Next, this paste was applied to the glass
substrate in the form of a thin layer with a
thickness of approximately 100 um and an-
nealed at a temperature of 350°C for
30 minutes. The color of the TiO, micropor-
ous film changed from white to light brown,
and then again to white (Fig. 1a), which
indicated the annealing of the organic part
of the film (i.e., solvent).

PIC (1,1'-diethyl-2,2’-cyanine iodide,
pseudoisocyanine, Fig. 2a) dye was pur-
chased from Sigma Aldrich (USA) and used
as received. PIC J-aggregates were prepared
by dissolving the PIC (0.5 mM) in an aque-
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Fig. 2. Structural formula of the dyes: a)
PIC, b) L-21, and c¢) BIC.

ous NaCl (0.2 M) solution under moderate
heating (< 80°C). Then the solution was
slowly cooled down to room temperature.
L-21 (3,8’-dimethyl-9-thienyl-thiacarbocyan-
ine iodide, Fig. 2b) dye was purchased from
Otava Ltd (Ukraine) and used as received.
L-21 J-aggregates were prepared from a
stock solution of the dye in DMF (2 mM) by
its dilution with deionized water at the
ratio of 1:9 providing a 0.2 mM dye concen-
tration in the final solution. BIC dye (1,1’-
disulfopropyl-8,8’-diethyl-5,5",6,6 -tetrachl
oro-benzimidazolylcarbocyanine sodium salt,
Fig. 2¢) was synthesized by Dr.I.A.Borovoy
with purity controlled by NMR and thin
layer chromatography. BIC J-aggregates
were prepared by dilution in deionized
water to get a 1 mM dye concentration.

To inject the J-aggregates into the TiO,
matrix, it was immersed in the J-aggregates
aqueous solutions for at least 2 hours,
which resulted in intense uniform coloring
of the matrix. Then the surface of the sam-
ple was washed with water to remove the
dye excess and blow-dried at room tempera-
ture. As a result, intensively colored films
were obtained (Fig. 1).

Measurements of absorption spectra were
performed wusing a two-beam spectro-
photometer SPECORD 200 (Analytik Jena,
Germany). To measure the absorption spec-
tra of opaque dye samples in TiO, films, a
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fluorescent microscope was used in a trans-
mitted light mode with a 10X/0.50NA ob-
jective and supplied by a spectrophotometer
USB4000 (Ocean Optics, USA). A Lumina
spectrofluorimeter (ThermoScientific, USA)
was used to study the luminescent proper-
ties of cyanine dye J-aggregates, namely, to
measure stationary spectra of luminescence
and luminescence excitation. Luminescence
decay curves were measured using a
Fluotime 200 picosecond spectrofluorimeter
(PicoQuant, Germany) using picosecond
laser modules with radiation wavelengths of
4839 nm and 531 nm. HQ460LP and
HQ560LP filters (Chroma, USA) were used
to ensure a high-quality emission analysis.
Electron microscopy images of the films
were obtained by applying them to a graph-
ite substrate; a scanning electron micro-
scope (SEM) JSM-6390LV (JEOL Company,
USA) at a voltage of 15 kV was used.

Microscopic images of the TiO, matrix
obtained using a scanning electron micro-
scope (SEM) showed that it is the sintered
highly porous microscopic particles of dif-
ferent sizes (Fig. 8). Typically, the mi-
croparticles of TiO, prepared by the chosen
method are positively charged [19-21]. The
high porosity of the obtained TiO, matrix
provides effective adsorption of organic
dyes, which is confirmed by the coloration
of the matrices with J-aggregates of PIC,
L-21, and BIC (Fig. 1).

3. Results and discussion

3.1. PIC J-aggregates. J-aggregates of
PIC dye may be among the most studied
aggregates of cyanine dyes[2-7]. In aqueous
solutions, they exhibit a very narrow J-
band simultaneously with a high fluores-
cence intensity, which indicates a very high
degree of order within the molecular chain
and a filamentous quasi-one-dimensional
structure[2-7]. However, their formation in
solid or nanostructured media can lead to a
change in the J-aggregate structure and,
hence, their optical properties[7, 17, 18].
Due to this effect, one can use PIC J-aggre-
gates as a fluorescence probe to study the
features of aggregation in various media or
on various surfaces.

In an aqueous electrolyte solution, PIC
J-aggregates exhibit three absorption bands
(Fig. 4a, curve 1'): an H-band (A,,, =
492 nm), a monomer band (A,,, = 525 nm)

and a very narrow J-band (A, =
573.5 nm, AVpy gy = 180 em™). In the lu-
minescence spectrum (Fig. 4a, curve 27,

Functional materials, 29, 4, 2022
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Fig. 3. SEM images of TiO, matrices with different resolutions.

only a narrow resonant intense band (A,,, =
574 nm, AvVg,ypes = 15 cm™1) can be observed.
That is typical for PIC J-aggregates, since
the monomers do not emit in solutions due to
the cis-trans isomerization effect, while in ag-
gregates with both H- and J-bands, only low
energy excitonic states (corresponding to -
band) emit radiation[2—T7].

The porous TiO, matrix turned out to be
well colored after immersing in a solution
of PIC J-aggregates, indicating effective
PIC dye adsorption on the matrix surfaces
despite the same charge of the TiO, surface
and dye molecules (Fig. 1c). Possibly, the
Coulomb repulsion is partially blocked by
NaCl salt ions presented in the solution of
J-aggregates. In addition, it is necessary to
take into account the hydrophobic interac-
tion, which significantly affects the behavior
of cyanine dyes upon aggregation [2-7, 22].

As can be seen from the absorption spec-
tra (Fig. 4a, curve 1), the aggregation de-
gree of PIC dye is lower than in the solu-
tion (Fig. 4a, curve 1’), and, consequently,
the exciton bands (the H-band with A,,,, "5
= 487 nm and the J-band with A,,,"Cp =
567 nm) are less intense relative to the
monomer band (A,,,,"C» = 528 nm). Indeed,
such a weaker aggregation can be expected
taking into account the Coulomb repulsion
between the dye and TiO, particles. Never-
theless, the J-band is still resolved in the
absorption spectrum (Fig. 4a, curve 1). One
can see that all bands of the PIC J-aggre-
gates are slightly shifted to the blue spec-
tral region compared to the ones in the so-
lution. The spectral shift for monomer and
exciton bands has a different nature. While
the shift of the monomer band is associated
with the changes in its solvate shell (so-
called solvatochromic effect [27, 28]), the
shift of exciton bands is due to changing
the dipole-dipole strength J, which can be
found as[29]:
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_ Vinon = Vg (1
J= 24 7

where v,,,, and v; are maxima of the mono-
mer band and the J-band expressed in cm™!,
respectively. The strength of the dipole-di-
pole interaction can be estimated for PIC J-
aggregates in the solution as J,,; ~ 670 cm™1,
and in the TiO, matrix — as Jrjgo ~ 620 cm™
1. Thus, the dipole-dipole interaction is
weaker for PIC J-aggregates in the TiO, ma-
trix compared to those in the solution.

In the luminescence spectrum (Fig. 4a,
curve 2), only one wide low-intense band
was found with A, "0 = 590 nm, which
can be attributed to the emission of the
aggregate, since in the solid samples, the
emission of the monomer exhibits the band
maximum at a shorter wavelength[7]. The
high width of the luminescence band of the
J-aggregate with a large Stokes shift of the
band (AVgones' ' Op = 685 cm™1) indicates a
significant localization and self-trapping of
excitons in the J-aggregates[7, 18]. Typi-
cally, such an effect is caused by a signifi-
cant disorder in the aggregate structure due
to an inhomogeneous micro-environment of
J-aggregates[7].

To estimate the static disorder in the J-
aggregate structure one needs to estimate
an exciton coherence length, which is one of
the most important parameters showing the
spreading of the exciton state over molecu-
lar chains[2-7]. We can estimate the exci-
ton coherence length from the experimental
data using[7]:

3 - (AVIRPinp? (2)

= -1,
orT 2. (AVEwEaD?

where AVE§/arand Ay prarare full widths

at half maximum of the monomer and -
bands, respectively. For PIC J-aggregates in
the solution, the N.,, is approximately 45,
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Fig. 4. a) Absorption (curves 1) and luminescence (curves 2, A, = 530 nm) spectra of PIC J-aggre-
gates in the TiO, matrix (curves 1 and 2) and aqueous solution (curves 1’ and 2’), the spectra are

normalized for clarity; b) luminescence (A,,,

= 531 nm) decay for PIC J-aggregates in TiO, matrix

(curve 1, A, = 590 nm) and aqueous solution (curve 2, A, = 575 nm), curve 3 — IRF.

taking into account the width of the mono-
mer ~ 990 cm™! and the width of the J-band
~ 130 cm™![18]. For PIC J-aggregates in the
microporous matrix, the width of the -
band can be estimated by subtraction of the
band of the monomer from the whole spec-

trum, and we obtain AV g/ C2 ~ 980 cm™L

(Fig. 4a, curve 1). Hence, the exciton coher-
ence length NcohTioz is only ~ 2, taking into
account the wider the band of the monomer
in the solid sample[18]. The significantly
shorter exciton coherence length for PIC -
aggregates in the TiO, matrix compared to
the solution case confirms the large static
disorder in the PIC J-aggregates formed in
the TiO, matrix.

Thus, we can conclude that, despite the
same charge of the dye and matrix, PIC
J-aggregates still form on the microporous
surface. However, the aggregation degree is
small and the J-aggregates exhibit a very
large static disorder leading to exciton lo-
calization and self-trapping. As a result,
the luminescence yield of the J-aggregate is
strongly quenched, which manifests itself
not only in a low luminescence intensity
(Fig. 4a, curve 2) but also in a much shorter
luminescence decay curve for the J-aggre-
gates in the TiO, matrix (Fig. 4b, curve I).

Indeed, in the aqueous solution, the ex-
ponential luminescence decay was obtained
for PIC J-aggregates with a lifetime T ~
1.39 ns (Fig. 4b, curve 2) [30]. However, in
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the TiO, matrix, the luminescence decay
curve is non-exponential and can be de-
scribed by three exponents with T, ~ 75 ps
(79 %), 19 ~ 320 ps (17 %), and 13 ~ 800 ps
(4 %), which provides the average lifetime
T, ~ 150 ps taking into account fractional
amplitudes. The lifetime shortening due to
the luminescence quenching is typical for
J-aggregates formed in solid media[7]. How-
ever, for PIC J-aggregates formed in lay-
ered polymer films, we obtained the average
lifetime 7,, ~40 ps and the luminescence
quantum yield n ~ 0.5 % [30]; while in the
TiO, matrix, the average lifetime (7,, ~
150 ps) turned out to be 8 times longer,
whereas the luminescence quantum yield is
comparable with that in the polymer film
and maybe even less (wasn’t measured due
to too weak yield). It can be assumed, that
an additional contribution to luminescence
quenching is made by electron transfer from
PIC J-aggregates to TiO, particles[31].

3.2. L-21 J-aggregates. Another cationic
dye, for which J-aggregation in a TiO, po-
rous matrix was studied, is L-21 (Fig. 2b).
The L-21 J-aggregates were previously in-
vestigated in aqueous solutions under inter-
action with nucleic acids[82], surfactant
micelles[83] and inorganic nanoparti-
cles[34]. The features of the exciton struc-
ture of an L-21 J-aggregate are the pres-
ence of both H- and J-bands, the former
being much more intense than the latter,
and a quite large spectral shift of the J-
band relative to the monomer band (Fig.

Functional materials, 29, 4, 2022
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Fig. 5. a) Absorption (curves 1) and luminescence (curves 2, A, . = 530 nm) spectra of L-21 J-ag-
gregates in the TiO, matrix (curves 1 and 2) and aqueous solution (curves 1’ and 2’), the spectra are

normalized for clarity; b) luminescence (A

exe = 031 nm) decay for L-21 J-aggregates in the TiO,

matrix (curve 1, A, = 675 nm) and aqueous solution (curve 2, A, = 681 nm), curve 3 — IRF.

5a)[82-84]. In the  Dbinary solution
DMF:water (1:9), L-21 dye typically demon-
strates low aggregation, and the monomer
band (A,,, = 567.5 nm) is dominated in the
absorption spectrum (Fig. 5a, curve 1); while
the J-aggregates exhibit only a very wide and
low-intense J-band  (AVgy gy~ 845 cm™L,

Amax = 678 nm). According to Eq. (1), we
can estimate the dipole-dipole interaction as
Jgor ~ 1195 cm™1, which is about twice as
large as for PIC J-aggregates (Fig. 4a).
Such a large difference can be associated
with the specific structure of L-21 dye (Fig.
2b), namely, the three-methine "bridge” and
the 9-thienyl central radical, which provide
a much larger dipole moment of the optical
transition in the dye. As the monomer band
width is only ~ 770 ecm™!, there is no possi-
bility to estimate the exciton coherence
length according to Eq. (2). In the lumines-
cence spectrum of L-21 dye in the binary
solution, two bands can be resolved,
namely, the monomer band (A,,,, = 588 nm)
and the exciton band (A ,,,= 681 nm,
AVgiones= 65 ecm™!) which is narrower and a
bit more intense than the monomer lumines-
cence (Fig. 5a, curve 2’). The relatively nar-
row luminescence band of L-21 J-aggregates
with a very small Stokes shift is an indica-
tion that the large width of the J-band is
due to the inhomogeneity of the distribution
of aggregates rather than a large static dis-
order. Similar to PIC J-aggregates, despite
the same charge of TiO, particles and the
dye, L-21 J-aggregates color the matrix
relatively homogeneously (Fig. 1b), al-
though the colors differ due to the different
spectral positions of the monomer and exci-

Functional materials, 29, 4, 2022

ton bands for PIC and L-21 J-aggregates.
As in the case of interaction with different
nanoparticles in solutions[32—-34], adsorp-
tion on the TiO, surface leads to spectral
changes for L-21 J-aggregates (Fig. 5a,
curves 2). In the absorption spectrum (Fig.
5a, curve 1), two additional bands appear,
one of which is the H-band (A,,, = 544 nm)
and the second one seen as a shoulder (A,
= 625 nm) is the band of J-dimers[32]. The
J-band (A,,, = 674 nm) appears to be
slightly blue-shifted and much less resolved
compared to the solution case, but much
narrower (AVpw g~ 490 cm™!). According

to equations (1) and (2), we obtain J1joo ~
1160 cm™! and N, ~ 8, respectively. Thus,
we can conclude that the L-21 J-aggregates
in the TiO, matrix exhibit a weaker dipole-
dipole interaction and a small exciton coher-
ence length, which indicates hindered aggre-
gation on the TiO, surface, as expected due
to the Coulomb repulsion. The general form
of the absorption spectrum of the L-21 J-ag-
gregates in the TiO, matrix is very similar to
that in the interaction with RNA, where in
contrast to the DNA surface, much fewer
suitable regions for extended aggregation
were assumed [32].

Despite the restricted L-21 aggregation
in the TiO, matrix, the luminescence band

of the aggregates (A,,,=674.5 nm,
AVgiopes= 10 em™1) is much more intense

compared to the monomer emission (A, =

588 nm) (Fig. ba, curve 2). Interestingly,
there is no spectral shift for both absorp-
tion and emission of the monomer in the
TiO, matrix with respect to the solution
(Fig. 5a). If we compare the luminescence
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= 530 nm) spectra of BIC J-aggre-

exc

gates in TiO, matrix (curves 1 and 2) and aqueous solution (curves 1’ and 2') the spectra are

normalized for clarity; b) luminescence (A,

=531 nm) decay for BIC J-aggregates in the TiO,

matrix (curve 1, A, = 630 nm) and aqueous solution (curve 2, A, = 600 nm), curve 3 — IRF.

decay of L-21 J-aggregates in the TiO, ma-
trix (Fig. 5b, curve 1) and in the solution
(Fig. 5b, curve 2), we can find that they are
quite similar, with a longer lifetime in the
matrix (1., ~ 210 ps) compared to one in the
solution (t,, ~ 150 ps).

Therefore, we can conclude that despite
the Coulomb repulsion between TiO, parti-
cles and dye, which leads to restricted L-21
aggregation in the TiO, matrix, the J-ag-
gregates of L-21 demonstrate improved
spectral properties when adsorbed on the
TiO, surface compared to those in the solu-
tion, although worse than when interacting
with some nanoparticles[32—34]. Unfortu-
nately, the L-21 J-aggregates show very low
stability when adsorbing on the TiO, sur-
face, and a strongly colored matrix like that
shown in Fig. 1b turned out to be almost
colorless the very next day after sample
preparation.

3.3. BIC J-aggregates. The third dye,
which J-aggregates were studied in this re-
search, is the anionic dye BIC (Fig. 2¢). The
spectral properties of the BIC J-aggregate
are well studied[2, 7, 15, 85] including
those for the J-aggregates in the anodic alu-
minum oxide (AAO) porous matrix[17].
Since the BIC dye is an anionic one, we
expected the similarity of the properties of
the J-aggregates in the TiO, matrix to those
in water. Surprisingly, in contrast to the
PIC and L-21 J-aggregates, the TiO, matrix
appeared to be very inhomogeneously col-
ored by BIC J-aggregates, with most of the
dye concentrated along the matrix boundary
(Fig. 1d). Moreover, the absorption and lu-
minescence spectra of the BIC J-aggregates
in the TiO, matrix significantly differed
from those in water (Fig. 6a). Indeed, the
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absorption spectrum of the BIC J-aggre-
gates in water demonstrated (Fig. 6a, curve
1’) a single intense narrow J-band (AVpwgar
~560 cm™1, A .. = 592.5 nm) together with
the low-intense monomer band (A,,, =
530 nm); while the luminescence spectrum
showed only one narrow intense band (A,
=674.5 nm, Avgu.s =10 cm™!)  corre-
sponding to the emission of the aggregate
(Fig. 6a, curve 2’). On the contrary, the BIC
J-aggregates in the TiO, matrix exhibited a
very wide absorption band (Fig. 6a, curve 1)
with some features which can presumably be
attributed to the H-band (A,,, ~ 485 nm)
and the J-band (A, = 571 nm), which con-
tributed to the monomer band (A,,, =
530 nm). Similarly, in the luminescence
spectrum (Fig. 6a, curve 2’), one can also
find a very wide low-intense emission band
M pax = 628 nm, Avg,pes = 1465 cm™1). It is
interesting that the luminescence decay
(Fig. 6b) has a much smaller difference in
lifetime (t,, ~ 280 ps); for BIC J-aggregates
in the TiO, matrix (Fig. 6b, curve 1), it is
more than twice as large as with that (7, ~
120 ps) in water (Fig. 6b, curve 2). For ex-
ample, adsorption of BIC J-aggregates on
AAO surface leads to only a small modifica-
tion in the spectral properties of BIC J-ag-
gregates[17], despite a similar positive
charge of aluminum oxide pores.

Since there are not enough data to refine
the spectral properties of BIC J-aggregates
in the TiO, matrix, we can only assume that
they have a modified structure with signifi-
cant static disorder leading to a very large
Stokes shift and a wide luminescence band.
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4. Conclusions

In this study, the features of the forma-
tion of J-aggregates in TiO, porous matrices
were demonstrated for three cyanine dyes:
two cationic PIC and L-21, and anionic BIC.
Despite the positive charge of the surface of
TiO, particles, the best coloration of the
matrices was obtained for cationic dyes,
while anionic dye BIC is concentrated pref-
erably along the matrix boundaries. For all
cases, the aggregation degree was much less
compared to solutions with a high contribu-
tion of monomeric bands to absorption spec-
tra. A weaker dipole-dipole interaction and
a larger static disorder were found for J-ag-
gregates in the TiO, matrices. The most sig-
nificant spectral changes were revealed for
BIC J-aggregates, in contrast to the case of
their adsorption on porous aluminum oxide.
It can be assumed that sufficiently large
pores in the TiO, matrix lead to a larger
contribution of hydrophobic interaction
compared to the Coulomb attraction and
capillary effects. When adsorbed in the TiO,
matrix, L-21 J-aggregates demonstrate the
best results in terms of the spectral proper-
ties. However, the stability of the L-21 J-
aggregates appears to be very low signifi-
cantly limiting the possible application of
these systems. Thus, the formation of PIC
J-aggregates in porous matrices formed by
TiO, microparticles can be considered the
best case. For a better understanding of the
obtained results on the formation of J-ag-
gregates of cyanine dyes, one should com-
pare them with ones for porous matrices
formed by TiO, nanoparticles.
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