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ON STABILITY OF POLYMETHINE DYES IN WATER

We present the results of studies of the influence of CdSe nanoparticles on the color stability
of polymethine dyes. Two structurally similar dyes with different abilities to form J-aggregates
in water were considered. We have observed a significant increase in the color stability of dyes,
as a result of the interaction with 1.1-, 1.2-, and 2.3-nm nanoparticles.
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1. Introduction

Such objects of investigation as the complexes formed
from polymethine dyes (PMD) and nanoparticles
(NP) attract more and more attention of researchers.
The ability of many species of PMD to the forma-
tion of aggregates is an important property for their
applications. There are a lot of papers devoted to
the influence of the environment on the formation
of aggregates (see, e.g., [1,2]). The formation of J-
aggregates in a solution of reverse micelles was con-
sidered in [1], and the authors of work [2] studies the
influence of multiply charged inorganic and organic
cations on the J-aggregation of polymethine dyes. In
spite of a fast growing number of publications de-
voted to the binding of dye molecules to semicon-
ductor and metallic nanoparticles (NPs), there are
still a lot of questions about the interaction between
them [3,4, 7, 8]. Such questions about the influence
of adsorption and aggregation of dye molecules on
the surface of nanoparticles on the light absorption,
decay of excited states, and the photoinduced degra-
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dation of dye molecules are still remains unstudied.
It is known from the literature [3] that NPs usu-
ally contribute to the formation of J-aggregates. But
another situation is possible as well. The authors
of work [4] showed that it is possible that all dye
molecules are bound to NPs. As a result, the process
of aggregation would be impossible at some concen-
trations of NPs and a dye. Semiconductor nanopar-
ticles of the A By group are important objects for
studying due to the large area of their possible prac-
tical applications [5]. The possibility to obtain the
low-toxicity nanoparticles possessing the luminescent
properties makes them perspective objects for the ap-
plication to biological investigations [6]. The combi-
nation of polymethine dye molecules and semiconduc-
tor nanoparticles can lead to a significant improve-
ment of their properties. In works [7, 8], the forma-
tion of systems with resonant energy transfer that in-
clude semiconductor nanoparticles and J-aggregates
was studied.

In this work, we will present the experimental re-
sults of our study of the interaction between CdSe
nanoparticles and PMD molecules. In Section 2, the
experimental details are described. Experimental re-
sults and the discussion are shown in Section 3.
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2. Experimental Details

We used three different types of CdSe nanoparticles:
1.2-nm NPs with narrow size distribution (NP1) and
1.1- and 2.3-nm NPs with wide size distribution (NP2
and NP3, respectively). For 1.2 nm NPs with narrow
size distribution, we used the method of growing of
the so-called magic clusters in aqueous solution, as
described in [9]. In our work, we took CdCOj3 as a
Cd precursor which led to a considerable reduction of
the reaction time (down to 15 min).

NP1 1.2-nm magic clusters with narrow size dis-
tribution were obtained by the following method:
we mixed 0.75 ml of 0.05 M NaySeSO3 with 2 mg
of CdCOg in 9.25 ml distillated water, then 15 mg
NaOH and 16 mg of L-cysteine were added. The
growth of nanoparticles occurred with a constant stir-
ring for 15 min and the storage during one day in a
dark room at a temperature of 20-25 °C.

NP2 crystalline-like 1.1-nm nanoparticles with
wide size distribution were obtained by the nonselec-
tive photoetching of NP1 by a 406-nm semiconductor
laser during 26 min at room temperature and a con-
stant stirring. This led to the removal of some atoms
from the surface. At that time, we observed the for-
mation of a white sediment of cadmium hydroxide.

NP3 were obtained in the following way: 2 ml of
0.05 M NapSeSO3 were mixed with 18 mg of CdCOj3
in 10 ml distillated water, then 16 mg NaOH and
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Fig. 1. Structural formulas of polymethine dyes. Dyel (a)
does not form aggregates in water solutions, Dye2 (b) is able
to form J-aggregates
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40 mg of L cysteine were added. The growth of
nanoparticles occurred with a constant stirring for 15
min and the storage during one day in a dark room
at a temperature of 20-25 °C.

The size of nanoparticles was estimated by the pro-
visions of the maxima of their absorption spectra, ac-
cording to formula (1), which was taken from [10].
The maxima of the absorption bands of NP1, NP2,
and NP3 stay at wavelengths of 420, 408, and 510 nm,
respectively. According to work [10], it corresponds
to 1.22-, 1.1-, and 2.3-nm nanoparticles.

Amax[nm] — 252.7)
129.3

D[nm] = 0.334 exp <( (1)

In this paper, we use two structurally similar dyes
(see Fig. 1). Dyel forms no aggregates in water solu-
tions, and dye2 is able to form J-aggregates. The dyes
were obtained by the standard method in accordance
with [11].

A grating monochromator MDR-3 was used for the
recording of absorption spectra. A halogen incandes-
cent lamp was used as a light source for absorption
spectra. Photoluminescence (PL) spectra were ob-
tained, by using a Cary Eclipse spectrophotometer
(Varian, Australia).

3. Results and Discussion

3.1. Photoluminescence of polymethine dyes
conjugated with 1.2-nm CdSe nanoparticles

The PL and excitation spectra of dyel and dyel
bound to 1.2-nm NPs are shown in Fig. 2, a. Com-
paring the PL spectra of free dyel and dyel bound to
NP (curves 2, 3 and 5), we could see the broadening
of the emission contour in the presence of NPs. It
can be related to the overlapping of emission bands
of the dye and nanoparticles and to a transforma-
tion of the emission spectrum of dye molecules in the
presence of NPs, since it was observed that the ab-
sorption spectrum of the dye undergoes changes in
the presence of NPs. In that case, an enhancement
of side bands in the absorption spectrum of the dye
was observed (see the inset in Fig. 3). The excita-
tion spectrum of that sample shows that the emission
near 605 nm is related to nanoparticles, since the ex-
citation spectrum matches the excitation spectrum of
nanoparticles (Fig. 2, a). As a result of the possibil-
ity to form aggregates in the case of dye2, there was
a quite other picture. The formation of J-aggregates
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of dye2 in an aqueous solution at a concentration of
1 x 1075 M, which was used, does not occur usu-
ally. But, as a result of the electrostatic attraction
of polar dye molecules to nanoparticles, there is a lo-
cal increase of the dye concentration in vicinities of
NPs. Therefore, the aggregates are formed [3]. This
was observed for all nanoparticles used in the work
(Fig. 4). So, the PL of dye2+ NPs consists of the
emission band of nanoparticles and the slight band at
670 nm that corresponds to the PL of J-aggregates of
dye2 (Fig. 2, b).

3.2. Influence of CdSe nanoparticles
on the color stability of polymethine dyes

In this section, we present the results of studies of
the influence of CdSe nanoparticles on the color sta-
bility of PMDs in water solutions. The optical den-
sity of dyes, used in this work, decreases more than
twice (in dark room) and by five times for two weeks
(from 0.74 to 0.15 for the solution with a dye con-
centration of 1 x 10=> M). The presence of CdSe
nanoparticles leads to a significant increase of stud-
ied dyes’ color stability. As is shown in Figs. 3 and
4, the situations in the cases of dye2 that forms J-
aggregates and dyel that does not would be com-
pletely different. For colloidal solutions of dyel con-
jugated with NPs, it turned out after two weeks of
the storage that the highest value of optical den-
sity in the region 500-650 nm, which corresponds to
dyes’ absorption bands, was in the case of the bind-
ing of PMD molecules to 1.2-nm NP1. In the case
of 1.1 nm crystalline-like NP2, the value of optical
density was smaller; and it was smallest for 2.3-nm
NP3. It should be noted that, in the last case, the
absorption band of PMD at 520 nm was overlapped
by the NP3 absorption band at 505 nm. The ab-
sorption spectra of dyel, NP1, and dyel conjugated
with NP1 just after the mixing are shown in the in-
set in Fig. 3. It is well seen that the presence of
nanoparticles leads to an increase of the PMD ab-
sorption side bands.

In the case of Dye2 that is able to form J-aggregates
in water, all will be entirely different. In the pres-
ence of NP, the dye molecules in a solution would be
mostly in the aggregated state, because the presence
of nanoparticles leads to a local increase of the PMD
concentration in the solution just around nanopar-
ticles and thus contributes to the formation of dye
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Fig. 2. PL spectra of PMDs with 1.2-nm nanoparticles. Dyel
spectra are shown in (a). Curve I shows the excitation spec-
trum; curves 2, 3 present the luminescence spectra of dyel,
curves 4 and 5 are the excitation and emission spectra of
NP + dyel; and dashed lines correspond to just NPs. Dye2
spectra are shown in (b). Dashed curve shows the lumines-
cence spectra of dye2, dotted curve — NPs, and solid curve —
NP + dye2. The band at 665 nm corresponds to PL of J-
aggregates of dye2. Excitation spectrum of J-aggregates is
shown by the solid curve with the maximum at 640 nm. Dot-
dashed line shows the PL spectrum of J-aggregates bound to
NPs under 640-nm light excitation

aggregates. The largest value of optical density corre-
sponds to the solution with the largest nanoparticles.
For the solution of PMD conjugated with fullerene-
like NPs (NP1), the absorption band of J-aggregates
is smallest.

The absorption spectra of these solutions after the
4-month storage (in dark, at room temperature) are
shown in Fig. 5, and the spectra of nanoparticles and
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Fig. 3. Absorption spectra of dyel and dyel bound to

nanoparticles with diameters of 1.2, 1.1, and 2.3 nm; 2 weeks
after the preparation. The inset shows the absorption spectra
of 1.2-nm nanoparticles (curve 1), dyel (curve 2), and the dye
with NP (curve 3), just after the preparation
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Fig. 4. Absorption spectra of dye2 and dye2 bound to

nanoparticles with diameters of 1.2, 1.1, and 2.3 nm; 2 weeks
after the preparation

dyes separately are shown in Fig. 6. As is seen from
Fig. 6, both dyes in the absence of NPs are almost
completely decolorized. By comparing Figs. 3 and 5,
we can see that the value of optical density of the
solutions of dyel mixed with 1.1-nm and 1.2-nm NPs
stayed fairly constant, whereas the optical density of
the solution dyel+NP3 (2.3 nm) was decreased by
half. The absorption band of J-aggregates of dye2
was decreased too. This can be related to the degra-
dation of PMD or to a gradual precipitation of NPs

332

----- Dye1+NP1
—-—-Dye1+NP2
= = Dye1+NP3
Dye2+NP1
- - - Dye2+NP2
—— Dye2+NP3

0.00

T T T T T T
400 450 500 550 600 650
A, nm
Fig. 5. Absorption spectra of dyes 1 and 2 conjugated with
nanoparticles with diameters of 1.2, 1.1, and 2.3 nm; 4 months

after the preparation
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Fig. 6. Absorption spectra of dyes 1 and 2 and colloidal solu-
tions of nanoparticles with diameters 1.2 (curve 1), 1.1 (curve
2), and 2.3 nm (curve 3); 4 months after preparation

with bound dye molecules and the subsequent sedi-
mentation.

Comparing Figs. 5 and 6, we can see that different
changes are could be observed also for the solutions
of pure NPs and the solutions of NPs in the presence
of dyes. It could be seen that, in the case of 1.1-nm
nanoparticles, there were certain transformations of
the absorption spectra, namely a broadening of the
absorption band with the simultaneous appearance
of a long-wavelength maximum and a simultaneous
reduction of the value of optical absorption. This
can be explained by the process of Ostwald ripening.
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For nonphotoetched 1.2-nm nanoparticles, this pro-
cess goes much slower (Fig. 5). Apart from that, this
process goes slower in the presence of the dyes in a
solution for both types of NPs (1.2-nm magic clusters
and 1.1-nm crystalline-like nanoparticles). NP3 were
grown from 2.3 nm to 2.5 nm, and the presence of
PMD had no considerable effect.

4. Conclusions

It is shown that the discoloration of the studied PMD
solutions is going much slower in the presence of cad-
mium selenide nanoparticles. The dye able to form
aggregates in water solutions is mainly in the aggre-
gated form. We have found that the discoloration
process of the dye conjugated to CdSe nanoparticles
depends on NP’s size and structure. Moreover, the
optimal size of nanoparticles will be different for the
dye, which is in the molecular form, and the dye in
the form of aggregates.
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C.JO. Buwnescovkul, 1.M. JImumpyx,
A.Il. Haymenxo, FO.JI. Bpukc, 10.JI. Caomincoruts

BIIJIUB CdSe HAHOYACTUHOK HA CTABIJIBHICTb
IIOJIIMETMHOBUX BAPBHUKIB V BO/IL

Pesmowme

HageieHO pe3ysibTaT JOC/II2KEHHS] BIJIMBY HAHOYACTUHOK Ce-
JIeHiy KaJaMiro Ha CTabiIbHICTH KOJIBOPY IOJIIMETHHOBUX OGapB-
HUKIB. Po3rysgHyTO ABa CTPYKTYpHO OJM3BKiI GApBHHUKH i3 pi-
3HOIO 3/IaTHICTIO /10 YyTBOpEHHs J-arperariB y Boxi. BruacJimok
B3aeMoOii OApBHUKIB i3 HAHOYACTHHKAMH po3mipom 1,1, 1,2 Ta
2,3 HM CIOCTEpIrajioch 3HAYHE MiJBUINEHHsI CTablJIbHOCTI KO-
JIBOPY PO3YHHIB, IO JTOCIIiTKYBAJIUCH.

C.JO. Buwnesckuti, U.M. JImumpysx,
A.Il. Haymenxo, FO.JI. Bpukc, 10.JI. Caomuncruil

BJIMAHUE CdSe HAHOYACTUIL HA CTABMJILHOCTDb
IIOJIUMETUHOBBIX KPACUTEJIEN B BOJIE

Peszmowme

IIpeacraBiieHbl Pe3ysIbTaThl HCCJIEOBAHUS BJIMSHUAS HAHOYA-
CTHUI[ CeJIEHHJA KaJMUs Ha CTabUJIBHOCTH IIBETA IIOJIUMETH-
HOBBIX Kpacurejseil. PaccMOTpeHbl jBa CTPYKTYPHO OJju3kue
KpacUTesasi C pA3HBIMH CIOCOOHOCTSIMH K OOpa30BaHUIO J-
arperaros B Boje. Kak pesysnbrar B3auMogeiicTBus Kpacureeit
¢ HaHo4dacTuramu pasmepom 1,1, 1,2 u 2,3 M, Hab/I0OIAIOCH
3HAYHUTEJbHOE IOBBIIIEHNEe CTAOUIBHOCTH IIBETA PACTBOPOB.
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