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Novel red-shifted band has been observed in luminescence spectra of a cyanine dye
embedded into nanoporous SiO, matrix. That band is concentration dependent and disap-
pears at cooling to low temperature. It has been associated with the dye excimer formation
due to strong interaction with the pores surface.

B cmekTpax JgIOMUHECIEHIIMM IMAHWHOBOTO KPAaCUTeJsI, BBEJEHHOTO B HAHOIOPHUCTYIO
SiO, maTtpuity, o6Hapy:KeHA HOBAA II0JIOCA, CMeIleHHAasd B KPACHOBOTHOBYIO 00jacTh. JanHas
mojioca SABJIAETCA KOHIEHTPAIMOHHO-3ABUCUMON M MCUEe3aeT TPHU OXJAKAEHUUN [0 HUSKOH
TeMmuepaTyphsl. OHa Tpunucana o6pas30BAHUIO SKCUMEPOB KPACUTEJS B Pe3yJbTaTe CUJILHOTO
B3aMMOAEHCTBUA € TTOBEPXHOCTHLIO TIOP.

Dopmysanns excumepie yianinoeozo 6apenura 6 nanonopucmux SiO, mampuyax.
BA. I'nan, 1.I. Becnanosa, CJI. €pimosa, O.B. Copokin

Y cmekTpax JOMiHecleHI[il IiaHiHOBOTO GapBHMKA, IO BBEAEHO A0 HAHOMOPUCTOL Si02
MATPUILi, CIIOCTepiraeThbca HOBA CMYTa, KA 3MilleHa Y YepBOHOXBUALOBY obsacTh. IIa cmyra
€ KOHIeHTPAIlifiHO-3aJIeKHOI0 1 BHMKAae NPU OXOJOMKEHHI Mo HMBBbKOI TeMmIeparypu. Boma
acotmifioBana 3 GOPMYBAHHAM €KCHUMeDPiB 0apBHWKA BHACTIOK CUJIBHOI B3AeMOJii 3 MOBEPX-

HE TIop.

1. Introduction

Nanoporous materials are very attractive
due to their wide abilities to adsorb and
interact with atoms, ions and molecules on
their large interior surfaces and in the
nanometer sized pore space [1,2]. Particu-
larly, they could be used as a host for fluo-
rescent molecules providing them novel
properties like for example enhanced photo-
stability [3], supramolecular organization
and so on [4-6]. Nanoporous SiO, matrices
are very promising hosts for organic and
inorganic molecules via their quite gentle
synthetic conditions, rigidity, transparent
glass formation and so on [4,7-10].

Recently we have published effective em-
bedding cyanine dyes into nanoporous SiO,
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matrix (10-20 nm pore diameter) with For-
ster resonant energy transfer realiza-
tion [10].

In present article we report peculiarities
of one of these dye accumulation in the ma-
trix. It results in intense red-shifted band
appearance in the dye luminescence spec-
trum associated with excimer formation.

2. Experimental

The SiO, sol-gel matrices synthesis was
describe elsewhere [9]. In result we obtained
round SiO, transparent plates with ~ 2 cm
diameter and 1 mm thickness. After poly-
condensation finishing matrices was an-
nealed at 750 °C. To work with the same
matrix within experiment series each ma-
trix was divided on several pieces. DiD
(1,1’-dioctadecyl-3,3,3’,3’-tetramethylind od -
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icarbocyanine perchlorate, Fig. la) dye was
obtained from Sigma-Aldrich (USA) and
used as received. To embed dyes into SiO,
matrix its pieces was placed into the dye
chloroform solution for at least one hour.
After that sample was dried at temperature
60 °C for at least three hours.
Luminescence spectra were recorded
using fluorescence spectrometer Lumina
(Thermo Scientific, USA) equipped with
solid sample holder. For luminescence meas-
urement A,,. = 600 nm has been used. Ab-
sorption spectra was registered using a mi-
crospectrometer USB4000 (Ocean Optics,
USA) supplied with an incandescent lamp.
Luminescence spectra at low temperature
were recorded using cryostat, in which sam-
ples was cooled down to liquid nitrogen tem-
perature, a diode-pumped YAG:Nd3* laser
(A = 532 nm) for excitation and monochro-
mator MDR-23 for registration. 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) full width at half maximum (Apwgn)
for the whole setup was about 100 ps. Decay
time analysis has been performed using
FluoFit software (PicoQuant, Germany).

3. Results and discussion

DiD dye well dissolves in many solvents
excluding aqueous ones revealing quite nar-
row intense absorption (A,,, = 650 nm in
dimethylformamide (DMF)) and lumines-
cence (A, = 675 nm in DMF) bands (Fig. 1b).
The dye is highly accumulates in nanopor-
ous SiO, matrix with a very strong unre-
solved absorption at matrix thickness 1 mm
and more [10]. The best solvent for matrix
impregnation found to be the chloroform [10].
At low dye concentration used in our previous
experiments the dye mainly preserves its lumi-
nescent band with A, = 670 nm (Fig. 2a,
curve 1) hereafter referred to as the monomer
band. The dye concentration increasing re-
sults in novel red-shifted band with A, =
720 nm appearing and became dominant
(Fig. 2a, curve 4). Such situation could be
achieved both by the dye concentration en-
hancement in stock solution and by succes-
sive a several times matrix immersion into
the solution with low dye concentration
(Fig. 2a). Using specially obtained a very
thin matrix with thickness less than 1 mm
lets us to record absorption spectra of the
dye accumulated sample (Fig. 2b). Fig. 2b
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Fig. 1 a) Structural formula of DiD dye, b)
its absorption (1) and luminescence (2) spec-
tra in DMF solution.

clearly shows only one band with A ,. =
645 nm which form and maximum spectral
position are not concentration dependent.

Appearing in luminescence spectrum of
red-shifted band, which is structureless,
wider (Apwyy = 1180 em™! with Lorentzian
fitting) comparing with monomer one
ApwaMm = 715 em ! with Gaussian fitting
for main electronic transition) and lacking
an analogue in absorption spectrum, could
be associated with the dye excimer forma-
tion [11]. Hereafter the red-shifted band re-
ferred to as the red band. Indeed, well-
known pyrene dye easily forms excimers in
silica gels [8,12]. But typically excimer
band is strongly shifted relatively monomer
absorption band with Stokes shift
~5000 cm~! and more [11,12] while in our
case the Stokes shift for the red band is
only 1650 em~l. The reason could be steric
hindrance for the dye dimer formation
caused by methyl groups and long hydro-
phobic tail (Fig. la). According our experi-
ence DiD is hardly associated in well-or-
dered form and only in aqueous solutions it
is organizing in sandwich-like non-fluores-
cent aggregates [13].

Functional materials, 20, 3, 2013



BA. Gnap et al. / Cyanine dye excimer formation ...

l,aug ~ a)
1000 AN
i SN
800 |- N A
I L2y
AN L\
600 ./l \

400

200

0.0 =
500 550 600 650

700 A, nm

Fig. 2 Luminescence (a) and absorption (b)
spectra of DiD dye in SiO, matrix (thickness
less than 1 mm) after successive matrix im-
mersion into the 1078 M dye chloroform solu-
tion: 1 — after first impregnation, 2 — after
second impregnation and so on.

To verify an excimeric nature of the red
band we got luminescence decay curves for
monomeric and red bands (Fig. 3). Lumines-
cence decay of monomer band (Fig. 8, curve 1)
is well fitted by single exponential law with
lifetime t = 2.75 ns. Comparing DiD mono-
mer luminescence decays for solutions with
different polarity one could find lifetime
increasing with polarity decrease in series:
ethanol (t = 1.85 ns) —» DMF (t = 1.75 ns)
— chloroform (t = 2.2 ns). In SiO, matrix
DiD dye reveals the largest lifetime. There
are two reasons possible: the dye molecules
fixation due to interaction with pore sur-
face and non-polar environment or most
probably combination of both. Indeed, high
adsorption degree supposes interaction with
pore surface. On the other hand, as SiO,
matrices were annealed at 750 °C adsorbed
molecules most of surface silanol groups,
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Fig. 3 Luminescence decay curves for the
dye impregnated matrices at different dye
concentrations and registration wave-
lengths: 1 — Xreg= 675 nm, low dye concen-
tration (corresponds to curve I on Fig. 2a);
2 = A, = 720 nm, high dye concentration
(corresponds to curve 4 on Fig. 2a);
3 — IRF.

with which usually interact [8,12], turned
to nonreactive siloxane bridges [8]. That is
causes nonpolar microenvironment of DiD
molecules.

Luminescence in the red band reveals
nonexponential decay (Fig. 3, curve 2) simi-
larly to luminescence decay curve of the py-
rene excimers in [12]. The latter was fitted
by two-exponential law and such multiexpo-
nentiality explained by inhomogeneous in-
teraction (a) between pyrene and the adsorb-
ing surface [12]. Indeed, the best fitting in
our case has been obtained using three-ex-
ponential decay. Note that in such case
using Gaussian distribution of lifetimes is
more appropriate [8,14]. Applying Gaussian
lifetime distribution for the red band lumi-
nescence decay (Fig. 8, curve 2) gives us the
average lifetime 7, 1.45 ns and
Apwam = 1.9 ns. Lifetime decreasing com-
pared to monomer lifetime is typical for ex-
cimers [11,12]. Wide distribution of life-
times for DiD red band luminescence could
be caused by steric hindrance for the dye
dimer formation and different distances be-
tween molecules in pores.

It is known that excimers are dimers of
molecules one of which is in excited state
[11]. One of reason for excimer formation is
thermal movement of molecules. So, ex-
cimer luminescence band should be tempera-
ture dependent. We examine behavior of the
red band at cooling down to liquid nitrogen
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Fig. 4 Luminescence spectra of the dye im-
pregnated matrix at different temperatures:
1-295K, 2 - 80 K.

temperatures (Fig. 4). For this procedure
samples with medium DiD concentration
and presence of both luminescence bands
has been chosen to get a situation with
rather big distances between the dye mole-
cules. As clearly seen from Fig. 4 cooling
results in disappearing the red band accord-
ingly to our expectations. So, we could con-
clude that the red band is result of excimer
formation between the dye molecules ad-
sorbed on nanopore surfaces.

4. Conclusions

DiD cyanine dye accumulation within
nanoporous SiO, matrix leads to the red-
shifted, structureless, wide band appearing
in luminescence spectrum. This band is con-
centration and temperature dependent. No
changes was found in absorption spectrum.
Luminescence of the red-shifted band decays
nonexponentially and well fitted using
Gaussian lifetime distribution model with
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average lifetime smaller than monomer one
and wide lifetime distribution. The red-
shifted luminescence was associated with
the dye excimer formation dye to interac-
tion with the pores surface. Excimer forma-
tion hasn’t been observed for DiD dye be-
fore.
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