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Fluorescence of cyanine dye excimers
in nanoporous silica
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Adsorption of cyanine dye Dil in a nanopous SiO, matrix has been studied. It was
shown that the increase of the dye concentration in the SiO, matrix provokes the appear-
ance of an additional red-shifted band of excimer nature in the dye fluorescence spectrum
without any changes in the absorption one. Static character of the dye excimer formation
was revealed. Enhanced dye concentration due to spatial confinement in a nanopore volume
has been supposed as a reason of the effective excimer formation.
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HUccaenopana agcopbuma nuanuaoporo Kpacurtensa Dil B mamomopmeroit SiO, martpure.
VBennueHne KOHIEHTPAUN KPACUTEJS MPUBOAUT K IOABJEHHI0O HOBOM IIOJIOCHI B CIEKTpE
(IyopecrieHIInM, CMEINeHHON B AJNHHOBOJIHOBYIO 00J4CTL, KOTOPOEe HEe COIPOBOMKIAETCS
TpancdopMalnell CIeKTpa MIOTJIOIleHus. IloKasaHa sKCUMepHas NPUPOLa TJINHHOBOJHOBOI
mojiocsl (hayopeciieHinr. O0HapyKeH CTATHUYECKHHM XapaKTep o0pasoBaHmUsA SKCHUMEpPOB Kpa-
curensa. B KauecTBe mpuumHLl 3()(PEeKTUBHOrO 00pa30BaHUA YKCUMEPOB IIPEAIIOIOMKEeH0 IPHU-
HYAUTEJLHOE KOHIIEHTPUPOBAHNE KPACUTENs M3-3a MPOCTPAHCTBEHHOI0 OTPAHNYEHUA B 00he-
Me HAHOIIOP.

dayopecueHnia ekcumepis HiaHiHOBOro GAPBHHKY Y HAHONOPHCTOMY OKCHAI KPEMHIiIO.
O.B.Copoxin, B.A.I'nan, I.I.Becnanosa, C.JI.€pimosa

Hocrimmxeno apcopbuioo niaminosoro 6apsrmky Dil y mamomopmeriii SiO, marpumi.
306iybIlIeHHS KOHIleHTPAaIlil OApBHUKY HPU3BOLUTH A0 IIOSABH HOBOI CMyru y CIeKTpi diyope-
cieHIii, 1o 3MmimeHa y JOBroxXBUJIBOBY 00JIaCTh, IKA HE CYIIPOBOIKYETHCA TpaHchopMaIlico
CIEeKTpa MOTJMHAHHA. [IOKa3aHO eKCHMMEepPHY IIPUPOAY [IOBrOXBHJILOBOI cmyru Qiayope-
cueHrnii. Buasieno craruununii xapaktep (GpopMyBaHHS eKcuMepiB O6apBHuUKy. B akocrti mpu-
ynan ePeKTUBHOr0 POPMYBAHHA €KCHMEPiB IPUOYILEHO IPHMYyCOBEe KOHIEHTPYBAHHS GapB-
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HUKY BHACJIIOK IIPOCTOPOBOIO OOMEXKEeHHA B 00°eMi HaHOIIp.

1. Introduction

Nanoporous materials are very attractive
due to their ability to adsorb atoms, ions
and molecules on their large interior sur-
faces and in the nanometer sized pore space
[1, 2]. Particularly, they could be used as a
host for fluorescent molecules providing
them mnovel properties, for example, en-
hanced photostability [3], supramolecular
organization, etc. [4, 5]. Nanoporous SiO,
matrices are very promising hosts for or-
ganic and inorganic molecules via their
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quite gentle synthetic conditions, rigidity
and transparent glass formation [4, 6-9].
Recently, we have reported an excimer
formation of a cyanine dye DIiD in a SiO,
matrix [10]. The excimers are dimers com-
posed of molecules one of which is in ex-
cited state [11]. The excimer formation in
the nanoporous silica is well studied process
for pyrene [8, 12-16], naphthalene [17] and
some other polyaromatic hydrocarbons [18]
which arises from their liability to ex-
cimerization in solutions [11]. Contrary to
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Fig. 1. Photographic (a) and TEM (b) images
of SiO, matrix.

the polyaromatic hydrocarbons, the excimer
formation for cyanines has not been ob-
served previously for the best of our knowl-
edge. So, photophysics and peculiarities of
the cyanines excimerization should to be
studied carefully.

In the present paper, we report features
of the excimer fluorescence of another cyan-
ine dye Dil adsorbed in SiO, matrices.

2. Experimental

Transparent SiO, sol-gel round plates
with ~2 em diameter and 1 mm thickness
(Fig. 1a) were synthesized by the methods
described elsewhere [19]. After polyconden-
sation finishing matrices was annealed at
750°C. To work with the same matrix
within experiment series, each matrix was
divided in several pieces. Dil (1,1’-dioc-
tadecyl-3,3,3",3’-tetramethylindocarbocyani
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Fig. 2. Structural formula of Dil dye (a) and

absorption (1) and fluorescence (2, A, =
530 nm) spectra of the dye in DMF(b).

ne perchlorate, Fig. 2a) dye was obtained
from Sigma-Aldrich (USA) and used as re-
ceived. To embed dyes into SiO, matrix its
pieces were placed into the dye chloroform
solution for at least one hour. After that
samples were dried at temperature 60°C for
at least three hours.

Luminescence and luminescence excita-
tion spectra were recorded using fluores-
cence spectrometer Lumina (Thermo Scien-
tific, USA) equipped with solid sample
holder. For luminescence measurement 2,
= 530 nm has been used. Absorption spectra
was registered using a microspectrometer
USB4000 (Ocean Optics, USA) supplied with
an incandescent lamp. Luminescence 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) full width at
half maximum (AFWHM) for the whole
setup was about 100 ps. Decay time analysis
has been performed using FluoFit software
(PicoQuant, Germany). The porosity of sil-
ica matrices has Dbeen measured by
Physisorption Analyzer ASAP 2000 (Mi-
cromeritics, USA) using nitrogen as an
analysis gas.
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Fig. 8. Fluorescence spectra (A,,.= 530 nm)
of Dil in the silica matrices depending on the
dye concentration in chloroform solutions:

1-C-10%M,2-C=10°Mand 3—C=10* M.

3. Results and discussion

The analysis of the literature data shows
that there is a string dependence of the
polyaromatic hydrocarbons excimerization
efficiency on the pore size [18—-16]. Indeed,
the pore size decrease from several tens
nanometers down to approximately 8-4 nm
leads to the increase of the excimer fluores-
cence [13—-15]. However, further decreasing
pore size causes the decrease in excimeriza-
tion efficiency as a result of spatial confine-
ment preventing the dye molecule diffusion
in pores to form excimers [16].

So, first of all we should clarify the
structure of obtained silica matrices. Study-
ing the matrices surface by atomic force
microscopy (AFM) revealed open pores with
the diameters about 10-20 nm [9]. But
pores located in a matrix volume should be
much smaller as compared with the surface
ones [7, 8]. TEM images of the matrix edge
reveal that the matrix consists of silica
nanoparticles with average size of about
30 nm (Fig. la). Some of pores between
them are quit large and correlated with the
size of the surface pores. But others are
smaller and couldn’t be resolved by TEM.
To estimate their size the gas sorption tech-
nique has been used. It Io'eveals the average
pore diameter about 21 A with average mi-
cropore volume of 0.2 ecm3/g and average
pore area of 390 m2/g. Taking into account
the Dil molecule size about 14 A (Fig. 2a)
we could conclude a possibility of the dimer
formation in the silica pores. Another fac-

Functional materials, 22, 2, 2015

l,au.
10°
10°E
10’ —H
5 10 15 20 t ns
Fig. 4. Fluorescence decay curves (A, =

531 nm) of Dil in the silica matrices depend-
ing on the dye concentration in chloroform
solutions and registration wavelength:

1 —C=10%M, A, = 565 nm;
2 -C=510"° M, A, =600 nm;
3 = C=10"*M, A, = 605 nm.

tor to be considered is a restricted geometry
or fractal geometry of the pore volume that
results in non-uniform dye distribution in
the matrices leading to facilitated excimer
formation [15, 20]. Indeed, studying fea-
tures of non-radiating energy transfer be-
tween two dyes incorporated into the silica
matrix shown it apparent fractal dimension-
ality d = 2.74 [21].

In proper solvents such as alcohols,
DMF, chloroform and some others Dil dye
presents in monomeric form with high
extinction coefficient (1,,,,%?* = 550 nm,
e = 148000 M l.em™! in MeOH) and modest
fluorescence (Kmaxﬂuo= 575 nm, quantum
yield is about 0.07 in MeOH) (Fig. 2b). To
embed the dye into the silica matrix it
pieces were immersed in a chloroform dye
solution with a different dye concentrations
(from 1076 M to 1074 M). The dye loading
efficiency was about 3 % by weight that is
similar to that reported in [9, 10].

At small Dil concentration (C = 1076 M)
the colored matrix reveals absorption (not
shown) and fluorescence (A,,, " =
565 nm) bands of Dil monomers (Fig. 3,
curve 1) slightly shifted to the long-wave-
length side as compared to the spectra in
the solution (Fig. 2b) due to the solvato-
chromic effect [9, 10]. The fluorescence
band hereafter will be referred as
monomeric one. Using the more concen-
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trated solution for the matrix impregnation
results in novel red-shifted band appearance
in the fluorescence spectrum with A, ¥ =
605 nm (Fig. 8). With the increase of the
dye concentration, a redistribution of the
both band intensities is observed: the red-
shifted band becomes the most intense,
while the monomeric one transforms into a
shoulder (Fig. 3, curve 3). It should be
noted that in increase in the dye concentra-
tion do not provokes any changes in the
absorption band (not shown) that is similar
to the case of DiD dye reported earlier [10].
Such concentration dependent red-shifted
fluorescence band and concentration inde-
pendent absorption one are characteristic
features of excimer formation [11].

To prove this conclusion, the fluores-
cence decays have been studied in depend-
ence on the dye concentration in the solu-
tion and the fluorescence band maximum
position (Fig. 4). One could observe remark-
able shortening the fluorescence decay
time with the dye concentration growing.
Fluorescence decay registered in the
monomeric band maximum has an average
lifetime t™°" ~ 1.34 ns (with mutiexponen-
tial character of decay curve), while the
red-shifted fluorescnce has an average life-
time 1¢*¢ ~ 0.63 ns. Such the lifetime short-
ening is agreed with the data obtained for
DiD dye [10] and in accordance with ex-
cimeric nature of the emission [11]. Con-
trary to typical pyrene excimer fluorescence
decay features [8, 15, 16], we could not ob-
serve a growing-in time of the excimer for-
mation due to the molecule diffusion (Fig. 4).

It could be a feature of so-called ground-
state or "static” excimer formation [15, 22].
In this case, two molecules are placed in
close proximity but they do not form a
dimer due to unfavorable arrangement.
When one of the molecules is excited a very
quick rearrangement occurs leading to the
excimer formation. To prove that situation,
the fluorescence excitation spectra were re-
corded with registration in the monomeric
and excimeric band maxima (Fig. 5). The
monomeric fluorescence excitation spectrum
with A, ,. = 548 nm (Fig. 5) coincides with
the dye absorption spectrum (Fig. 2b), while
the excimeric fluorescence excitation spec-
trum reveals two additional bands one of
each is blue-shifted (Kmaxblue = 475 nm) and
another one 1is red-shifted (kmax’"ed =
568 nm) related to the monomeric band
(Fig. 5). The band splitting corresponds to
dimer formation [23] in excited state and
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Fig. 5. Fluorescence excitation spectra of Dil
monomeric band (1, kreg =590 nm, C=10°% M
in chloroform solution) and excimer band
2, kreg =630 nm, C =107* M in chloroform
solution).

confirms the static nature of the Dil ex-
cimers formed in the nanopous silica matrix
[15, 22].

4. Conclusions

Cyanine dye Dil has revealed an effective
excimer formation in porous silica gnatrix
with average pore diameter of 21 A. The
excimer fluorescence band is 40 nm shifted
to the longer wavelengths relative to the
monomeric band and reveals about two
times shorter lifetime. The monomeric band
splitting in the fluorescence excitation spec-
trum of the excimer band indicates the
static nature of the dye excimer formation.
It could be assigned to a forced concentra-
tion of the molecules in the small volume of
nanopores.
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