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Matrices based on silica gel with incorporated rhodamine 6G (Rh6G) molecules were
synthesized by the sol-gel method. SiO,-based sols were prepared by hydrolysis and
polycondensation of tetraethoxysilane (TEOS) in ethanol with HNO, acid used as a catalyst.
Visually transparent silica gels and xerogels based on SiO, were obtained at the ratio
n(HNO3)/(1 mole TEOS) varying from 0.66 to 0.02. The gelation time was found to
decrease with an increase of the acid content, due to high rates of hydrolysis and
condensation. Luminescence spectra were studied of the silica gel samples containing Rh6G
synthesized by the sol-gel method at the ratio n(Rh6G)/(1 mole of TEOS) varying from
1.90:1077 mole to 8.18-107° mole. A red shift of the luminescence maximum was observed
with increasing dye concentration, which is caused by formation of its associates. Incorpo-
ration the dye molecules into the xerogel network decreases their association.

30JIb-TeJIb METOJLOM CHHTE3NPOBAHBI MATPHUIEI HA OCHOBE CHJIMNKATEJs ¢ NHKOPIIOPUPOBAH-
HeIMu MoseKystamu pozamuua 6G (Rh6G). Bomu Ha ocHose SiO, IPUIrOTOBIEHBI THAPOIU3OM
U HOoJUKOHAeHcanuel rerpasrokcucunana (TEOS) B aramone B nmpucyrcrsum Kucaorel HNO;
B KauecTBe KaTaju3aropa. BusyasbpHO IpospavuHble CHJIMKAreln M Kceporenu Ha ocHose SiO,
monydyensl npu cootHomernun n(HNO3)/(1 moas TEOS) or 0,66 mo 0,02. O6mapy:xeHo, 4TO C
YBeJIMUEHUEM COAeP:KaHusA KUCJIOTHI COKpAallaercs BpeMs rejeobpasoBaHusa 6jarogaps BBICO-
KUM CKOPOCTSAM THAPOJN3a U KoHAeHcanuu. VcciemoBaHbl CIEKTPHI JIOMUHECIEHIIUN CUHTE-
BUPOBAHHBIX 30Jb-reJib MeTomoM o6pasinoB ¢ Rh6G mpu coormomenun n(Rh6G)/(1 moab
TEOS) ot 1,90-10"7 moxb xo 3,18-107° mosns. Habroxaerca 6aTOXPOMHBIH CABUT MaKCHMYMa
JIIOMUAHECI[EHIIUN IIPU YBEJUUYEHNN KOHIEHTPAIIUN KPACUTENsd, UTO 00yCIOBIeHO 00pa3oBaHU-
eM ero accoruatoB. VIHKOPIIOPHUPOBAHMWE MOJIEKYJ KPACHUTEJs B CETKY CUJIUKATreJs COIIPO-
BOMKIaeTcd cCHUxeHHeM acconumamuu Rh6G.

© 2010 — STC "Institute for Single Crystals”

1. Introduction

Numerous investigations performed dur-
ing recent few years have been aimed at
obtaining active laser media on the base of
polymers, composite sol-gel glasses and sil-
ica gels with incorporated luminophores [1—
12]. These studies are topical due to sim-
plicity of the use of such kind of matrices,
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as well as to the possibility of development
of hybrid structures for optics and spectros-
copy. The solid-state matrices with dye have
been used to create tunable lasers, light
guides and active elements for nonlinear op-
tics and photonics [1, 2, 6, 8]. Thus, special
attention has been paid to the obtaining of
composite materials by the sol-gel method
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and to studies of such materials [1-4]. The
sol-gel method makes it possible to obtain
one- or many-component glasses at tempera-
tures lower than the melting point, as well
as to create hybrid materials on the base of
organic and inorganic components. The ma-
trices based on silica are promising for the
use as of optical media, since in inorganic
matrices the photostability of incorporated
dyes is much higher in comparison with
that in polymeric environment [13]. The dye
rhodamin 6G (Rh6G) in SiO,-matrix an-
nealed at 750°C [11] possesses high photo-
stability in comparison with Rh6G ethylene
glycole solution used as an additive for dye
lasers.

The classical process of preparing SiO,
matrices includes hydrolysis and polycon-
densation of tetramethoxy- or tetraethoxy-
silanes [1, 2, 4, 5]. This process leads to
the formation of gel which, after drying,
forms xerogel with nanometric pores [1].
Organic dyes can be incorporated both into
the matrix at the stage of gel formation [1,
14], or into the solid glasses obtained after
xerogel annealing [1, 10]. An advantage of
introduction of luminescent dyes into sols is
their uniform distribution in inorganic sol-
gel matrices.

In the present work, the influence of
HNOj; acid concentration on the obtaining of
transparent silica matrices on the base of
tetraethoxysilane (TEOS) by the sol-gel
method was studied. Special attention was
paid to the decrease of the association of
Rh6G dye molecules in the process of their
incorporation into the silica gel network.

2. Experimental

As initial reagents for silica gel synthe-
sis, we wused tetraethoxysilane (TEOS,
Aldrich), additionally purified ethanol, for-
mamide (FA, Aldrich) and twice distilled
water. At the stage of sol preparation, the
ethanol solution of Rh6G (Aldrich) was in-
troduced into the samples as a luminescent
additive.

The sol-gel matrices were prepared by
acid-catalyzed hydrolysis and condensation
of TEOS, which was dissolved in a mixture
of ethanol, water and HNO; acid. HNO; acid
was added to all the samples as a reaction
catalyst, with FA introduced into some sam-
ples as a drying control chemical additive.

The mixture TEOS/ethanol (Rh6G)/
HNO3/H,O/FA (or the one without FA) was
agitated during two hours in a magnetic
mixer. Then the obtained sol was poured
into plastic cuvettes or tubes, which were
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Fig.1. SiO, matrices with Rh6G dye prepared
by sol-gel method: with FA, 3.18:107° mole
Rh6G/(1mole TEOS) (a), without FA,
4.8-10 °mole Rh6G/(1mole TEOS) (b).

hermetically sealed and kept till the forma-
tion of the gel. Afterwards the samples
were withdrawn and dried during 8-
4 weeks at 30°C and then at 60°C for
7 days. After drying, the samples decreased
in volume by 10-14 times with the corre-
sponding rise of the dye concentration.
Thus, the sol-gel matrices on the base of
Si0, with incorporated molecules of Rh6G
dye were obtained using FA and without the
latter (Fig. 1).

The absorption spectra of all the samples
were recorded using a Lambda 35 (Perkin-
Elmer, USA) spectrophotometer in the spec-
tral range 200—-1100 nm, the luminescence
spectra were measured by a FluoroMax-4
(Horiba Jobin Yuon, USA) spectrophotome-
ter. The size of SiO, nanoparticles forming
the =xerogel structure was checked on a
transmission electron microscope (TEM-
125). It was shown that the skeleton of the
xerogels (obtained without FA and dried at
150°C) was formed by ~3-7 nm particles
touching each other (Fig. 2).

3. Results and discussion

The process of sample gelation directly
depends on the molar ratio of the mixture
of TEOS, water, acid, ethanol, and on the
addition of drying control chemical additive
such as FA. The sol-gel process included
TEOS hydrolysis and polycondensation in
the presence of HNOj3 acid used as a catalyst
[1, 2, 5]. Visually transparent gels based on
Si0, were obtained for n(HNOj3)/(1 mole
TEOS) ratio ranging between 0.66 and 0.02.
Thus, with the increase of the acid content
the gelation time decreases (Fig. 3) due to
high rates of hydrolysis and condensation
[14]. When the ratio n(HNOj3)/(1 mole
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Fig.2. TEM images of SiO, xerogels (obtained

without FA and dried at 150°C) at different

magnifications.
TEOS) = 0.002, the gelation time was the
longest, since at low acid content the rate
of condensation and polymerization was
very low. In the case when the content of
HNO; was less than 0.02 mole per 1 mole of
TEOS, the obtained silica gels were less
transparent. At low molar ratio
n(HNO3)/(1 mole TEOS) the catalyst quan-
tity was insufficient, therefore the hydroly-
sis and condensation proceeded incompletely
[14]. At the rise of HNOj; content up to
0.66 mole per 1 mole of TEOS and higher,
the cracking resistance of the xerogels in
the process of drying (at 60°C and 100°C)
decreased. This is related to the fact that
the processes of hydrolysis, polycondensa-
tion and polymerization lead to the forma-
tion of highly cross-linked structures prone
to compression cracking [14].

It was found that with the rise of the
temperature up to 40°C the gelation time
decreased, but the transparency of the sam-
ples worsened due to probable aggregation
of the silica gel particles. An essential de-
crease of the gelation time also occurred
through the addition of FA. The mechanism
of the action of FA is based on simple re-
moval of water from the surface of SiO,
silica gel particles. Such a process of elimi-
nation of water adsorbed by a large number
of =Si—-OH bonds on the gel surface is
caused by the formation of hydrogen bonds
in the system SiO-H-OH, [4, 5].

Moreover, the duration of SiO, sol gela-
tion can be shortened by the addition of the
dye Rh6G at the stage of gel formation.
Thus, the introduction of more concentrated
dye solutions favors the formation of the
gel network and separation of moisture
from the samples in the process of gel
formation. The samples become uniformly
colored.

When the concentration of Rh6G in silica
sol changes from 2.4-1077 M to 7.09-1076 M,
the value of absorption increases linearly
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Fig.3. Dependence of the gelation time of the
SiO, sols on the HNO,;/TEOS molar ratios at:
20°C (1), 40°C (2).

with the dye concentration. The maximum
of the monomer band of Rh6G (Sy; —» S;
transition) is 532 nm (Fig. 4). Such a maxi-
mum is also characteristic of Rh6G in etha-
nol and in newly solidified gel. There is
observed the blue shift of 4 nm for the ab-
sorption maximum of Rh6G in SiO, matrix
dried at 60°C.

At a low content of the luminophor
(1.91007 M of Rh6G/1 mole of TEOS) in
FA-containing SiO, matrix the luminescence
band has a maximum at 550 nm. The in-
crease of the molar ratio Rh6G/TEOS leads
to the red shift of the luminescence peak
followed by concentration quenching of the
luminescence (Fig. 5) [15]. Characteris-
tically, the rise of the Rh6G concentration
is accompanied with the formation of lumi-
nescent dimers [16]. However, with further
increase of this concentration non-lumines-
cent fluorescent H-dimers may also be
formed.

The maximum of Rh6G luminescence in
ethanol solution (6.8-107® M Rh6G) is
562 nm (Fig. 6). This is related to high con-
centration of the dye and, consequently, to
association of its molecules [14-16]. The
widening of the luminescence band in the
long-wavelength region and the shift of the
maximum to 574 nm (Spectrum 2) in silica
gel (6.3-107® M Rh6G in sol) is caused by
the formation of dye associates in the resid-
ual moisture in the SiO, network. At fur-
ther drying of the sample (4 weeks) the dye
association decreases. The luminescence
maximum is shifted to 570 nm (Spectrum
3). Drying of the sample at 60°C leads to
the shift of the luminescence maximum to
555 nm (Spectrum 4).
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Fig.4. Normalized visible spectra of Rh6G in:
1.26-107° M Rh6G ethanol solution (1), 1.26-107
M Rh6G in SiO, gel (2), 1.18.1076 M Rh6G in
SiO, gel (3), 1.26-107° mole/dm3 Rh6G in SiO,
xerogel (4).
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Fig.6. Luminescence spectra of 6.3107° M
Rh6G in ethanol solution (1) and SiO, matrix
with 4.8.107° mole Rh6G/(1mole TEOS): sil-
ica gel without of FA after 2 weeks drying at
20°C (2), after 4 weeks drying at 20°C (3),
and SiO, xerogel was dried at 60°C (4).

With the increase of the concentration of
incorporated Rh6G molecules in SiO, matrix
the formation of dye associates becomes
more intense. The dye molecules may be
built into the structures formed by silanole
(Si—-OH) and siloxane (Si—0O-Si) groups. The
decrease of the concentration of the associ-
ates in the sample due to drying at 60°C is
caused by the removal of residual water
molecules from the matrix, since in aqueous
medium Rh6G dye forms dimers and com-
plex associates [14, 15, 17]. Thus, the lumi-
nescence maximum is characterized by the
blue shift (Spectrum 4, Fig. 6). The intro-
duction of Rh6G into silica matrix (Fig. 1b)
may lead to the appearance of both the
monomer form of the dye and its associates.
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Fig.5. Luminescence spectra of Rh6G in SiO,
matrix with FA at n(Rh6G)/(1mole TEOS)
ratio: 1.9010 “mole (1), 5.72-10 “mole (2),
9.5-10 "mole (3), 5.72-107% mole (4), 3.18-107°
mole (5), 5.82:107® mole (6). The samples
were dried at 30°C.

4. Conclusion

The performed investigations show the
possibility to create a luminescent material
on the base of silica gels and Rh6G dye. The
absorption and luminescence spectra of sil-
ica gel matrix with incorporated dye mole-
cules have been studied. The widening of
the luminescence spectrum of the dye-con-
taining sample in the long-wavelength re-
gion is related to the formation of the dye
associates in the residual aqueous medium
in the silica gel network. It is shown that
when the silica gel is dried at 60°C, the dye
association decreases due to trapping of its
molecules into the sol-gel matrix network.
This leads to the blue shift of the lumines-
cence maximum.

Acknowledgement. The authors are grate-
ful to Dr.0.M.Vovk for measurement of
TEM.

References

1. F.Salin, G.Le Saux, P.Georges et al., Opt.
Lett., 14, 785 (1989).

2. M.Sharma, D.Mohan, R.D.Singh et al., Opt.
Mater., 30, 1273 (2008).

3. R.Reisfeld, T.Saraidarov, Optical Materials,
28, 64 (2006).

4. N.N.Khimich, Glass Phys. Chem., 30, 107 (2004).
5. N.N.Khimich, Glass Phys. Chemi., 30, 430 (2004).

6. Q.Y.Zhang, W.X.Que, S.Buddhudu et al., J.
Phys. Chem. Solid, 63, 1723 (2002).

7. R.Gvishi, U.Narang, G.Ruland et al., Appl.
Oganometal. Chem., 11, 107 (1997).

8. E.Yariv, S.Schultheiss, T.Saraidarov et al.,
Optical Materials, 16, 29 (2001).

Functional materials, 17, 4, 2010



O.N.Bezkrovnaya et al. /| Luminescent properties of ...

10.
11.

12.

13.

. T.Saraidarov, R.Reisfeld, Opt. Lett., 31, 356

(2006).

R.Reisfeld, J. Fluorescence, 12, 317 (2002).
I.I.Ganina, Yu.N.Velikhov, V.K.Klochkov et
al., Nanostrukturnoe Materialovedenye, 1, 19
(2009).

T.A.Blank, I.I.Ganina, Yu.V.Malukin et al.,
Functional Materials, 16, 517 (2009).
J.B.Benedict, P.M.Wallace, P.J.Reid, Advan.
Mater., 15, 1068 (2003).

14.

15.

16.

17.

A.P.Rao, A.V.Rao, Scien. Techn. Advan.
Mater., 4, 121 (2003).

A.Anedda, C.M.Carbonaro, R.Corpino et al.,
J.of Non-Crystalline Solids, 353, 481 (2007).
R.Vogel, M.Harvey, G.Edwards et al., Macro-
molecules, 35, 2063 (2002).

G.E.Malashkevich, E.N.Poddenezhnyi, I.M.Mel-
nichenko et al., Fizika Tverdogo Tela, 40, 466

(1998).

JIroMiHeCIIeHTHI BJIACTMBOCTI 0apBHMKAa poaaMiHy
Y CHJIIKATHUX 30JIb-Te€JIb MATPHUIAX

O.M. Besxpoéna, I.M. IIpumyana, B.B. Macnos, B.B. Ily3ikos,
M.I. Konubaesa, A.B. Kocinoea, I0.A. I'ypranenrxo, O.B. Jlonin

30JI-TeJIb METOJOM CHHTE30BAHO MATPHUIL HA OCHOBI cHJiKarej o 3 iHKOPIOPOBAaHUMU
mostekynamu pogaminy 6G (Rh6G). Boxi ma ocuosi SiO, mpurorosano rigporisom i momixon-
mencanieio Terpaerokcicurany (TEOS) B eramomi y mpucyrmocti kmcmorm HNO; y skocri
KarajnisaTopa. BisyambpHo mposopi cmiikareni i Kceporemi ma ocmosi SiO, orpumano mpm
cruisBigromenni n(HNOZ)/(1 mons TEOS) Big 0,66 no 0,02. Busasieno, mo iz 36inpmeHHAM
BMiCTy KHCJIOTH CKOPOUYETHCSA Yac YTBOPIOBAHHA TeJiB 3aBAAKU BHCOKUM IIBUAKOCTIM
rigzponisy i koupgencarii. [{ocaigKeHO CIeKTpU JIOMiHECIeHIIil CHHTE30BAHUX 30JI-TeJIb Me-
Togom marpunb 3 Rh6G mpu croiseigmomenni n(Rh6G)/(1 moxs TEOS) six 1,90-1077 moas
zo 38,18:1075 mons. CmocTepiraeThca 6aTOXpOMHHUEI 3CYyB MAKCUMyMy JIOMiHeceHIi mpu
30isbIlIeHH] KOHIlEHTpAIlil 0apBHHKA, 10 00yMOBJIEHO YTBOPEHHSM ioro acoiiaris. IHkopmopy-
BaHHS MOJIEKYJI OApBHUKA B CITKY CHJIIKArejo CyIpOBOMKYEThCs 3HMKeHHAM acomiarii Rh6G.
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