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Silica matrices doped with red laser dyes
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Sol-gel SiO, matrices activated with laser dyes for the red spectral region DCM, LK&678
and benzopyran derivatives LD1 and LD2 were synthesized. Pyridine was used to prevent
bleaching of the dyes during the synthesis of the matrices. Studied were the spectral and
luminescent characteristics of the laser dyes in SiO, matrices. Laser pumping of DCM and
LK678 made it possible to obtain stimulated emission. The laser efficiency of LK678 dye in
the matrix was 1.5 times as high as that of rhodamine 6G. The absence of lasing radiation
of the benzopyran derivatives LD1 and LD2 in the synthesized matrices was explained.

CunresupoBasbl 30ab-renb SiO,-MaTPUIEI, aKTUBUPOBAHHEIE Ja3ePHBIMU KPACHTEIAMU
oA KpacHoil obmacru cruexkrpa DCM, LK678 u npoussogueimu Genszonupana LD1 u LD2. Tna
mpegoTBpaleHus o0ecIBEeUNBAHNA KPAaCHTeJeH B IPOIeCcCe CHHTE3a MATPUI] MCIIOJL30BAJICH
nupusnH. VcciaenoBaHbl CIEKTPAJBHO-JTIOMUHECIIEHTHBIE XAaPAKTEPUCTUKHN JIA3€PHBIX KPAaCHU-
reneit B SiO,-maTpunax. Ha DCM u LK678 npu nasepHoil Hakauke IONTY4YeHO BHIHYKIEHHOE
uaayyenue. Jlazepuas sddexTuBHOCTh Kpacurens LK678 B marpunie B 1.5 pasa Boime, uem
y pomamuHa 6G. B pabore o0bACHAETCA OTCYTCTBHE I'€HEPAIMH IIPOM3BOJHBIX OEH30IMpPaHa
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LD1 1 LD2 B cuHTe3UpPOBAaHHBIX MATPHUIAX.

1. Introduction

For many years, organic dye molecules
are being used in lasers and amplifiers with
optical pumping. The lasers tuned in the
red spectral region and the dyes-sensitizers
for this range are widely applied for inves-
tigations of different objects in biology and
medicine. The urgency of the creation of
laser radiation sources for the red and near-
IR ranges is due to the fact that this radia-
tion deeply penetrates into living tissues;
for instance, oxazine derivative [1] is used
for early diagnostics of Alzheimer’s disease.
As is known, liquid dye lasers have wide
radiation tuning band. However, for practi-
cal purposes solid active media are most
promising [2—-4], since they do not require
bulky systems for the laser dyes solution
circulation, and no toxic and inflammable
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solvents. Such media comprise e.g. dye-acti-
vated matrices based on different polymers,
silica gels synthesized by the sol-gel
method, or porous glasses. The matrices
based on SiO, possess high thermal conduec-
tivity and low temperature coefficient of
the change of the refractive index [5]. For a
number of efficient laser dyes, photo-
stability in inorganic matrices is higher in
comparison with that in organic polymer
media. In particular, the photostability of
rhodamine 6G in sol-gel matrix by 2.7 times
exceeds the corresponding value for po-
lymethylmethacrylate matrix [3]. Moreover,
sol-gel matrices have higher laser damage
threshold as against polymer media [3], due
to higher thermal conductivity of silica in
comparison with that of polymer materials
[5]. High efficiency and photostability in
liquid media are characteristic of iminocou-
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marin derivatives and benzopyran deriva-
tives with a condensed benzimidazole ring
[6, 7] and of the dye LK678 [8] which lasing
in 600-630 and 640-660 nm regions, respec-
tively. The standard laser dye is 4-Dicy-
anomethylene)-2-methyl-6-(4-dimethylamino-
styryl)-4H-pyran (DCM) [9]. The obtaining
of laser radiation of the said dye in OR-
MOSIL matrices based on TiO, was reported
in [2]. However, in a solid matrices based
on acryle copolymers, laser generation of
the dye DCM was not obtained [9].

For creating laser media based on SiO,
matrices for the red region of the spectrum
we synthesized and investigated matrices
doped with a number of dyes effectively
generating in 600-660 nm range in alco-
holic solutions.

2. Experimental

The silica gels were synthesized using
tetraethoxy- and tetramethoxysilane (TEOS
and TMOS, respectively; Aldrich), addition-
ally purified ethyl alcohol, formamide (FA,
chemically pure) and twice distilled water,
as well as the dyes rhodamine 6G (Rh6G,
Aldrich), the benzopyran derivatives with a
condensed benzimidazole ring LD1 and LD2
(synthesized at the V.Karazin Kharkiv Na-
tional University [6]), DCM (Aldrich) [10]
and LK678 (synthesized at D. Mendeleev
Chemical Technology University, Moscow
[8, 11]). Presented below are the structural
formulas of some dyes:

LT
’\L oY NH
CN
CHj
LD1
N=C
HsC

SiO, matrices were synthesized by means
of the sol-gel method by the hydrolysis of
alkoxysilanes (TEOS or TMOS) in water-al-
coholic solutions according to the procedure
described in [12-14]. As a catalyst, there
was added nitric acid. The alcoholic dyes
solutions (LD1, LD2 and LD678 in ethanol
solutions; DCM in methanol solution; LD2 in
ethanol solutions with added 1 mM HNO3)
were introduced after 30-minute mixing of
alkoxysilane in ethanol (or in methanol for
the matrices based on TMOS). Then we
added twice distilled water and FA (as dry-
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ing control chemical additives), and the re-
sulting mixture was stirred during hour;
and then pyridine was added to the mix-
ture. The synthesized sol was placed into
plastic cuvette, hermetically sealed and
stored till the gel was formed. Afterwards
the plastic cuvette were opened and dried
for 3-4 weeks at room temperature and for

7—-10 days at 60°C. The density of the ob-

tained SiO, matrices was 1.4-1.6 g-cm 3.

The absorption and luminescence spectra
of the samples were measure on a Lambda
35 (Perkin-Elmer, USA) spectrophotometer
and a FluoroMax-4 (Horiba Jobin Yuon,
USA) fluorimeter, respectively. The lumi-
nescence of the dyes in the solutions was
excited near their absorption bands max-
ima.

The matrices were tested in the capacity
of active media in a laser with non-selective
resonator (LNSC), formed by two planar
wideband dielectric mirrors with reflection
coefficients R;=99 % and Ry=60 %. The
LNSC excitation was carried out on the
transverse scheme performed with flash-
lamp-pumped dye laser (FLPDL). Matrices
with DCM and Rh6G dyes were pumped by
the FLPDL with ethanol solution of couma-
rin 314 (Xp = 507 nm), and that with LD678

by one with — rhodamine 6G (}»p =
588 nm). The output energy of FLPDL for
pumping the matrices did not exceed
280 mdJ with the pulse duration — 71454 -~
1.5 us and the half-width of the spectrum
Ag.1 ~ 8 nm. The output laser energy for
FLPDL and LNSC was measured by a device
of IMO-2 type. The laser spectra were regis-
tered by a spectrograph based on UF-90
camera with 1200 line/mm diffraction grat-
ing and captured by EOS 400D DIGITAL
camera. The surfaces of the examined sam-
ples were not subjected to optical treatment.
To reduce the losses in the LNSC resonator
the samples were placed into a rectangular
quartz dish containing immersion liquid
(ethylene glycol). The radiation of FLPDL
was focused on the cuvette by a cylindrical
lens with F = 110 mm in strip with heights
~ 1 mm.

3. Results and discussion

We synthesized transparent SiO, matri-
ces on the base of TEOS and TMOS with
incorporated molecules of the laser dyes
LD1, LD2, DCM and LKB78 (Fig. 1). There
was established an essential contribution of
micro-environment (the matrix) on the spec-
tral properties of the incorporated dye mole-
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Table 1. Spectral characteristics of LD1 and LD2 in liquid and solid media

Medium Cyc» mM Ay, DM Ap, nm
LD1
Ethanol - 549 572
Ethanol 0.15 (HCI) 552" 574"
Ethanol 1.5 (HCI) 5717 594"
Ethanol 15 (HCI) 572% 595"
Ethanol - - 571
Ethanol 0.44 (HNOy) - 592
SiO, gel 1.83 (HNO,) 564 586
SiO, matrices (60°C) - 566 582
LD2
Ethanol - 567 586"
Ethanol 0.15 (HCI) 576" 602"
Ethanol 1.5 (HCD 582" 603"
Ethanol 15 (HCl) 588" 603"
SiO, gel 1.83 (HNO,) - 598
8i0, matrices (20°C) - - 592
SiO, matrices (60°C) - 575 587

A, is the absorption maximum wavelength; A;, the luminescence maximum wavelength; luminescence
of LD1 and LD2 dyes in SiO, matrices was excited at 530 nm, in the solutions it was excited at

520 nm (LD1) and 530 nm (LD2); * — reference

ot

=D
Fig. 1. Photographs of SiO, matrices with
DCM (a) and LDB78 (b) dyes.

cules. The structure of the molecules of the
LD1 and LD2 benzopyran derivatives con-
tains the imino-group possessing strong pro-
ton acceptor properties and the amino-group
fixed by two six-member cycles in LD2. In
proton-donor solvents the imino-group pre-
sent in such dyes may lead either to the
formation of a complex with hydrogen
bond, or to protonation of the molecule (in
the case of strong acids) [15]. In the gel the
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Fig. 2. Luminescence spectra of 1.8.1077 M
LD1 in: ethanol solution (1), ethanol solution
with 0.44-1073 M HNO; (2) and 1.1.107° M
LD1 in SiO, matrix (3).

absorption and luminescence maxima of the
dye LD1 correspond to 564 and 586 nm, re-
spectively (Table 1, Fig. 2), but after drying
of SiO, matrix at 60°C the luminescence
maximum becomes shifted to 582 nm. The
influence of the medium on the LD2 mole-
cules in SiO, matrix manifests itself in the
short-wavelength shift of the luminescence
maximum from 598 nm (gel) to 592 nm and
587 nm while the samples are dried at 20°C
and 60°C, respectively (Fig. 3). The position
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Fig. 3. Absorption (1) and luminescence (2—4)
spectra of LD2 dye (3.5-107¢ LD2/1 Mole
TEOS) in SiO, matrix: gel (2), xerogel dried
at 20°C (3) and 60°C (4).

of the absorption and luminescence maxima
of the LD1 and LD2 dyes caused by the fact
that the dye molecules are in the solvation
shell of solvent molecules in the liquid-im-
pregnated silica gel, and are prone to proto-
nation in the presence of acid. In the proc-
ess of drying the solvent and water are
practically removed from the matrices and
the dye molecules enter the silica gel pores.
Moreover, is obvious that the molecules of
LD1 and LD2 dyes undergo partial deproto-
nation while interacting with the surface of
the SiO, nanoparticles which form the silica
gel skeleton.

The absorption and luminescence maxima
of LD1 dye in ethyl alcohol are 549 and
572 nm, respectively. The addition of nitric
acid to the LD1 and LD2 ethanol solutions
leads to the bathochromic shift of the lumi-
nescence maxima (Table 1, Fig. 2, Fig. 3)
similar to the one observed at the addition
of HCI [6]. Such a shift is caused by the

appearance of the protonated form of the
dyes due to the presence of a strong proton-
acceptor imino group in their molecular
structure. Thereat, the increase of the con-
tent of HCI acid in the ethanol solutions of
LD1 and LD2 dyes from 1.5 to 150 mM does
not change the luminescence maximum [6,
7]. The matrices were prepared using the
ethanol solution of the dye LD2 with the
addition of the acid, whereas in the sol gel
medium the dye is contained in the pro-
tonated form (the absorption maximum is
located at 575 nm, as in the alcohol solu-
tion with the addition of the acid) (Table 1,
Fig. 3).

As we have established, the process of
drying is accompanied with bleaching of
LD1 and LD2 in SiO, matrices. The observed
effect seems to be caused by protonation of
nitrogen in the 7-th position of the ben-
zopyran base of the dyes. It is more notice-
able for LD1 in which diethylaminogroup in
the 7-th position may leave the plane of the
benzopyran base at protonation, thus
sharply diminishing the probability of the
transition §; - S, and leading to lumines-
cence quenching [6, 16]. Therefore, while
creating the active media on the base of
Si0, matrices we added pyridine to reduce
the acidity in the process of sol synthesis.
However, we did not manage to obtain laser
radiation on the matrices with these two
dyes due to their essential bleaching. The
effect of complete bleaching of the dye was
also observed at the synthesis of the matri-
ces with LK678 not using pyridine. As is
known, the luminescence intensity of the
dye DCM in SiO, matrices also diminishes
under the influence of nitric acid [17]. This

Table 2. Spectral characteristics of DCM and LD678 dyes in liquid and solid media

Medium A, DM Ar, nm AVSL, em! Mas T Dy NI
DCM
Acetonitrile 463 622 5500 63216
Methanol 472 630 5280 635++4
SiO, matrices (60°C) - 610 634+2"
LD678
Methanol 609718l 6267181 450 650£+10
SiO, matrices (60°C) 608 620 320 65444

A, 1 the absorption maximum wavelength; A;, the luminescence maximum wavelength; AVSt, the

Stokes shift between the maxima of the absorption and luminescence bands; A

length of the laser spectrum; AA

las>

s the central wave-

the halfwidth of the spectrum; luminescence of DCM and LD678

dyes in SiO, matrices was excited at 460' nm and 590 nm, respectively, in the solution it was excited
at 500 nm (DCM) and 530 nm (LD678); ™ SiO, matrices synthesized on the basis of TMOS.
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Fig. 4. Luminescence spectrum of 1.08-107¢ M
DCM (1) and laser emission spectrum of
1.10:10°3 M DCM (2) in SiO, matrices. Lumi-
nescence and laser emission of DCM in SiO,
matrices were excited at 460 nm and 507 nm,
respectively.

obviously explains the fact that the matri-
ces with DCM synthesized without pyridine
does not laser radiation.

The solvate environment exerts a consid-
erable influence on the molecules of the dye
DCM (Table 2, Fig. 4) defined by the electri-
cal parameters of the solvents: u (the dipole
moment of the solvent molecule) and ¢ (the
dielectric constant). For the solvents metha-
nol and acetonitrile p=1.664 D and
3.87 D; ¢ = 32.63 and 37.5, respectively (at
20-25°C). At the transition from acetoni-
trile to methanol the maxima of the absorp-
tion and luminescence bands of DCM un-
dergo  bathochromic shifts (Table 2).
Thereat, for methanol possessing low pu and
€ values such a shift is connected with "spe-
cific” intermolecular interactions [18] which
may give rise to the formation of complexes
owing to hydrogen bonds or donor-acceptor
interaction. At the transition from metha-
nol to SiO, matrix there is observed the
shift of the luminescence matrix from
630 nm to 610 nm. This seems to be caused
by a lesser polarity of the medium in SiO,
matrix and by its lesser influence on DCM
dye molecules in comparison with the alco-
hol solution. The Stocks shift AvS! between
the maxima of the absorption and lumines-
cence bands for DCM in the solvents is more
than by an order greater in comparison with
the one for LK678. This is explained by the
fact that in the first excited state S; the
dipole moment ug; of DCM molecule essen-
tially rises, whereas for LKG678 it changes
slightly.
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Fig. 5. a) Absorption (1), luminescence (A,, =
590 nm) (2) and laser emission spectra of
LD678 dye in SiO, matrices (3) (with the dye
concentrations 3.1-107* M, 9.14.10°% M and
1.08.1073 M, respectively); b) spectrogram of
laser emission of this sample (the reciprocal
dispersion ~6.2 A/mm); ¢) dependence of the
laser output energy on the pumping pulse
energy (588 nm) for SiO, matrices with
LD678.

The laser radiation of the dyes DCM and
LK678 was obtained on the SiO, matrices
synthesized with the addition of pyridine for
reducing the acidity of the medium (Fig. 4, 5).
In the process of this synthesis there were
used both TEOS and TMOS. Was found that
the SiO, matrices with these dyes are more
transparent when used as a precursor TMOS
compared with TEOS. This is caused by the
decrease of the aggregation of SiO,
nanoparticles in the silica gels based on
TMOS.

On these TMOS matrices activated with
LK678 dye we obtained effective laser radia-
tion at 654 nm wavelength (Fig. 5a, b). Pre-
sented in 5c is the graph of the dependence
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of the laser output energy of the matrix
with the dye LK678 on the value of normal-
ized pumping energy (the pumping energy is
normalized to the value of the threshold
pumping E,;; ~ 70 mJ). At the threefold in-
crease of the pumping energy the output laser
energy of the active media rises linearly.
The central wavelength of the laser ra-
diation spectrum A;,, of DCM in acetonitrile
and methanol is 632 nm and 635 nm, re-
spectively. Thereat, for DCM with large
Stokes shift AvS! and small overlap of the
absorption and luminescence spectra the
laser radiation spectrum is located close to
Lz For LK678 dye with small AvS? this spec-
trum is shifted towards the long-wavelength
wing of the luminescence spectrum, due to
the self-absorption in the active medium.
While comparing the spectral parameters of
DCM and LK678 dyes one can see that the
influence of the SiO, matrices on the laser
dye molecules is approximately similar to
the influence of the solvate environment in
methanol. For LK678 its lasing spectrum the
matrix is bathochromically shifted by 4 nm
with respect to that of methanol solution.
The output laser energy by the matrices
with LK678 at a pumping energy of about
200 mJ was by 1.5 higher than the one of
the matrix with 1.9-1073 M Rh6G. At the
maximal pumping energy the matrix with
1.08:1073 M LK678 the output laser energy
was 17 mJ (A, =65415 nm). For the matri-
ces with DCM the threshold pumping energy
was approximately twice as high as the
analogous value for LK678, therefore for
the used FLPDL energy laser radiation of
the DCM in matrices has been registered
with a small excess over E;;. The half-width
of the laser radiation spectrum of the SiO,
matrix with DCM (~2 nm) is considerably
less than that in the solutions (Table 2). The
measured spectral, luminescent and energy
characteristics of the DCM and LK678 dyes
testify to their sufficiently high effective-
ness in the red spectral range which pre-
sumed its perspective use for creation of
the active media for solid-state dye lasers.

4. Conclusions

SiO, matrices with the laser dyes DCM,
LK678 and the benzopyran derivatives LD1
and LD2 which emit in the red spectral
range, are synthesized. Studies are the spec-
tral properties of these dyes in SiO, matri-
ces. The spectral properties of these dyes in
Si0, matrices were studied. The lumines-
cence spectra of the dyes LD1 and LD2 in
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SiO, gels are similar to those in polar media
with low pH. Blue shifts of the absorption
and luminescence maxima of LD1 and LD2
dyes in SiO, matrices compared to the gels
are due to changes in the microenvironment
of dyes. Significant bleaching of the LD1
dye and LD2 at least during the synthesis of
matrices, probably connected with the pro-
tonation of the nitrogen in the 7th position
of their benzopyran basis.

In the SiO, matrices with DCM and
LD878 dyes, synthesized on the basis of
TMOS with the addition of pyridine, ob-
tained by a laser radiation. SiO, matrices
with incorporated dyes DCM and LD678 for
the red spectral region can be used as active
media for solid-state dye lasers.
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MaTpuii Ha OCHOBI KpeMHe3eMy, aKTMBOBaHi
YePBOHUMH JIa3€PHUMHU OapBHHUKAMU

I.M.IIpumyna, O.H.Besxpoena, B.M.Ily3ixoe, B.B.Macnos,
A.I''Ilnakciii, A.B.JIonin, I0.A.I'ypranenkxo

CunresoBano 301b-rexb SiO,-MaTPUIi, AKTUBOBAHI JasepHUMU 0apPBHUKAMU JJIf Y€PBOHOI
obmacri cmextpa DCM, LK678 i moxigmumm OGemsomipamy LD1 i LD2. Ona samobiranms
3uebapBienHsa OapBHUKIB y Tpolleci CHUHTE3y MATpUIlb BUKOPUCTOBYBaBes mipuauu. Ho-
CILIKEeHO CIeKTPaNbHO-TIOMiHeCIeHTHI XapaKTepUCTHKH JasepHuX 6apHuKiB y SiO,-marTpn-
max. Ha DCM i LK678 npu nasepHOMY HAaKadyBaHHI OTPMMAHO BUMYIICHE BAIIPOMIHIOBAHHSA.
Jlazepua ederruBHicTs OapBHuKa LK678 y matpuni B 1,5 pasis Buie, uHisk y pomaminy 6G.
B pobori moscHioeThes BigcyTHicTh renepanii moxiguux Gemsoumipany LD1 i LD2 y cunreso-
BAHUX MATPUIAX.
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