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The spectral, fluorescent, temporal, and lasing characteristics of the DCM laser dye in
solutions and silica gel matrices were investigated to ascertain the influence of the dye
surroundings on the processes of its energy relaxation in the excited state. Quantum yields
of fluorescence @, and rate constants of radiative #” and nonradiative £"" transitions both
in solutions and silica gel matrices have been calculated. It was found that the microenvi-
ronment of the DCM molecule in a preliminarily annealed (PA) matrix most strongly
affects the processes of nonradiative relaxation in the §; state, which leads to their
significant weakening. As a result, the quantum yield of fluorescence increases by 85 %
compared to the methanol solution; at the same time, the specific yield energy of laser
radiation increases almost twice. The analysis of DCM dye characteristics measured in the
four media shows that the PA matrix has a greater stabilizing effect on the spatial
structure of the dye molecule than bipolar solvent dimethyl sulfoxide.

Keywords: DCM laser dye, environment, nonradiative relaxations, silica gel, prelimi-
nary annealing, stabilizing effect.

Boaue 0oTOYEHHA HA BUNPOMIHIOBAJbHI XapaKTEePUCTHEH JaszepHoro Gapsaurka DCM.
B.B.Macaos, O.M.Beskposua, I.M.IIpumyaa

3 MeTo 3isicyBaHHSA BIJIMBY OTOUEHHS MOJeKyau JasepHoro Gapeanra DCM Ha mporecu
penaxcarlil emeprii il s6yzsxennsa B S; cTaHi 6ymu mTocHiMxeHi ceKTpanbHi, dayopecrenTHi,
yacoBi Ta JazepHI XapaKTepUCTUKU IITHOTO 0apBHUKA B PO3UMHAX Ta CUJIIKATeJIbHUX MAaTPU-
nax. Bysmu pospaxoBani #oro KBaHToBi Buxoxu GyopeciieHITii Qﬂ, a TaKolX CTAaJi IITBUIKOC-
Tell BUNIPOMiHIOBANBbHUX k" Ta 6e3BUIPOMIHIOBANBHUX k'Y mepexofiB, AK B po3uMHAX, Tay i
B MaTpHUIlAX. BusApjeHo, 110 HaibiJbINTy Ail0 Ha Ipollecu Ge3BUIPOMIHIOBAJIBLHOLI peakcallii
B S, craHi, iKa IPUBOJAUTL O CYTTEBOTO iX 3MEHINIEHHHA, OKA3y€ MIKPOOTOUEHHS MOJEKYJU
DCM y nounepegue Bignamneniii (IIB) marpurni. B pesynbrari spocrae xBanToBuil Buxiz duryo-
pecuieritii Ha 85 % B MOPIBHAHHI 3 MeTAHOJIBLHUM PO3UMHOM, i MPU IILOMY MHUTOMA BUXIiJHA
eHeprisf JlasepHOTO BUIIPOMIHIOBAHHSA IIiABUIIYeThCcA Mali:ke BABiui. AHaANI8 goCHigMKeHUX
xapaxkTepucTug 6apBuuka DCM, BuMipAHNX y YOTHPHOX CepefoBUINAX [HoKasye, ito IIB
MaTpulla okKasye 6inbpiry crTabinisyrouy Ailo Ha IPOCTOPOBY CTPYKTYPY MOJIEKYJIU OapBHUKA
Hi*X GiIONAPHUIN POZUMHHUK AiMeTincynabdoKCcuz.

© 2022 — STC "Institute for Single Crystals”

1. Introduction

The spectral properties of laser dyes and
sources of tunable radiation on their basis
make them topical objects of explorations
for the development of new photonics and
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biophotonics elements. In addition, we can
highlight the red region of the spectrum as
very relevant for many practical applica-
tions [1, 2] including the biomedical diag-
nostics [38]. A.Hamja et al. [1, 4] developed
a system based on a low-cost blue laser
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diode as a pump source and a sealed cell
with propanol or ethanol solutions of DCM
laser dye without a flow circuit; the result
is a device that combines the convenience
and size of a solid-state device with the
stability of a liquid organic laser. They ob-
tained a very high photostability (up to
1.2.10° pulses, which corresponds to
12 days of operation at a pulse repetition
rate of 1 kHz), which is five orders of mag-
nitude higher than a solid-state dye laser
operating wunder similar conditions. The
compact dye laser on DCM with an unex-
pectedly high long-term stability [4] had an
optical efficiency of 18 % and a high beam
quality (M2 = 1). The authors supposed that
such a high stability obtained without circu-
lation could presumably be due to the exist-
ence of strong thermal gradients in the me-
dium and the convective diffusive transport
of photobleached molecules outside the
pump region, ensuring a complete replenish-
ing of the gain medium between each pulse.

A low-threshold random laser enhanced
by TiN nanoparticles (NPs) suspended ran-
domly in gain solutions of DCM is reported
in [2]. The localized surface plasmon reso-
nance of individual TiN NPs increased the
pump efficiency and strengthened the fluo-
rescence amplification efficiency of DCM.
T.Li et al. [3] investigated the rates of two-
photon absorption fluorescence in DCM
laser dye and in fluorescein biomarkers, in-
duced by coherent CW excitation light and
bright two-mode squeezed light. The method
of biosensing and bioimaging proposed in
[3] is promising for studying the deep tis-
sues of biological specimens in vivo by
means of the two-photon DCM absorption
method.

Y.Wan and L.Deng [5] studied recyclable
coherent random lasers assisted by plas-
monic nanoparticles in polyvinyl alcohol
(PVA) thin films doped with DCM dye. They
showed that the emission spectrum of the
DCM-PVA film with Au nanoparticles of
50 nm in diameter is optimal, and its
threshold is about 6.53 ud/pulse. The
authors proposed a method of obtaining re-
cyclable samples and showed that recyclable
coherent random lasers with a low-threshold
and a good performance after several cycles
can be realized with this method. L.Chen
and co-authors [6] proposed and fabricated
in PDMS an optofluidic dye laser with a
distributed Bragg reflector with a new com-
bination of optofluidic waveguide and com-
bination of optofluidic waveguide and ridge
waveguide gratings. The generation wave-
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length can be tuned in the range of more
than 450 nm by changing the tuning liquid
in the gratings as well as the laser dye in
the waveguide. The DCM laser dye was dis-
solved in dimethyl sulfoxide (DMSO) and
used to cover the red wavelength range. The
proposed configuration permits to realize an
on-chip tunable single mode laser source.

A whispering gallery mode (WGM) reso-
nance-based temperature sensor was pro-
posed and realized in [7], where the mi-
croresonator was made of a DCM dye-doped
oil droplet immersed in the water solution.
The authors excited lasing in the oil droplet
and measured the shifts of the resonance
wavelength at different temperatures. The
developed temperature sensor improved the
thermal sensitivity and provided a possibil-
ity for sensing in liquid samples.

Choubey et al. [8] developed a statistical
analysis of fluctuations in the intensity of
random laser (RL) radiation in a thin film
DCM doped polyvinyl alcohol waveguide as
a spectroscopic tool for studying material
properties. 0.08 wt. % DCM was added to
the PVA matrix. DMSO has been used as a
common solvent for dye and polymer disso-
lution. The ability to use the RL intensity
fluctuations as a tool for material analysis
is very important for material charac-
terization. M.M.Prenting et al. [9] investi-
gated the absorption and fluorescence spec-
tra of five laser dyes, including DCM dis-
solved in some solvents as tracers in the
two-colour laser-induced fluorescence ther-
mometry. They showed that the temperature
sensitivity strongly depends on the tracer
and solvent.

In [10], two-photon fluorescence excited
in thin films by a thermally activated de-
layed fluorescence of an electron donor-ac-
ceptor (DA) exciplex and exciplex doped
with a fluorescent emitter was observed and
studied. One of the fluorescent emitters
used in this work was DCM dye. It was
found that the upconversion fluorescence
intensities of the exciplex samples increased
dramatically after doping a tiny amount of
the fluorescent emitter.

Authors [11] realized low-threshold, nar-
rowband emission, and stable random lasing
in a composite of carbon quantum dots and
DCM nanowires doped with TiN nanoparti-
cles. The DCM nanowires were prepared by
a self-assembled process. The FRET process
resulted in a high fluorescence efficiency
for this composite, allowing for significant
random lasing effects; since the TIiN parti-
cles were doped, this greatly enhanced the
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Fig. 1. Setup for measuring laser characteristics of the DCM dye in the matrices and solutions in
the moment of lasing of PA matrix (A, =648 nm) under pumping by the BDL with A =

507 nm.

emission efficiency through plasmon reso-
nance and random scattering.

As is obvious from the above, the inter-
est in the use of DCM laser dye, known
since 1974 [12], is remains to this day. This
is due to the remarkable emission properties
of this dye [14]. Earlier, we carried out a
series of studies of laser media on the basis
of silica gel matrices doped with the dyes
[14-16]. In this work, we study the influ-
ence of the spatial structure of the DCM
laser dye molecule and its nearest environ-
ment on the relaxation processes in the ex-
cited S, state of this molecule.

2. Experimental

We have carried out additional measure-
ments and calculations to analyze the effect
of the DCM molecular structure and its en-
vironment both in solution and silica gel on
the spectral, fluorescent, and laser charac-
teristics. The structural formula of this
laser dye is given below. Arrows in it show
the directions of potential relaxation swings
of molecular fragments in the exited §;
state [17].
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pump

The characteristics of this dye in matri-
ces synthesized by hydrolysis and sub-
sequent polycondensation of tetramethoxysi-
lane (TMOS, Aldrich) in aqueous-methanol
solutions of DCM (Aldrich) were studied by
us earlier [13]. At the same time, the tem-
perature of ageing and drying of matrices
did not exceed 60°C. Since, after such a
synthesis of matrices by the low-tempera-
ture method (LTM) at T, 4 < 60°C, DCM
dye worsened its lasing characteristics in
comparison with the methanol solutions,
therefore, we applied preliminary annealing
(PA) of the matrices, which were not doped
with the dye. The annealing temperature
was 600°C. After the matrices were cooled,
they were impregnated with a methanol so-
lution of the dye [15].

The solutions of DCM in methanol and
DMSO were also examined for estimating
the influence of the neighboring environ-
ment of the dye molecule on its charac-
teristics. The instrumentation and methods
for measuring and calculating spectral,
fluorescence, temporal and laser charac-
teristics of the dye in the solutions and ma-
trices were described in our previous arti-
cles [14-16]; the absorption spectra of the
samples were measured on an Optizen
3220UV spectrophotometer (Mecasys Co.
Ltd.), fluorescence spectra were measured
on a FluoroMax-4 fluorimeter (Horiba Jobin
Yuon), and DCM fluorescence decay curves
were measured on a Fluo-Time 200 spec-
trofluorimeter (PicoQuant). To calculate

Functional materials, 29, 4, 2022
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Table. Spectral, fluorescent, temporal, and lasing characteristics of DCM

Medium |[A, nm|A,;, nm| Q |1, ns|k"10, ns ' |£"10, ns ' | AvSt, em ™t | A, , nm |AV/®S em !
Methanol 467 630 0.43 | 1.31 3.28 4.35 5540 635 125
DMSO 480 643 0.50 | 2.16 2.31 2.31 5280 654 260
LTM matrix| 469 616 0.61 | 2.38 2.56 1.64 5100 634 460
PA matrix | 420 584 0.65 | 2.28 2.84 1.53 6690 648 1690

A, is the maximum of long-wavelength absorption band, A, is the wavelength of fluorescence maxi-

a

mum, 1T is the fluorescence lifetime, AvS? is the Stokes shift between the maxima of the absorption

and fluorescence bands, A,

cence maxima kf and lasing spectra ;.

quantum yields @ in silica gel matrices,
methanol solutions of DCM dye (@, = 0.43)
were used as references [16].

After measuring the laser charac-
teristics, the matrices were put into a
quartz cuvette with internal dimensions of
10x10x40 mm? filled with immersion liquid,
ethylene glycol, to reduce optical distortions
within the laser cavity by untreated end
planes of the matrix. The characteristics of
the DCM solutions were measured in the
same cuvette. The studied dye in the matri-
ces and methanol was excited by booster dye
laser (BDL) based on an ethanol solution of
coumarin 314 with a wavelength A, =
507 nm, output energy up to 150 md, pulse
duration ~1 us, and a spectrum half-width
of 3-5 nm (Fig. 1).

3. Results and discussion

The main results of measurements of the
spectral, fluorescent, temporal, and lasing
characteristics of the dye in solutions and
matrices are given in the Table along with
the calculated fluorescence quantum yields
@ and the rate constants of the radiative k"
=@Q/7 and nonradiative k" = (1 - @)/
transitions.

Normalized absorption and fluorescence
spectra of DCM in methanol (Met) and in
the preliminary annealed matrix (PAM) are
shown in Fig. 2; fluorescence decay curves
of DCM recorded with a Fluo-Time 200 are
shown in Fig. 8.

The DCM dye has a long-wavelength ab-
sorption band that disposed in the blue-
greenish region of the spectrum (Fig. 2),
while it differs from other red laser dyes in
the largest Stokes shift (AS! > 5000 cm™1).
This value indicates a noticeable increase in
the dipole moment of the DCM molecule in
the excited S; state, and an increase in its
interaction with the nearest molecular sur-
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is the central lasing wavelength, Av/4s is the shift between the fluores-
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Fig. 2. Absorption (I) and fluorescence (2)
spectra of DCM in methanol (Met) and the
PAM. Vertical lines within them indicate the
center positions of pumping (1 vertical) and
lasing (2 vertical) spectra.

roundings. It was shown [18], that the di-
pole moment of the DCM molecule in the Sy
state increases by more than 20 Debye com-
pared to the ground state S,;. Such a large
increase in the dipole moment in the first
excited singlet state is explained by an im-
portant intramolecular charge transfer from
the electron-donating diethylamino group to
the electron-withdrawing dicyanomethylene
group [19] at the Sy — S; transition.
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Fig. 3. Fluorescence decay of DCM in metha-
nol (Met) and the PAM. Fluorescence was ex-
cited at A, =531 nm, and its registration
was close to kﬂ.

Moreover, in the S; state, "twisted” con-
figurations of the DCM molecule, TICT con-
formations, can occur. The possible torsions
of the molecule fragments are shown in its
structural formula with arrows. These tor-
sions lead to a violation of the planarity of
the molecule, which increases the prob-
ability of nonradiative transitions to the
ground state S, and quenching of fluores-
cence. In addition, this molecule can un-
dergo the trans-cis photoconversion as a re-
sult of the formation of a sterically hin-
dered and less planar cis isomer, which
reduces the fluorescence and laser charac-
teristics [19]. However, the negative influ-
ence of the "twisted” forms and cis isomers
of the DCM molecule decreases with increas-
ing solvent polarity. Thus, in bipolar di-
methyl sulfoxide, 92 % of these molecules
are in the coplanar transform [20].

The results of our measurements of DCM
dye characteristics (see Table) indicate that
the impact of the nearest surroundings on
its molecule, which results in a batho-
chromic shift of the absorption band, grows
in the row: methanol, the LTM matrix, and
DMSO. Here we note that DCM dye under-
goes a short-wavelength shift of the max-
ima of the absorption and fluorescence spec-
tra simultaneously when passing from the
LTM matrix to the PA matrix. This is due
to the residuals of non-evaporated organic
liquid and acid in the LTM matrix [15],
which are completely removed in the PA
matrix. It is these residues that give the
bathochromic shift of both spectra in the
LTM matrix compared to PAM.

While the wavelength of fluorescence
maximum is minimal in the PA matrix, it is
maximal in bipolar DMSO. Moreover, the
Stokes shift slightly decreases in the LTM
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matrix, but the fluorescence quantum yield
noticeably increases and becomes greater
than in bipolar DMSO. The blue shift of the
fluorescence spectrum of DCM in the matri-
ces relative to methanol is apparently due
to a decrease in the energy losses of its
molecule in the S, state in the environment
of the matrix compared to proton-donor
methanol.

Since DCM fluorescence is quenched due
to the twisted forms of its molecule [16], it
can be assumed that the formation of this
form is hindered by the environment of the
matrix and nonradiative losses of vibrations
in the S; state. This assumption is con-
firmed by the measured fluorescence life-
times T and the calculated nonradiative
decay rate constants £ of DCM in metha-
nol, DMSO, and the matrices. The value of
k™ is reduced by 1.88 times when passing
from methanol to DMSO, by 2.65 times —
to the LTM matrix, and by 2.84 times — to
the PA matrix. So microenvironment of the
dye molecule in the matrices has a larger
polar and stabilizing impact upon its spatial
structure than bipolar solvent dimethyl sul-
foxide. Moreover, the fluorescence quantum
yield of DCM dye in the PA matrix has the
maximal value. This is due to the absence of
residual organic liquids and acid in it in
contrast to the LTM matrix where these
residues negatively affect the molecules of
the laser dye [15].

The laser radiation spectrum of a metha-
nol solution of DCM in a nonselective reso-
nator (see Table) is located near its fluores-
cence maximum with a small shift red Avis
=125 cm™!. This is due to the large Stokes
shift and the small overlap of the absorp-
tion and fluorescence bands of this dye and,
as a consequence, the low reabsorption of
laser radiation in solution. However, the
shift between the maxima of fluorescence
bands A; and lasing spectra A;,, increases in
the following order: methanol, DMSO, silica
gel matrix. At the same time, the PA ma-
trix saturated in a ~ 1 mM methanol solu-
tion, has a bathochromic shift of the laser
spectrum relative to the LTM by one 14 nm.
And in the connection with the blue dis-
placement of the DCM fluorescence maxi-
mum in the PA matrix by 46 nm relative to
the methanol solution, the shift between the
maxima of the fluorescence band ?»f and the

lasing spectrum 2;,, has the maximal value
of Av/4s = 1690 cm~L. This shift Av?s is use-
ful in constructing biomedical sensors on
the basis of the PA matrices since their

Functional materials, 29, 4, 2022
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emission spectra are shifted to a region of
deeper penetration into biological tissues.

Moreover, if earlier [14] laser radiation
of DCM in the LTM matrix was obtained
under maximal possible pumping energy,
then in the PA one the lasing threshold was
two times lower than for an LTM matrix
under equal conditions. The specific laser
energy of DCM (i.e., the energy related to
the length of the laser active element) was
almost twice as high in the PA matrix as in
methanol. The fluorescence quantum yield
of DCM in the PA matrix increased by
85 %, k" decreased by 2.84 times, Avi4S in-
creased by 1390 cm™! (5.6 times), and the
Stokes shift increased by 1150 cm™! com-
pared with methanol solution.

4. Conclusion

Thus, the studies of the spectral, fluores-
cent, temporal, and laser characteristics of
the DCM dye in four media revealed a no-
ticeable effect of the nearest environment in
these media on the processes of nonradia-
tive relaxation of the DCM molecule in the
S,. excited state. The greatest decrease in
this relaxation occurred in the PA matrix,
in which nonradiative losses decreased by
almost three times, but the fluorescence
quantum yield and specific laser energy in-
creased noticeably. Furthermore, in this ma-
trix, the maximum value of the shift of the central
lasing wavelength relative to the fluorescence maxi-
mum was obtained, Av/4S = 1690 cm™! , which in-
creases the penetration of laser radiation
deep into biological tissues.

Functional materials, 29, 4, 2022
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