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PECULIARITIES OF SPECTRA OF INDUCED EMISSION
OF POLYMETHYNE DYE SOLUTION AT LOW TEMPERATURES

M. V. Melishchuk, Ye. A. Tikhonov, M. T. Shpak
Institute of Physics of the Academy of
Sciences of the Ukrainian SSR, Kiev

Introduction

In previous works [1-3] observations of narrow lines were reported
in the 1induced emission spectra of solutions of polymethine dye with
excitation from monochromatic radiation. 1In reference [2], solutions
were studlied in which this effect is observed it room temperature.

The proposal was put forward and argued as to the affiliation of these
lines to the resonance induced combinaticn scattering on molecules of
dye. In reference [3], solutions were studied at 4.2°K and it was
pointed out that the manifestation of the narrow-line spectrum, along
with diffusion, is a typical property of the generation of solutions

of dye in these conditions. 1In the spectra of the system in which

the lines were observea at room temperature, at 4.2°K, an additional
linear structure was apparent. Similarly to the effect at room temper-
ature, these spectra were also interpreted as spectra of resonance
induced combination scattering on molecules of dye; however the pos-
sibility of a fluorescent origin of the structure is not excluded [2].
The concept existing earlier as to properties of the spectra of absorp-
tion and spontaneous fluorescence of solutions of dye at low tempera-
tures made it difflcult to establish the true origin of the phenomena.

In references [4, 7, 8] also the property of the narrow-line
part of the spectra for generation of frozen solutions of dye was
studied and the affiliation of lines to resonance combination scatter-
ing on electron-exciters [4-7] and unexcited [8] molecules of dye
was indicated.

The study of the nature of expansion of the spectra of solutions

¥Numbers in the margin indicate pagination in the foreign text.



of dyes in a broad temperature range1 made it possible to establish
that at low temperatures the spectra of absorption and fluorescence
expand unevenly and thils causes the dependence of the shape of the
curve and the position of maxima of the fluorescent bands on wave-
lengths and the half-width of the excitation Land similar to that ob-
served with combinatlion scattering. 1In references [9, 10], it was
pointed out that with the appropriate selection of the solvent (the Shpol'-
skily effect) or the properties of excited light (in particular, the

use of a laser source) at low temperatures one can observe an electron-
oscillation structure in the spectra of spontaneous fluorescence of
such complex molecules as perylene, coronene and phthalocyanine. 1In
ordinary conditions, excitation of the spectrum of solutions of these
compounds even at 4.2°K is without a structure.

The presence of a concealed structure in the spectra of dye solu- /361
tions and the multiple forms of processes of induced emlssion with
resonance excitation of them by a powerful monochromatic radiation
creates difficulties for unambiguous interpretation of the phenomena.
These difficulties occur during radiation of spectra of spontaneous
radiation in resonance conditions where 1t 1is possible to have simul-
taneous observation of the processes of the ordinary and the "hot"
fluorescent and spontaneous resonance of combination scattering [11-13].

The purpose of thils work was: the study of the spectra of induced
radiation of solutions of dye during monochromatic excitation in a broad
temperature interval; the study of the principles of manifestation of
the fine structure 1n the spectra with a changing temperature and con-
ditions of generation; the interpretation of the phenomena on the basis
of exlisting data as to nonuniform expansion of transitions in the vitri-
fied matrices.

I. Method of the Experiment

For studying the spectra of induced radlation in a temperature

1The results of thls study will be presented separately.
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range from 300 to 4.2°K it is necessary to translate into a vitreous
state a comparatively large volume (2-3 m3) of dye solutions. There-
fore, alcohol solutions were used: glycerin, diethylene glycol, pro-
pyl and ethyl alcohol. The glycerin, dlethylene glycol and ethyl
alcohol formed transparent matrices with even cooling in the interval
from room temperature to the temperature of full hard:zning Tg. The
propyl alcohol with slow cooling transferred to a crystal state at

T = 220°K and therefore for obtaining a transparent vitreous matrix
it was necessary to have rapid cooling to T > 220°K and then slow
cooling at a rate of 0.5°/min to the temperature for hardening of
solution Tg. With further cooline of the solution from Tg to

4, 2°K, the optical quality of the .~ .ution did not depend on the rate
of cooling.

For excitation generation, a ruby laser was used ~ith a pas-
sive modulation of quality [14]. The impulse of the laser generation
had the following parameters: duration at half-height -- 20 n8, peak
power -- less than 40 MW. Excitation was accomplished in a longitu-
dinal variation wilth feedback at the ends of the cuvette whlch were
not strictly parallel. The spectra were recorded on an instrument
with inverse dispersidn - K/mm.

II. The Results of Experiments and Their Discussion

The table presents the wavelengths of “he maximum of the absorption

bands for solutions of the dyes being studied in glycerin at 300°K
and shifts of the fluorescent bands with a transition to T = 77°K.

Number Dye xmax’ nm Temperature
shift, nm

I 3-3'-diethyl-9, 11, 13-(penta-1",
3", 5'-¢rityl)-thiathiazolino-
tricarbocyanine iodide 706 3

IT 3-3'diethyl-9, 11, 13-(penta-1l",
3", 5"-trityl)-thiacarbocyanine

iodide 752 2

IIT l-1'-dimethylene dotricarbocyanine 750 y
Iv Tricyanine perchlorate 706 2
V  Cryptocyanine 715 5




The temperature change of the spectra of generation can be divided
according to characteristics into two temperature intervals 1) from
300°K to Tg, 2) from Tg to 4.2°K.

1. The tenperature interval from 300°K to Tg. The basic char-
acteristics of ~he behavlior of the spectra 1n this interval include a
shift in average frequency of generation without a change in the width
of the spectrum and in a decreased threshold of generation as the solu-
tion cools. These features appear differently in different solutions.

a) Glycerin. With a decrease in temperature from 300 to 190°K,
one observes a shift in the average wavelengths of generation toward
the shortwave side and here the threshold of generation is almost un-
changed. The value of the shift 1is different for different dyes and
hardly depends at all on the optical density of the solution. For ex-
ample, for dye I (see the table), the shift amounts to 40 K, for dye
ITI -- 90 X. With further cooling of the solution the spectrum does
not shift. 1In Figure 1, a and b, spectra of generation of dyes I and
III are presented at different temperatures greater than Tg.

b) Dietnylene glycol. For dye I (Figure l,c) in the temperature
intervals of 300 to 270°K one observes a monotonous shift in average
wavelengths of generation toward the long wave side wlth simultaneous
decrease in the threshold (approximately three-fold): in the interval
from 270 to 180°K, the spectrum is shifted toward the short wave; the
threshold does not change and with further cooling the shift stops.

c¢) Ethanol. 1In the entire temperature interval one observes a
shift in the spectrum toward the long wave with simultaneous decrease
of the threshold otf power for excitation in sequence. The shift occurs
more rapidly in the high temperature field and reaches saturation close
to T . In Fligurel,d temperature relationshipsof the average wave-
leng%h of generation of dye I are shown graphically in different
solutions,

The qualitative explanation of these shifts is the following: a
shift in the spectra of generation toward the short wave side correlates

4
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Figure 1. The spectra of generatlon of solutions of uye

at different temperatures: a -- dye I in glycerin, b --
dye III in glycerin, ¢ -- dye I in ethylene glycol; d --
temperature dependences of the average wavelengths of
generation of dye I in different sclutions: 1 -- glycerin,
2 -~ diethylene glycol, 3 -- ethanol (U = const). The
lower spectra in Figures a and b corresSéﬁd to Tg.

with a shift in the spectra of fluorescence inthis temperature inter-
val (see table). A long wave shift involves an increase in the quan-
tum output of the solution n with decreased temperature: an increase
in n results in a decrease in the threshold of generation, and because
all spectra were obtained with a uniform value of the excitation pow-
er, each spectrum corresponds to a different excess in the excitation
power over the threshold power. As was shown in reference [15], the
excess of excltation power over the threshold results in a shift in
average frequency of generation toward the long wave. This explana-
tion is in agreement with the fact that the curves in Figure 1,4
depend on viscosity of the solution at room temperature. In viscous
solutions, the change in quantum output with temperature 1is not great
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and therefore one does not cbserve a noticeable decrease 1in the
threshold and a long wava shift. 1In the case of ethanol one observes
a stronger change in viscosity and an increase in quantum output, a
decrease in the threshold of generation and a shift in the spectrum.

2. The temperature interval from T_ to 4.2°K. When approach-
ing Tg, one observes a significant expansion in the generation band
and then the threshold of generation remains as before or increases.
R & Al T A3 a rule, the largest increase in

» !JTi;’*-LQ the threshold was observed in the

s more viscous solution. Expansion

of the spectrum occurs rapidly in

the narrow temperature interval not
exceeding 20-30°K; the width of the
spectrum increases 3-4 times and

a larger expansion is observed to-
ward the long wave side (Figure 1,
a, b). With a further decrease in
temperature, the width of ti.e gener-
acion band 1s almost unchanged but

Figure 2. Spectra of genera- the short wave part of the spectrum

tion of dye I in glycerin with spreading close to Tg becomes narrow-
different optical densities d : ° _
of the solutiona: a-d = 2, line at U4.2°K (Figure 2). The dis
-4 = 5, T = 4, 2°K, tance of the line from the excita-

tion line remains constant for the
same dye in different solutions and can serve as the characteristic
for the dye. At the same time, with the formation of a narrow-line
structure, on the background of the diffusion section of the spectrum,
narrow absorption bands are apparent. The overall view of the spectrum
to a certain degree depends on the optical density of the solution
and the power of excitation. With an optical density which is optimum
for the threshold of generation (d(vH) = 5) and power of excitation
greater than the threshold, in the field of the structural part of the
spectrum there 1s a diffusion background (Figure 2, b). With a density
greater than the optimum, the structural part of the spectrum can be
absent. With densities smaller than the optimum, one observes only a
structural spectrum (Figure 2, a). With an optimum density of the

6
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solution, the number of lines 18 increased close to the diffusion sec-
tion of the spectrum and the form of the spectrum in this field is not
reproduced (Figure 2, b). The shift in frequency of excitaticn by

4 cm-1 results in a corresponding shift of the lines (Figure 3).

.. The general principles of

‘if"' E o . [ ‘ change of the spectra of generae
Q‘QWMMM‘§1 R < v tion with temperatures smaller than
! R TR 1'; ﬂ",T8 can qualitatively be explained,

v e
E ‘ ~ e comparing them with the low tempera-
r o . Lo Ty "\.‘.;;l,-.,—:
oo o L A;=5Aﬁi.£‘- }bature spectra of fluorescence. As
iskj" 7777 'was mentioned above, with T8 and
2 “ ‘ o .tf=--lthe systems considered, a nonuniform
Figure 3. The spectra of gen- character 1s apparent for the expan-
eration for dye I in glycerin slon of spectra and one observes a
excited by radiation from a
ruby laser with X = 694.3 nm dependence of the shape of the curve
(a) and » = 694.5 nm (b), when and the position of the maximrum on

T = 4,2°K,
the wavelength of the excited light.

Figure 4 shows spectra of fluores-
cence for dye II in glycerin with
excitation by light with a wave-
length og A = 690 nm and width
AA = 50 A at 300°K (curve 1) and
130°K (curve 2). It is obvious
that the low temperature spectrum
is shifted toward the short wave, s
ARG A e @A pm expanded and the long wave edge of
it 1s gently sloping. Such changes
z;ggzgeuér §§:°§§§ ig é%;gg;ln: in the spectrum of fluorescence can
l -- T = 300°K, 2 -= T = 130°K. result in a shift and expansion of

dexc ~ 690 nm, ar = 5.0 nm. the generation band.

A further decrease in temperature results in the formation of a /365
coarse structure in the spectra of fluorescence and a fine struct._'e
in the spectra of generation. Figure 5 shows the spectrum of fluores-
cence for dye IV in ggycerin obtained with excitation by light with

A = 694 nm and width A at 4.2°K. Herc the spectrum induced radiation

7



is shown diagrammatically, it was
obtained with monochromatic excita-
tion by 1light with a wavelength of
6.43 nm. It is obvious that the
group of narrow bands of the spec-
trum of generation of the dye are
located in the field of maxima of
the spectrum of florescence.

X exc,-avnm
)

W i W W M W W Ming

Starting with the familiar non-
Figure 5. Spectra of fluores- uniform expansion ~f the absorption
%gzise(ggrgg t;ea:glzzig;pgéon bands and fluorescence of solutions
dye IV in glycerin at T = 4, 2°K, of polymethene dyes which are mani-
fested in the field of low temper-
atures with monochromatic excitation, one can propose the following

interpretation of narrow-line spectra of induced emission of dyes.

1) During excitation in a short wave field of spectra, groups
of centers participate in absorption whose frequency of electron transi-
tions and electron-oscillating transitions are found in resonance with a
frequency of the incident light. Thereforzs, the structure of the spectrum

of generation can be a manifestation of separate electron-oscillation
transitions in different types of centers. The distances in the scale

of frequencles between the lines of excitation and the lines of gener-
ation correspond to the oscillating wave number of the basic state (in
a case of excitation in the field of a purely electron transition) or
their combination with oscillating wuve numbers of the excitation elec-
trong state (in the case of excitation in the fileld of an electron-os-
cillation transition).

2) The shift of lines in the spectrum of generation with a change
in wavelength of excitation is the result of the nonuniform expansion
of the absorption and fluorescent bands. Because the shift in frequency
of excitation even by 4 cm-l results in a shift in the lines of genera-
tion, one should assume that in the spectra of fluorescence there 1is a
fine structure involving phonon-less lines. Howevelr, this nypothesis



was always confirmed experimentally: for some of the studies of pecly-
methine dyes, the spectra of fluorescence of 4.2°K excited by He-Ne-laser
light (6328 X) do not contain the corresponding narrow lines on the
background of a structureless spectrum as 1s observed in the case of
phthalocyanine in reference [9].

3) Irregularity of the appearance of separave lines in the spec-
tra of generatlion can explain the concurrence of generating modes
which exist in lasers with nonuniformly expanded active medils.
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