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Abstract

The results of an experiment on the time-resolved spectral dynamics of the eosin phosphorescence in a low-tem-
perature glycerol-water mixture are explained supposing a cluster structure of the supercooled liquid and the glass. An
estimation of the size and the restructurization dynamics time of the clusters at about 237 K are performed. A mod-
ification concerning the procedure for the calculation of the relaxation function of a time-resolved spectral shift ob-
tained in a supercooled liquid, possessing a cluster structure, is suggested. A conclusion on the existence of a new
amorphous phase is inferred from the change in the spectral dynamics of the eosin phosphorescence observed in the
low-temperature mixture. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Structure and dynamics of supercooled liquids
and glasses is a subject of considerable theoretical
and experimental efforts in studying amorphous
phases. Non-exponentiality of relaxation processes
in supercooled liquids and glasses arises, as re-
cently recognized, from the heterogeneity of these
systems [1,2]. But the question concerning the de-
tails of this heterogeneity remains still open. One
point of view is that supercooled liquids and
glasses consist of structurally correlated regions
denoted by clusters [3-5], with the cluster size
ranging from several to hundreds of nanometers
[6,7]. Clusters are supposed to possess some local
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structure. Decreasing temperature induces a
growth of the cluster size and the degree of mo-
lecular ordering within a cluster. This process is
limited and is not able to bring the system to its
lowest energy state. As a result, a supercooled
liquid is a metastable system and a glass is a non-
stable one.

This Letter deals with the effects observed in a
study of the spectral dynamics of the eosin phos-
phorescence in a low-temperature glycerol-water
mixture [8] that may provide some additional
support for the cluster structure of supercooled
liquids and glasses.

2. Experimental

Eosin Y (Serva) and glycerol (Sigma) were used
as received. The decay of the eosin phosphores-
cence was studied in the 94% (w/w) glycerol-water
mixture. The concentration of eosin in samples
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was 1-2 x 107> M. The measurements were per-
formed in thin-walled silica ampoules 5 mm in
diameter. The temperature of samples was con-
trolled with an accuracy of 1 K by blowing a cell
chamber with nitrogen vapors. The temperature
was varied in the range of 140-260 K by means of
a VRT-2 temperature regulator, attached to the
liquid nitrogen supply. The temperature was
measured with a thermocouple embedded in the
sample. The sample was first frozen at a cooling
rate of 6-8 K/min 3040 K below the glass tran-
sition. Then the temperature was gradually in-
creased at a rate 3—5 K/min. The sample was kept
for 2-3 min at a fixed temperature to obtain a
constant temperature and the phosphorescence
decay was measured.

The phosphorescence decay was detected with a
pulsed laser setup. The emission was excited by a
pulsed Nd:YAG laser (4 = 532 nm, 7;/, <10 ns,
E =70 mJ). The phosphorescence emitted in a
direction perpendicular to the excitation beam was
focused onto the entrance slit of a LOMO MDR-2
monochromator outfitted with a FEU-84 photo-
multiplier and then was collected with a Datalab-
912 transient recorder. The setup time resolution
was 15 us, however, phosphorescence signals were
considered beginning with the 50th microsecond
for the reason of the elimination of the multiplier
saturation because the strong emission at the
shorter wavelengths dominated in the spectra at
initial times. This emission could be due to the
delayed fluorescence of eosin [9], the eosin fluo-
rescence and the excitation light partially passed
through the monochromator. The spectral recon-
struction method [10] was used to obtain the time-
resolved Stokes shift of the eosin phosphorescence
spectrum [11]. Typically, 12-15 decays at 5-7 nm
intervals were obtained at each temperature. The
shape of the instantaneous phosphorescence
spectrum was fitted to a polynomial or the log-
normal distribution function [12].

3. Results and discussion
The idea underlying the method used is that the

spectral dynamics of the emission of a probe dis-
solved in a polar solvent is controlled by the ratio

between relaxation times of the medium and the
excited solute lifetime [13]. The normalized relax-
ation function of the time-resolved spectral shift,
C(¢), is usually used to scale solvent relaxation
[10]:

=3(0) —v()” M)

where v(0), v(¢) and v(co) are the positions of some
point of an emission spectrum at ¢t=0, ¢ and
t — oo, respectively. Typically, v(0) and v(oco) in
Eq. (1) are the values of the peak frequency of a
stationary emission spectrum in frozen and high-
temperature media, respectively.

The temperature-dependent changes in the rates
of relaxation processes in the medium were re-
flected in the behavior of the eosin phosphores-
cence both for the decay at a particular wavelength
and for the shift of the entire emission band. The
low-temperature glass, 140-180 K, was character-
ized by a small short-wavelength shift of the
spectrum, Fig. 1. In this temperature range the
decay at any particular wavelength was exponen-
tial, Fig. 2a , with the phosphorescence lifetime
decreasing towards the long-wavelength edge of
the spectrum. This spectral dynamics resulted from
the inhomogeneous broadening of the spectrum,
static on the experiment time scale, and the higher
non-radiative deactivation rate of the excited sol-
ute states at the long-wavelength side of the
phosphorescence band [8,14,15].

As temperature increased above the glass tran-
sition temperature, 7, = 185-187 K, the rate of
relaxation of solvent molecules became compara-
ble to that of the radiative deactivation of triplet
eosin. This circumstance was monitored by the
time-dependent long-wavelength Stokes shift of
the phosphorescence spectrum, Fig. la. Fig. 2b
demonstrates that the behavior of the decays in
this temperature interval depended on a particular
wavelength: upon movement to the longer wave-
lengths, the gradual transition from the fast initial
decrease in the phosphorescence intensity at the
shortest wavelengths to its enhancement at the
initial interval of the longest wavelength decays
was exhibited. The spectral shift and the relevant
behavior of the decay curves were caused by two
parallel processes: (i) the emission from the excited
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Fig. 1. Temporal evolution of the peak frequency position of the eosin phosphorescence spectrum in the 94% glycerol-water mixture
for different regimes of freezing out. (a) 1 — 145, 173 K; 2 - 191 K; 3 - 203 K; 4 - 212 K; 5 - 219, 237, and 241 K; 6 — 224 K. (b) 1 — 149,
191, and 212 K; 2 - 219 K; 3 - 224 K; 4 — 233 K; 5 — 237, 241 K; 6 — 248 K.

solute state; (ii) lowering the electronic energy level
of the excited solute state because of solvation
dynamics [8,16]. Analysis of the integrated phos-
phorescence intensity showed some non-exponen-
tiality in its decay at initial times at temperatures
near 7,, Fig. 3. According to Agmon [17], this
means that the inhomogeneous broadening of the

spectrum could contribute to the spectral dynam-
ics on the time scale of 100-200 ps depending on
temperature. Subsequent intensity decays were
exponential and were due to solvent relaxation.
Further increasing the temperature of the su-
percooled liquid resulted in accelerating relaxation
of solvent molecules. At temperatures above 219 K
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Fig. 2. Normalized eosin phosphorescence decays in the 94%
glycerol-water mixture measured at different wavelengths for
three temperatures: (a) 173 K; (b) 203 K; (c) 237 K. Numbers
near the decays denote appropriate wavelengths.

solvation was complete for times lesser than the
setup time resolution and we observed only the
relaxed spectra. The decays at these temperatures
were exponential and had approximately equal
decay times at different wavelengths at a fixed
temperature. This suggests [18] that thermal fluc-
tuations of solvent molecules become 34 order of
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Fig. 3. Logarithm of the eosin integrated phosphorescence in-
tensity in the 94% glycerol-water mixture at different tempera-
tures: 1 — 203 K; 2 — 224 K; 3 — 237 K. (Inset) Temperature
dependence of the eosin phosphorescence lifetime in the 94%
glycerol-water mixture.

magnitude faster compared to the phosphores-
cence lifetime (~10° ps) to create the thermal
equilibrium distribution of solvent configurations
around excited solutes prior to the emission.

An interesting feature of the high-temperature
range was the phosphorescence enhancement at
the initial parts of the decays at about 237 K, Fig.
2¢. The enhancement took place at any particular
wavelength, with the entire phosphorescence
spectrum being relaxed. The decays were well fitted
to a sum of two exponentials:

f(t):Alexp(—i>—Agexp<—i). (2)
T1 T2

The longer time constant, t;, in this fit corre-
sponded to the eosin phosphorescence lifetime
(tpn) and was approximately the same over the
emission band. The shorter time constant, 7,,
characterized the enhancement process. Fig. 4
demonstrates the results of the fitting. The data on
7, at different wavelengths at 237 K are summa-
rized in Table 1. It should be noted that the results
of the fitting for the decays at the shortest and
longest wavelengths are omitted because the
magnitude of the phosphorescence signal in these
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Fig. 4. The intensity enhancement at initial part of a phos-
phorescence decay in the 94% glycerol-water mixture at 237 K
(dotted line) and the result of fitting the decay to a sum of two
exponentials, Eq. (2), (solid line).

Table 1
Phosphorescence intensity enhancement times, 1,, at different
wavelengths in the 94% glycerol-water mixture at 237 K

A )

(nm) (us)
662 168
668 159
674 176
679 161
685 176
692 166
698 151
704 169
710 153
717 155

regions of the spectrum was not sufficient to reli-
ably fit the curves. As seen from Table 1, there is
an approximate equality of the enhancement times
for the decays at different wavelengths. The aver-
age time evaluated from Table 1 is 165 + 15 ps. As
mentioned above, relaxation of solvent molecules
occurs on the time scale of microseconds or less at
temperatures above 219 K. This is 2-3 orders of
magnitude faster than the enhancement time and,
therefore, solvation dynamics cannot be a reason
for the much slower enhancement process.

We also observed deviations from common
patterns of the temperature dependences of the
integrated phosphorescence intensity and the
phosphorescence lifetime. As the glass transition
occurred, when temperature getting higher, the
intensity started to decrease, Fig. 3. The minimum
of the intensity was observed at about 224 K.
Further increasing the temperature was accompa-
nied by rising in the intensity. The reduction in the
intensity at 191-224 K is most probably caused by
solvent relaxation [15,19], since the appearance of
the Stokes shift coincides with the sharp decreas-
ing in 7p,, Fig. 3. However, the subsequent en-
hancement of the intensity at higher temperatures
cannot be explained by the quenching of the
phosphorescence due to solvation dynamics.

The temperature dependence of 7p, was not
gradual in the low-temperature glycerol-water
mixture, Fig. 3. At least two processes are mainly
responsible for the magnitude of 7p,: (i) quenching
by molecular oxygen; (ii) the non-radiative deac-
tivation of excited solutes due to solvent orienta-
tion relaxation [15,19]. These processes occur on
the different length scales. The former is controlled
by translational diffusion of oxygen over substan-
tial distances, whereas the latter occurs in the
nearest solvent shells. The difference in length
scales of two quenching processes should be re-
flected in the different temperature dependences of
their efficiencies. Decreasing the temperature
should first reduce the efficiency of the quenching
by oxygen and then that of the quenching by sol-
vent reorientation dynamics. The observed tem-
perature dependence of 7p, cannot be explained on
the basis of these two processes only. The onset of
the abrupt decreasing in 7p, near 191 K coincides
with the appearance of the long-wavelength Stokes
shift and is most likely due to orientation relax-
ation of solvent. Another onset of the fast de-
creasing in tp, occurs at about 240 K and arises
most probably from the quenching by oxygen. In
the range of 212-240 K there is an approximate
permanency of tp,. It is unlikely that oxygen dif-
fusion, controlled by the solution viscosity, slowed
down drastically at temperatures below 240 K,
which is much higher than T,.

Since spectral relaxation in the studied system
was strongly non-exponential, we used the Cole-
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Davidson (CD) distribution function [20] to de-
scribe the temporal evolution of C(¢). However,
the function C(¢) calculated with v(0) and v(c0)
taken from a stationary phosphorescence spec-
trum in frozen and high-temperature media, re-
spectively, did not provide us with reasonable
values of the CD parameters. This resulted from
the fact that the relaxation function did not tend to
approach C(c0) =0 in the long-time limit at
temperatures close to 7,. Analogous picture was
observed in other low-temperature systems where
C(t) calculated on the basis of high-temperature
v(co) values did not approach the C(¢) = 0 limit.
In the experiment on solvation dynamics of the
supercooled MTHF confined to mesopores of sol-
gel glasses [6] this problem was resolved by an
introduction to Eq. (1) a constant term that
changed depending on a pore diameter and a
temperature. At a fixed temperature, the less the
pore diameter was, the larger the constant term
became. The appearance of the constant term in
Eq. (1) was explained by the geometric confine-
ment effect, caused by pore walls, blocking the
relaxation development.

We used the following procedure for the cal-
culation of C(¢). The temperature-dependent value
of v(o0) was first determined by fitting a curve of a
time-dependent peak frequency position of the
spectrum to a sum of three exponentials. Then the
obtained v(co,T) was substituted to Eq. (1). It
should be noted that our attempts to determine the
probable peak frequency position of the relaxed
spectrum were complicated by a strong non-ex-
ponential behavior of the Stokes shift and were
characterized by some range of v(co,T) values.
Nevertheless, using v(co, T) improved significantly
the fitting of C(¢), Fig. 5, and provided the rea-
sonable CD parameters, Table 2.

The observed phenomena may consistently be
explained on the basis of a cluster structure of the
low-temperature glycerol-water mixture. We sup-
pose that the mixture consists of regions of the
large heterogeneity with linear size about 10° nm
at temperatures around 7,. Heating the system
leads to decreasing the cluster size and intensifi-
cation of solvation processes within a cluster.
When the cluster size becomes comparable to the
phosphorescence wavelengths, i.e., on the scale of
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Fig. 5. Experimental relaxation function of the time-dependent
Stokes shift of the eosin phosphorescence in the 94% glycerol—
water mixture and the results of its fitting to the CD distribu-
tion function (solid line): 1 — 145, 173 K;2-191 K;3-203 K; 4
- 212 K; 5 -219-250 K.

Table 2

Temperature dependence of parameters of the CD distribution
function for orientation relaxation dynamics of solvent mole-
cules in the 94% glycerol-water mixture

Parameters of the CD  Temperature (K)

distribution function 191 203 212
Beo 0.5 0.28 0.2
Tep (1s) 1.6 x 10* 2.5 x 103 300
(ts) (ns)? 8.0x 10° 653 60

* Average time of solvation dynamics: (ts) = [ C(¢)ds.

10> nm, in addition to the quenching of the
phosphorescence due to solvation dynamics, the
reduction in the intensity due to Rayleigh scatter-
ing of the phosphorescence develops. The higher
the temperature becomes, the lesser the cluster size
is and the lesser Rayleigh scattering is. As a result,
beginning with some temperature, most likely 224
K, we observe an increase in the integrated phos-
phorescence intensity with temperature.

It is probably that at temperatures about 237 K
interactions responsible for the cluster formation
are weak enough that excitation of eosin mole-
cules, situated within a cluster, to the triplet state
and subsequent solvation dynamics of surround-
ing solvent molecules could induce the cluster de-
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composition process. The decomposition should
be accompanied by the reduction in the Rayleigh
scattering of the phosphorescence and its en-
hancement at initial parts of the decays should be
observed, Fig. 2c. On the basis 1, values we esti-
mate the times of cluster restructurization dy-
namics as being equal 165 £+ 15 ps at 237 K.

The existence of clusters could also be the rea-
son for the flat temperature dependence of tp, at
212-240 K, Fig. 3. At these temperatures solvation
dynamics is complete and no longer contributes to
decreasing the phosphorescence lifetime. On the
other hand, the existence of large structured clus-
ters could prevent from free diffusion of oxygen
within a cluster. Therefore, the observed weak
temperature dependence of the phosphorescence
lifetime at 212-240 K may originate from the ab-
sence of free oxygen diffusion due to molecular
ordering within a cluster.

We suppose that the long-wavelength Stokes
shift observed is due to orientation relaxation of
solvent molecules closest to an excited solute and
does not involve the whole cluster. This picture is
consistent with an intra-cluster rearrangement
model for the a-relaxation in supercooled liquids
proposed by Oguni [21] in which distinction is
made between the whole cluster and the rear-
ranging unit of molecules within the cluster. The
dynamics of the latter is responsible for the o-re-
laxation process in supercooled liquids. Our con-
clusion is based on the fact that the intensity
enhancement induced by the cluster decomposi-
tion at 237 K occurs at the times of about 150-180
us, whereas solvation dynamics takes place on the
time scale of microseconds or less. This model
explains reasonably the gradual blue shift of the
relaxed spectrum when temperature is lowered.
Decreasing the temperature of the solution is ac-
companied by an increasing in the degree of mo-
lecular ordering within the cluster and, as a
consequence, should reduce a number of solvent
molecules responding to the solute charge redis-
tribution under excitation. The fewer number of
rearranging solvent molecules means that the
electronic level of the excited solute state will be
less lowered because of solvation. Hence, the peak
frequency of the relaxed spectrum should shift to
the shorter wavelengths. On the other hand, de-

creasing the temperature will lead to an increasing
in orientation relaxation times of solvent mole-
cules. Therefore, we should observe shifting the
relaxed emission spectrum towards the shorter
wavelengths and, simultaneously, slowing down
the spectral relaxation. This model is in a good
agreement with conclusions made by Streck et al.
[6]. Physically the pore diameter effect corre-
sponds, in our case, to an increasing in the degree
of molecular ordering among the solvent mole-
cules within a cluster as temperature is lowered.

There is a possibility that the spectral dynam-
ics discussed above may originate from the exis-
tence of liquid-like and glass-like regions in the
supercooled liquid. Such a situation could also
result in an intermediate peak frequency position
of the relaxed spectrum. However, in this case we
should observe broadening of the phosphores-
cence band with time. Analysis of the widths of
the emission spectra showed their independence
on the time.

We also observed the change in the spectral
dynamics of the phosphorescence when the sample
was kept at the temperature 191 K, just above Ty,
no less than for 30 min, Fig. 1b. In this case in-
creasing the temperature of the sample did not
result in the long-wavelength spectral shift at 191-
212 K, where it was detected under conditions
described in the experimental section. Instead of
the long-wavelength Stokes shift, the spectrum
exhibited a small blue shift coinciding with that in
the glassy matrix. The long-wavelength Stokes
shift appeared when the temperature exceeded 212
K. It is probably that keeping the sample at 191 K
for 30 min produced the transition from the su-
percooled liquid to another amorphous phase. As
it is possible to conclude from the spectral dy-
namics, Fig. 1b, structural and dynamic properties
of this phase should resemble those of the glass.
Probably this phase is more stable and rigid than
the supercooled liquid. Similar effect was observed
by Cohen et al. [7] in supercooled triphenyl phos-
phite where keeping a sample at a fixed tempera-
ture from some temperature range resulted in
appearing a new amorphous phase denoted as a
glacial phase. This phase was more stable and
denser than the supercooled liquid. The glacial
phase in triphenyl phosphite is considered as a
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defect-ordered crystal [7] or a plastic crystal [22].
This may mean that formation of the glacial phase
is accompanied by the development of molecular
ordering within clusters constituting the super-
cooled liquid. Such a picture is consistent with the
above assumption about the cluster structure of
the low-temperature glycerol-water mixture.

Acknowledgements

This work was supported by the Russian
Foundation for Basic Research (Grants No. 00-04-
48376 and 98-03-33187a).

References

[11 R. Richert, J. Phys. Chem. B 101 (1997) 6323.

[2] M. Mizukami, K. Kobashi, M. Hanaya, M. Oguni, J. Phys.
Chem. B 103 (1999) 4078.

[3] G. Adam, J.H. Gibbs, J. Chem. Phys. 43 (1965) 139.

[4] F.H. Stillinger, J. Chem. Phys. 89 (1988) 6461.

[5] S.A. Kivelson, X. Zhao, D. Kivelson, T.M. Fischer, C.M.
Knober, J. Chem. Phys. 98 (1994) 2391.

[6] C. Streck, Yu.B. Mel‘nichenko, R. Richert, Phys. Rev. B
53 (1996) 5341.

[71 J. Cohen, A. Ha, X. Zhao, M. Lee, T. Fischer, M.J.
Strouse, D. Kivelson, J. Phys. Chem. 100 (1996) 8518.

[8] A.V. Pastukhov, V.R. Vogel, A.I. Kotelnikov, Opt.
Spectrosk. 88 (2000) 392.

[9] S.K. Lam, D. Lo, Chem. Phys. Lett. 281 (1997) 35.

[10] M. Maroncelli, G.R. Fleming, J. Chem. Phys. 86 (1987)
6221.

[11] A.V. Pastukhov, V.R. Vogel, A.I. Kotelnikov, D.V.
Khudyakov, B.L. Psikha, Opt. Spectrosk. 86 (1999) 363.

[12] D.B. Siano, D.E. Metzler, J. Chem. Phys. 51 (1969) 1856.

[13] N.G. Bakhshiev, Y. Mazurenko, I. Piterskaya, Izv. Akad.
Nauk SSSR Ser. Fiz. 32 (1968) 1360.

[14] L. Kozma, N.A. Nemkovich, A.N. Rubinov, V.I. Tomin,
Opt. Spectrosk. 59 (1985) 311.

[15] S.H. Lin, S.T. Lee, Y.H. Yoon, H. Eyring, Proc. Natl.
Acad. Sci. USA 73 (1976) 2533.

[16] A. Wagener, R. Richert, Chem. Phys. Lett. 176 (1991) 329.

[17] N. Agmon, J. Phys. Chem. 94 (1990) 2953.

[18] R. Richert, F. Stickel, R.S. Fee, M. Maroncelli, Chem.
Phys. Lett. 229 (1994) 302.

[19] V.S. Pavlovich, P.P. Pershukevich, L.G. Pikulik, Zh. Prikl.
Spectrosk. 39 (1983) 779.

[20] C.P. Lindsey, G.D. Patterson, J. Chem. Phys. 73 (1980)
3348.

[21] M. Oguni, J. Non-Cryst. Solids 210 (1997) 171.

[22] G.P. Johari, C. Ferrari, J. Phys. Chem. 100 (1996) 164.



