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’ INTRODUCTION

The dynamic properties of disordered substances and, particu-
larly, of amorphous polymers are of considerable scientific interest
and of practical importance. To date, it is established that the
dynamics in supercooled liquids is spatially heterogeneous, which
means that the characteristic times of molecular motion in different
regions of a matrix differ from each other.1�3 Spatially heteroge-
neous dynamics can be the consequence of fluctuations present in
any equilibrium liquid.4�8 The typical size of the regions of different
mobility falls in the range from 1 to 3.5 nm for various glass-
formers.8�12 It has been proved that the dynamical characteristics of
a region do not remain constant but change in time: the region of
highmobility can transform into the region of lowmobility and vice
versa.13�21 The average period duringwhich the dynamic properties
of a region do not change is called the exchange time.22

The exchange dynamics was measured in low-molecular-
weight and polymeric substances using the photobleaching
technique,22�24 the method of multipulse nuclear magnetic
resonance,14�16,18,20 singlemolecule spectroscopy,25�29 and other
methods.21,30�33 The obtained values of exchange time are
comparable with the time ofR-relaxation or exceed it up to several
orders of magnitude which is explained, most probably, by the
large size of probe molecules.27 Mainly, the studies were per-
formed at or above the glass transition temperature.

Only a few works reported the results of measuring the exchange
dynamics in polymers. The exchange times were measured in poly-
styrene,16,24 poly(vinyl acetate),14,21,27 and poly(methyl
acrylate).26 As far as we know, below Tg, the measurements of
exchange dynamics were carried out only in poly(vinyl acetate)
(down to Tg � 10 K21 and at Tg � 1 K27).

Isomerization reactions in polymer matrices had been studied
for a long time,34 mainly due to their practical significance. Also,
they were used as probe processes in exploring the dynamic
characteristics of polymeric materials.35�40 Typically, the ki-
netics of the reactions in polymers reflects matrix heterogeneity.

The goal of present study was to investigate the exchange
dynamics in two polymeric matrices, PEMA and PnBMA, far
below Tg using cis�trans photoisomerization of guest molecules
as a probe process. Earlier,41 utilizing this approach, it has been
found that, in glassy o-terphenyl, the time required for the
environment to change is close to the rotational time of the
probe molecules and follows the temperature dependence of
R-relaxation time. Because of the chain molecular structure, the
relaxation behavior of polymers differs noticeably from that of
small molecule glass-formers.42�45 Therefore, we can expect that
the exchange dynamics in polymers also differs from that in low
molecular weight glasses.

The first question was: does the exchange dynamics persist far
below Tg in polymers? If it does, then the second question arises:
what kind of polymer dynamics does govern the exchange in
polymers at such low temperatures?

’EXPERIMENTAL SECTION

Sample Preparation. 1-Naphthyl-p-azomethoxybenzene (NAMB)
was synthesized in our laboratory in accordance with ref 46 and used after
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ABSTRACT: Photoinduced cis�trans isomerization has been used to
measure the lifetime of structural heterogeneities in the matrices of
poly(ethyl methacrylate) (PEMA) and poly(n-butyl methacrylate)
(PnBMA) far below Tg. Nonequilibrium distribution of probe molecules
over their environments was formed by a partial transf cis isomerization.
To monitor the equilibration process, the back-isomerization was started
after different delay times. The change in quantum yield of back-isomer-
ization with delay time is interpreted to result from the change in the
environment of probe molecules. The times required for the environments
to change were estimated over a temperature range of Tg� 113 K to Tg�
73 K for PEMA and Tg� 65 K to Tg� 25 K for PnBMA. It was found that the lifetimes of different environments differ from each
other by up to 2 orders of magnitude and correlate with the isomerization probability: the environment of the molecules which
isomerize faster changes more often. For both matrices, the value of 55 kJ/mol was estimated for the activation energy of the lifetime
of the least mobile environments while the lifetime of the most mobile environments depends on temperature only weakly.
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thin-layer chromatographic purification. The inset in Figure 2 shows its
chemical structure. PEMA (Mw = 515 000 by GPC, Tg = 63 �C) and
PnBMA (Mw = 337 000 by GPC, Tg = 15 �C) were purchased from
Aldrich.

Polymer films were prepared in the following way. NAMB solution in
chloroform (g99.0%, JSC EKOS-1) with the concentration of 0.016%
w/v was added to polymer/chloroform solution with the concentration
of 5.7% w/v and stirred for 1 h. The amount of NAMB was about 0.045
wt % of polymer. The resulting solution was dropped on a glass plate and
dried for 20 min at room temperature. The obtained polymer film was
removed from the plate and dried under vacuum for 5 h at 313 K
(PnBMA) or 343 K (PEMA).

Then seven rectangular pieces (8 � 20 mm2, the thickness of 25 (
5 μm) of the film were put together and clamped between two quartz
plates. Prior to measurements, the samples were stored in dark in air at
room temperature for 6 months.
Kinetic Measurements. The kinetics of cis�trans isomerization

was monitored by measuring the sample absorbance (spectrophotometer
Specord UV�vis, Carl Zeiss Jena) at the wavelength of the absorption
maximum of trans isomer (382 nm).

The experimental setup is represented schematically in Figure 1. A
500 W high-pressure mercury arc lamp (DRSh-500�2M) operating on
direct current was used for irradiation. The time stability of light flux was
(1%. The required lines of the mercury spectrum (405 and 546 nm)
were isolated using standard sets of colored glass filters immersed into
water bath. The photon flux measured with the optical power meter
(Thorlabs PM120) at 546 nmwas (1.8( 0.2)� 1017 photons s�1 cm�2.
The light absorption by the sample at 546 nm did not exceed 1%;
therefore, the light intensity was considered constant throughout the
sample.

The sample was placed into the temperature-controlled (Polikon 613,
temperature controller, Thermex, St. Petersburg) cell cooled with
gaseous nitrogen and equipped with quartz windows. The sample
temperature was kept constant to within 0.1 K with the measuring
accuracy of(0.5 K. The polymer films were oriented at an angle of 45�
both to the irradiation and the probe beams (see Figure 1).

Light-induced cis�trans isomerization of azo-compounds in glassy
matrices is often accompanied by their orientation.34 In order to obtain
the isomerization kinetics, we have recorded the absorption of both
horizontally (Abs^) and vertically (Abs )) polarized probe light. The
combination

AbsðtÞ ¼ Abs^ðtÞ þ 2Abs )ðtÞ
3

ð1Þ

provides the value which is independent of angular particle distribution
and proportional to the isomeric composition. Hereafter, the term
absorbance denotes the value determined in accordance with eq 1.

To polarize probe light, the polarizer (LOMOPLC) coupled with the
step motor (Electroprivod Ltd., St. Petersburg) was installed inside the
spectrophotometer. A homemade mount allows two fixed positions of
the polarizer at which the probe light has either vertical or horizontal
polarization. For a time of absorbance measurement, the irradiation was
interrupted by a homemade optical shutter with a closing (opening)
time of 27 ms.

Figure 2 shows the optical absorption spectra of NAMB in PnBMA in
dark and after irradiation with light of different wavelengths. The
difference in the spectra is due to different isomer contents.
Experiment Routine. Before eachmeasurement, the samples were

warmed up aboveTg: the films of PnBMAwere warmed up for 1 h at 313
K (Tgþ 25 K) and the films of PEMA for 0.5 h at 353 K (Tgþ 17 K). As
a result of warming, the azo-compound was completely converted into
the trans-form. Then the samples were aged for 1 h at Tg � 6 K and
cooled to the temperature of measurement at a rate of about 2 K/min. In
accordance with the results of dielectric measurements,42 at Tg � 6 K,
the times of R-relaxation are about 300 s for PEMA (estimated by
extrapolation of the data) and 600 s for PnBMA. Structural relaxation
slows down strongly as the temperature decreases; therefore, we believe
that the matrix structure changes only slightly during cooling.

Then the samples were preirradiated at measurement temperature
with the light of 405 nm for 15 s to convert about 50% of NAMB into the
cis-form. The kinetics of cis f trans isomerization induced by light of
546 nmwas measured following the different dark pauses, τdark, after the
preirradiation with 405 nm light.

The rate of dark cis f trans isomerization is negligible in the
temperature range studied.

Figure 2. UV�vis absorption spectrum of NAMB in PnBMA before
irradiation (top curve), after 15 s of irradiation with the light of 405 nm
(bottom curve), and the steady-state spectrum resulting from the long
irradiation with the light of 546 nm (middle curve), 263 K. The inset
shows the chemical structure of NAMB.

Figure 1. Schematic representation of the experimental setup. L, lens; S,
shutter; GF, glass filters; P, polarizer; PMT, photomultiplier tube.
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’BACKGROUND OF THE METHOD

In this section, we describe the method used to determine the
environment lifetime. Because of a difference in the environment,
the probability to isomerize is different for different molecules.
The principle of the method consists in generating the most
reactive cis-molecules (“fast” molecules) and subsequent mon-
itoring their reactivity change.

Selective generation of fast cis-molecules is possible owing to

the correlation of the rates of trans f
hν1

cis and cis f
hν2

trans
isomerizations of NAMB in polymer matrix. Earlier, the correla-
tion of the rates of forward and backward reactions was reported
for merocyanine T spiropyran conversions in poly(propyl
methacrylate).38 Since, at first, the fast trans-molecules are con-

verted into cis-ones, the partial trans f
405nm

cis isomerization results
mainly in the formation of fast cis-molecules. In the dark, with time,
the environment of cis-molecules changes, which leads to a

decrease in the rate of subsequent cis f
546nm

trans isomerization.
In the case if the irradiation with light of 546 nm results in

complete conversion of azo compound into the trans-form, we
can generate fast cis-molecules just by preirradiation with the
light of 405 nm for any short period, τ405. In that case, the

dependence of the kinetics of cis f
546nm

trans isomerization on
the initial content of cis-isomer is monotonous: the more cis-
molecules are generated, the slower the kinetics is.

In reality, irradiation with light of 546 nm results in incomplete
conversion of the probe into the trans-form (a steady state
fraction of trans-isomer is about 85%). Therefore, the depen-
dence of the kinetics of isomerization induced by light of 546 nm
on the time of preirradiation (405 nm) is more complicated. In
this case, to understand how the kinetics of cis f trans isomer-
ization depends on τ405, it is helpful to consider a model system
of two ensembles: the one of fast and the other of slowmolecules.
When the sample is irradiated with the light of 546 nm, its
absorbance follows the equation

AbsðtÞ ¼ Absf, eq þ Abss, eq þ ðAbsf ð0Þ � Absf, eqÞe�kf t

þ ðAbssð0Þ � Abss, eqÞe�kst ð2Þ
where Absi(0) and Absi,eq are the starting and photoequilibrium
absorbance values, ki are the effective rate constants (i = f, s), and
the indexes f and s stand for fast and slow.

Equation 2 shows that the isomerization kinetics depends
essentially on the starting absorbances, Absf(0) and Abss(0). The
starting absorbances, in their turn, are given by the preirradiation
time, τ405. Three different intervals of τ405 can be marked out:
(1) From 0 to the moment tf,eq when the absorbance of fast

molecules, Absf(0), reaches the value Absf,eq; an increase
in τ405 within this interval leads to slowing down of
change in the absorbance induced by the light of
546 nm (because the value of Absf(0)� Absf,eq decreases
to a greater extent than the Abss(0) � Abss,eq).

(2) From tf,eq to the moment ts,eq when the absorbance of
slow molecules Abss(0) reaches the value Abss,eq; an
increase in τ405 within this interval causes an acceleration
of the subsequent absorbance change caused by the light
of 546 nm due to both an increase in the “fast” portion of
absorbance and a decrease in the “slow” one.

(3) Further increase in preirradiation time from the moment
ts,eq to infinity again causes slowing down of the absor-
bance change under 546 nm light due to an increase in the

“slow” portion of absorbance. The “fast” portion is not
increasing noticeably further on because it has come close
to the steady state level. Note that this consideration is
valid for the case of strong difference in the isomerization
times of slow and fast molecules.

Figure 3 shows the kinetics of light-induced (546 nm) iso-
merization of NAMB in PnBMA following different periods of
preirradiation with the light of 405 nm. The presented results are
in good agreement with the model described above. Actually, at
short τ405, an increase in τ405 causes slowing down of the
absorbance change (compare curves “0”, “2s”, and “3s”). As τ405
increases further, the 546 nm isomerization accelerates strongly
(curve “5s”). Further increase in τ405 leads to slowing down of the
isomerization again (the curves “60s” and “600s”). After 600 s of
irradiation with the light of 405 nm, the isomer ratio is equal to a
steady-state one. The closeness of the curves “0” and “600s”most
likely witnesses that the steady-state isomer ratios inside the “fast”
and “slow” ensembles are close to each other.

To measure the exchange dynamics, the nonequilibrium
distribution of probes is created by the 405 nm preirradiation
of the sample for 15 s. After preirradiation, the isomer ratio inside
the ensemble of slow molecules is close to the steady-state one,
resulting from the irradiation with the light of 546 nm. Therefore,
immediately after preirradiation, the slow molecules do not
manifest themselves in the kinetics of subsequent 546 nm
induced isomerization; only the isomerization of fast molecules
results in the change of absorbance. With time, due to the
exchange between the slow and fast ensembles, the equilibrium
distribution is established. This results in slowing down of
subsequent isomerization induced by the 546 nm irradiation.
The exchange times were estimated from the set of curves
obtained at different τdark using computer modeling.

’RESULTS AND DISCUSSION

Dependence of Isomerization Kinetics on Dark Interval
after the Formation of Cis-Molecules. Figure 4 shows typical

Figure 3. First-order plot for the kinetics of photoisomerization
(546 nm) of NAMB in PnBMA following different periods of preirradia-
tion with the light of 405 nm, τ405. The values of τ405 are listed in the
figure, τdark = 15 s, T = 253 K. The lines are guides for the eye.
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kinetic curves for the cis f
546nm

trans isomerization of NAMB in
PnBMA following different dark intervals, τdark, after 15 s
preirradiation with light of 405 nm. Isomerization slows down
strongly with an increase in τdark. At 223 K, the time of
isomerization [considered here as the time required for the value
(Abs(t)�Abseq)/(Abs(0)�Abseq) to reach 0.98] after the dark
interval of 65 h amounts to 3 h while after the pause of 15 s it does
not exceed 1 min.
In the framework of dynamical heterogeneity concept, a

decrease in the quantum yield of cis f trans isomerization with
an increase in dark interval is due to the change in the environ-
ments of NAMB molecules. Two different phenomena can be
reasons of this change.
The first one is the change in the local environment caused by

the exchange processes. This means that with time, due to the
exchange, the initial (nonequilibrium) distribution of probe
molecules over their environments comes to equilibrium.
The second possible reason can be a local structural relaxation of

the matrix caused by the trans f cis isomerization. The environ-
ment of new-born cis-molecule is considered to be “adjusted” to the
geometry of trans-molecule. Therefore, immediately after the
formation of cis-molecule, the probability of cisf trans conversion
is the highest. Because of the structural relaxation, thematrix adjusts
to the geometry of cis-molecule. In the course of relaxation, the
quantum yield of cisf trans isomerization decreases and reaches a
minimum when the matrix becomes adjusted to the cis-molecule.
To choose between these two alternatives, two additional

experiments were carried out. The step-by-step scheme of the

first experiment is as follows. At 263 K, the PnBMA sample was
irradiated with the light of 405 nm for 15 s and stored in dark for
2 h to bring the molecular distribution over environments to an
equilibrium. Then the sample was irradiated with the light of
546 nm for 30 s to convert fast cis-molecules into the trans-ones
and stored in the dark for 2 h. Then photoisomerization
(546 nm) was resumed. In such a way, the test kinetics of

cis f
546nm

trans isomerization was obtained.
Figure 5 shows the test kinetics (crosses) together with the

standard kinetics recorded without interruption of irradiation
(solid circles). One can see that keeping of the sample in dark

after partial cis f
546nm

trans conversion leads to the acceleration of
isomerization. The result of this experiment proves that the
exchange is the reason for a decrease in the rate of isomerization
with an increase in τdark. Actually, the exchange occurring in the
dark after interruption of isomerization leads to the restoration of
molecular distribution and, thereby, to the appearance of fast
molecules while the relaxation would lead only to slowing down
of isomerization.
Figure 3 suggests the idea of the second experimental proof of

the exchange processes. The figure shows that after 3 s of
preirradiation with the light of 405 nm the isomerization induced
by the light of 546 nm proceeds slowly. We found that, in this
case, an increase in τdark leads to an acceleration of the 546 nm
induced isomerization. After the dark period of 10 h, the kinetic
curve becomes an equilibrium one, no further change was
detected. It was established that the equilibrium curves recorded
after 3 and 15 s of 405 nm preirradiation coincide. Recall that in
the case of “15 s of 405 nm preirradiation” an increase in τdark
leads to slowing down of the isomerization. The obtained results
are quite consistent with the exchange model and demonstrate
that the exchange processes lead to the same (equilibrium)
distribution of the probes over environments independently of
their initial distribution.
In addition, the influence of sample aging at temperature of

measurement prior to generation of cis-molecules on the kinetics

Figure 4. First-order plot for the kinetics of photoinduced (546 nm)
isomerization of NAMB in PnBMA following different dark intervals
after formation of cis-molecules. The values of τdark are listed in the
figure. Solid lines are the results of fitting the data with the model of
gradual changes in the environment.

Figure 5. Evidence of the exchange process. The kinetics of continuous
(solid circles) and interrupted (crosses) photoinduced (546 nm) iso-
merization of NAMB in PnBMA. The vertical dotted line marks the
moment of interruption of the irradiation; after keeping the sample in
the dark for 2 h, the irradiation was continued.T = 263 K, τdark = 2 h. The
lines are guides for the eye.
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of subsequent isomerization was studied. It was found that aging
for the period equal to the highest dark interval at a given
temperature has no effect on the kinetics.
TemperatureDependenceof IsomerizationKinetics.Figure 6

demonstrates the kinetics of cis f trans isomerization following a
minimum dark interval (15 s) at different temperatures. The
isomerization kinetics depends on temperature very weakly in the
range studied. The presented curves reflect the isomerization of the
fastest cis-molecules. We interpret this result to mean that tempera-
ture has only a slight effect on the probe isomerization in loose
environments.
The presented kinetic curves are nearly exponential. Hence,

the cis-molecules that are revealed in the kinetics of cis f trans
isomerization are kinetically equivalent. By contrast, the equilib-
rium kinetic curve (recorded after long dark intervals) strongly
depends on temperature (cf. top curves in Figure 4 at 223 and
263 K). We assume that the strong temperature dependence is
caused by the temperature dependence of the isomerization rate
of slowmolecules. An additional experiment was done to confirm
this assumption.
The film of NAMB/PnBMAwas preirradiated with the light of

405 nm for 15 s at 263 K and kept for 2 h in dark. During this
period, the equilibrium distribution of probemolecules over their
environments is established (see top panel of Figure 4). Then the
sample was cooled for 15 min to 243 K (the time required to
reach an equilibrium distribution at any temperature below 263
K much exceeds 15 min) and the reference kinetics of

cis f
546nm

trans isomerization was measured. The reference ki-
netics coincides with the equilibrium kinetics of isomerization in
the sample preirradiated at 243 K. On the basis of that, we
conclude that the temperature dependence of equilibrium ki-
netics originates from the temperature dependence of the
isomerization rate of slow molecules.
Modeling of Environment Evolution. To simulate the cisf

trans isomerization kinetics, we used a discrete distribution of
probe molecules over effective rate constants of isomerization, ki.
The distribution of probes over ki reflects their distribution over
different environments. We have restricted ourselves to the
probe distribution over four ensembles as a smaller number of

ensembles is not sufficient to describe the full set of kinetic curves
(at all dark pauses) below 253 K. The ensembles were enumerated
from 1 to 4 (the larger index corresponds to the slowermolecules).
Because of the change in environment, molecules transit between
the ensembles. The probability of the transition from the ith to the
jth ensemble is denoted by Wij.
The values of Wij were found from the numerical solution of

the system of differential equations

dCiðtÞ
dt

¼ � kiCiðtÞ � ∑
j
WijCiðtÞ þ ∑

j
WjiCjðtÞ ð3Þ

which provides the best coincidence between the calculated and
experimental kinetic curves for all the curves obtained at a given
temperature. Here, Ci(t) is the population of the ith ensemble.
The equation

AbsðtÞ � Abs¥
Absð0Þ � Abs¥

¼ CðtÞ � C¥

Cð0Þ � C¥

where C � ∑Ci allows us to compare directly simulation results
with the experimental data.
It was taken that, immediately after preirradiation, only the

values ofC1(t) andC2(t) are not equal to zero. These values were
determined from the kinetic curves obtained after a minimum
dark period. As the dark period increases, the weights Ci(t) reach
equilibrium values.
Two models of environment evolution were considered.
Model of Random Changes.Model of random changes in the

environment is based on the assumption that all the transitions
are allowed (Wij 6¼ 0 for all i and j). It is assumed that the
probability of a molecule to transit from the ith to the jth
ensemble is proportional to the portion of regions of jth type
(these portions are assumed to be constant at a given
temperature). This condition together with the equations of
detailed balance allows expressing all the Wij in term of equilib-
rium values of Ci(t) and one parameter of transition probability,
e.g.,W12. The equilibrium values of Ci(t) and ki were found from
the kinetic curves obtained at the maximum value of τdark. The
simulation procedure is described in more detail elsewhere.41

Numerical simulations of the isomerization kinetics using the
model of random changes fail to provide adequate description of
the experimental curves (the simulation results are not presented).
The reason for the failure can be understood from the qualitative
analysis of the kinetic curves shown in the bottom panel of
Figure 4: the slowest molecules do not manifest themselves in
the kinetics of isomerization at low τdark values (5�15 min). The
experiment shows that the molecules populate the slowest en-
semble only after sufficiently long dark pause when the inter-
mediate ensembles are already populated. At the same time, in the
framework of the model of random changes, the ensembles of the
slowest molecules must be populated even at low values of τdark.
Model of Gradual Changes. In the context of the model of

gradual changes, a molecule can transit from the ith ensemble to
the adjacent ones only, i.e., (i� 1)th or (iþ 1)th. The equations
of detailed balance allow us to decrease number of free param-
eters Wij to three, e.g., W12, W23, and W34.
We assume that the reactivity of all the molecules of ith

ensemble change with decrease in temperature in the same
manner. It is the case when not only a molecular mobility but
also some temperature dependence of the mobility can be
attributed to each type of probe environment. Then, the equi-
librium populations, Ci,eq (which are established at τdark f ¥),

Figure 6. First-order plots for photoinduced (546 nm) isomerization of
NAMB in PnBMA following 15 s dark pause after preirradiation with
light of 405 nm.
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are independent of temperature; the temperature-dependent
values are ki(T) and Wij(T).
First, the effective rate constants of isomerization, ki(T), the

initial ensemble populations, Ci(15 s) (at τdark = 15 s), and the
equilibrium populations, Ci,eq (at the longest τdark), were found by
simultaneous fitting of all the initial and equilibrium kinetic curves
obtained at all temperatures. At that, the following conditions were
used: (1) C3(15 s) = C4(15 s) = 0 (because the kinetic curves at
τdark = 15 s are nearly exponential); (2) the effect of exchange on
kinetic curve can be neglected (a case of slow exchange, i.e., ki .
Wij)). The values of 0.467, 0.407, 0.083, 0.043 (PEMA) and 0.603,
0.268, 0.079, 0.05 (PnBMA) were obtained for the equilibrium
ensemble populations, C1,eq, ..., C4,eq respectively. The effective
rate constants are presented in Figure 7.
Finally, having in hand the parameters of initial and equilib-

rium distributions, we determined the transition probabilities. To

findWij at some temperature, all curves obtained at different τdark
at this temperature were fitted simultaneously using eq 3.
Usually, the parameters Wij were determined from the set of
5�7 curves.
The model of gradual changes in the environment satisfacto-

rily describes the evolution of probes distribution over isomer-
ization rates in both polymer matrices. Figure 4 illustrates this by
the example of NAMB isomerization in PnBMA. The bottom
panel represents a worse description; at higher temperatures the
description is better.
On the basis of the fitting results, we conclude that the

conversion of the “fastest” environments into the “slowest” ones
occurs not by a single step but requires a series of steps. Each step
leads to only amoderate change in the environment. Note that, in
contrast to the studied polymers, the exchange in low-molecular-
weight glass-formers41,47 can be described with the model of
random changes in environments.
Dependence of Exchange Dynamics on Temperature.

Figure 8 shows the temperature dependence of transition prob-
abilities. The probability of transition between the two fastest
environments,W12, depends on temperature very slightly, whereas
the transition between the two slowest ones, W34, has noticeable
temperature dependence. The temperature dependence of the
effective rate constants, ki, correlates with the temperature depen-
dence of the transitions,Wiiþ1 (cf. Figures 7 and 8).
The evolution of the environment of a new-born cis-molecule

looks like diffusion in the space of environment configurations.
Being born in the point of high mobility, the system “molecule
and its environment” diffuses toward the configuration of low
mobility. The farther the system is from the initial point, the
slower the diffusion (the environment change) and lower the
isomerization rate. This process is reversible, therefore it is
exactly the exchange process.
It is reasonable to assume that the isomerization of the slowest

probes ismost sensitive to the change in environment.We compared

Figure 7. Temperature dependence of the effective rate constants of
isomerization, ki. The lines represent the best linear fit.

Figure 8. Temperature dependence of transition probabilities,Wij. The
lines represent the best linear fit.

Figure 9. Temperature dependence of the lifetime of slow environ-
ments (crosses) and the times of R- (triangles) and β-relaxation
(diamonds) obtained using dielectric measurements42 and the times
of R-relaxation (circles) obtained using dynamic shear modulus mea-
surements.30 The lines represent the best linear fit.
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the average lifetime of the two slowest environments with the
literature data on times of R- and β-relaxation. The average lifetime
of environments of the two slowest ensembles was determined as
follows:

τsl env ¼ C3, eq=ðW32 þW34Þ þ C4, eq=W43

C3, eq þ C4, eq

The τsl env values are plotted in Figure 9 together with the times ofR-
andβ-relaxationobtainedusingdielectric spectroscopy42 anddynamic
shear modulus measurements30 (only for PnBMA). Using the
depictured data, we cannot unambiguously associate the changes in
the environment of probe molecule with either R- or β-relaxation.
Actually, on the one hand, the temperature dependencies of
β-relaxation and of τsl env are close each to other. The use of the
Arrhenius approximation yields the activation energies for the lifetimes
of slow environment of 54 ( 20 kJ/mol for PnBMA and of 55 (
12 kJ/mol for PEMA. The activation energies for β-relaxation
calculated using the data presented in ref 42 are 91 and 65 kJ/mol
for PnBMA and PEMA, respectively (in the same temperature
range). However, the absolute values of τsl env and β-relaxation
time differ noticeably.
The absolute values of τsl env and R-relaxation cannot be

compared directly because of the difference in temperature
ranges measured. The times of R-relaxation obtained by extra-
polation from the data of dielectric measurements42 are much
higher than the τsl env. However, the dielectric measurements
were carried out in equilibriummatrixes while the values of τsl env
were measured using the nonequilibrium samples. In the none-
quilibrium samples, the times of R-relaxation can be shorter and
their temperature dependence may be less steep than that in the
equilibrium ones.30

The times of R-relaxation in nonequilibrium PnBMA matrix
obtained using dynamic shear modulus measurements30 are
presented in the right panel of Figure 9. The values obtained
by extrapolation from these data to low temperatures looks to be
closer to the τsl env values. Additionally, the temperature depen-
dence of R-relaxation time in nonequilibrium matrix may be-
come weaker as temperature decreases. However, even the times
of R-relaxation obtained using different methods differ widely
from each other. There is no reason to consider that the times
obtained using dynamic shear modulus measurements must
correlate more closely with the exchange times than does the
times obtained from dielectric measurements. Thus, the elucida-
tion of the origin of change in polymer environment far below Tg

requires further research.

’CONCLUSIONS

Most of the probe molecules (about 85%) incorporated in
PnBMA and PEMA matrices are located in roomy sites. The
isomerization of these molecules is not affected by the environ-
ment or affected to only a small extent; their isomerization rate is
the highest and does not depend on temperature or depends
weakly. The rest of molecules, located, probably, in dense sites,
are very sensitive to their environments and demonstrate strong
temperature dependence of isomerization.

Far below Tg, the change in environment of probe molecules
cannot be described by a single time parameter but requires
invoking a wide range of exchange times. The time required for
the environment of a molecule to change correlate with the
isomerization probability of this molecule: the environment of
molecules that isomerize faster changes faster.

The change in environment occurs gradually. The roomy sites
are transformed into the dense ones not by a single step but
through a series of steps. Each step leads to only a moderate
change in the environment. As the environment becomes denser,
its change with time becomes slower.

The activation energies of change in dense environments were
estimated to be 54( 20 kJ/mol for PnBMA and 55( 12 kJ/mol
for PEMA. The lifetime of roomy environments depends only
weakly on temperature.
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