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Microscopic dynamics of the glass transition investigated by time-resolved fluorescence
measurements of doped chromophores
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The microscopic dynamics of several monomeric and polymeric glass-forming materials has been investi-
gated by time-resolved fluorescence measurements of doped malachite green molecules in a wide temperature
region. For monomers, 1-propanol, propylene glycol, and glycerol, and a polymer without side chains, poly-
butadiene, the temperature dependence of nonradiative decay time of doped malachite green molecules be-
haves in a similar way through the glass-transition region. Besides a kink around the calorimetric glass-
transition temperatur@,, another crossover at a critical temperatiligeabout 30-50 K abové& has been
clearly observed. This experimental finding is in agreement with the prediction of the mode-coupling theory
that a dynamical transition exists well aboV¥g. On the other hand, for the complex polymers with side
chains, polyvinyl acetatg, poly(methyl acrylatg and polyethyl methacrylatg the crossover aly is less
pronounced than those for the monomers and the polymer without side chains. Moreover, although we could
not distinguish any singularities abovg for these complex polymers, we observed another kink bdigw
which may be attributed to the side-chain motiof&0163-18207)02333-3

I. INTRODUCTION which is significantly different from the conventional macro-
scopic studies like viscosity measurement and calorimetric
The process of glass formation has attracted much attemmeasurement, etc. Especially, typical fragile glass-forming
tion and has been extensively studied for many years, since flionomers have been studied by many researchers by means
is of both academic and practical importance. However, it i€of neutron?=® and light-scatterin~—** measurements, and
stil one of the major poorly understood subjects in the prerimental results are in a .good agreement with.the
condensed-matter physics because of its complex nature. R{edictions of MCT. However, studies on the glass transition
fundamental problem, that no significant difference in the®f @ssociated glass-forming monomers such as alcoholic
structure is found between the glassy and liquid states, rdlasses, which can, in general, form glass very easily and are
mained a mystery for long time until an explanation was™uch more important in application, do not seem to be so
given by mode-coupling theorgMCT),1~2 in which a dy- successful thus far. Only a few studies on the associated

17 i
namical glass transition from ergodicity to nonergodicity isglass formers were reported,""and the critical temperature

predicted to occur. Starting from a generalized oscillatorTC obtained for a same sample scatters in a wide temperature

i f motion for the densit i lation funcii range. The deviation from the prediction of MCT was attrib-
equalion of motion for the density autocorrelalion Tunction, .o 4+, the contribution of intramolecular and intermolecular

containing a nonlinear memory term, without assuming any v rational modes. Our previous stidysuggested that in
singularities for the static structure factor, MCT shows that, jnomeric associated solvents the crossover phenomena at

molecules in a supercooled liquid become trapped by theH can pe clearly observed by a microscopic probe which is
neighbors in cages and the cages ultimately become frozen &knsitive to the density fluctuation on a microscopic scale
a critical temperaturd ; well above the calorimetric glass- and less coupled to the thermally activated hopping process,
transition temperatur@;. Above T, the density correlation which is important in the determination of the properties of
function is said to perform a two-step decay; i.e., a fast locakolvents on a comparably large scale. In cases of polymeric
relaxation, 8 process, is followed by a slow primary- glass formers, polybutadiene, a polymer without side chains,
structural relaxationg process. According to the idealized is one of the most extensively studied samples due to its
version of MCT, thea process is slowed down dramatically simple molecular structure, and the experimental results have
with decreasing temperature until it does not occur any mor@een well analyzed on the basis of MET2* However, for
at and belowT ., so that the density correlation function doesthe complex polymers containing side chains, the applicabil-
not decay to zero even if we wait for an infinitely long time, ity of MCT is still a question open to debat#.?° In the
although thep process still remains. Thus the theory de-present study, we have investigated the dynamics of various
scribes a dynamical transition from an ergodic liquid to akinds of glass-forming systems including associated mono-
nonergodic glass &k.. meric solvents and polymers with and without side chains.
The theoretical progress stimulated intensive studie€omparisons are made between different materials, and the
of the glass transition in a dynamical window, i.e., in amicroscopic dynamics has been found to be dependent on the
mesoscopic time regime and on a microscopic length scalenolecular structure of materials.
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~ Il. EXPERIMENT
+

The three selected glass-forming monomers, 1-propanol
(PR), propylene glycolPG), and glycerol(GL), are associ-
ated solvents. The calorimetric glass transition temperatures
- of PR, PG, and GL are reported to be 100, 172, and 193 K,
C HG0; respectively’® The preparation of the monomeric samples
was described in our previous papBrOn the other hand,
cis-trans-vinyl (36:55:9 polybutadiene(PB) (by Aldrich),
HsC N-CHj with a molecular weighM,,=4.2x 10° and the calorimetric

| | glass transition temperatuig;=178 K, is one of the poly-
CHy CH; meric glass-forming solvents used in this study. This poly-
mer consists only of a backbone without side chains. The
FIG. 1. Molecular structure of malachite green other three polymers, pdlyinyl acetat¢ (PVAc),
poly(methyl acrylatg (PMA), and polyethyl methacrylate
(PEMA) (all by Aldrich), contain side chains in contrast to
PB. The calorimetric glass-transition temperatures are 303,

Time-resolved fluorescence measurements of doped chrggy and 336 K, and the molecular weights, are 1.67
mophores have been performed to investigate the dynamicg 10°, 4x 10¢, and 5.15 10° for PVAc, PMA, and PEMA,
of glass transition in the present study. It is known that somegespectively. The preparation of polymer film samples was as
chromophores can serve as good local probes to investigatellows: First, 1 mg MG was mixed with 40 ml methylene
molecular motions and microstructures of liquid and solidchloride, and the solution was further mixed with 10 g poly-
matrices’®~31 The fluorescent probe technique is sensitive inmer. After being well mixed, the solution was poured on a
the study of microscopic dynamics since even very wea@lass plate and left to dry naturally for about 4 weeks and
fluorescence can be well detected with the present technokept in @ vacuum environment for several hours for further
ogy. Furthermore, with the development of the ultrafast lasef'ying. Then a film sample with about 0.2 mm in thickness
technique in recent years, transient fluorescence is possibé2s obtained. _ _
to be detected even in the femtosecond time regime. There- Each sample, mounted in a cryostat, was first cooled

fore, the dynamics of the glass transition is expected to bgown from room temperature to 10 K at a rate of 2 K/min,

investigated by means of fluorescence measurements inlov?egt“tacr)] t::aeh?ur?ergff:rgcirgftitrlgn;ewat)s gias#rﬁgcf\:vomogﬁ
wide time window. In addition, the fluorescence measure- 9 p. b by step.

. . . L . . locked pulses from a Nd:YAG lasegiCoherent, Antargs
ment is relatively simple, and its signal-to-noise ratio is gen-

. . were frequency doubled and then used to synchronously
erally higher than that of a neutron-scattering measuremenbump a mode-locked dye lasé@@oherent, Satoriat a repeti-
In this study, malachite greeiMG), a kind of triphenyl- ’

_tion rate of 76 MHz. The output pulses from the dye laser
methane dye, has been used as a molecular probe to monifpfi, 250-fs pulse width at 642-nm wavelength were attenu-

the dynamics of the glass transition. The molecular structurgte to a few milliwatts and focused on the sample mounted
of MG is shown in Fig. 1, where three phenyl rings arejy the cryostat. The emitted fluorescence was wavelength
joined by the central carbon atom. It is known that the rotayegglved by a spectrometer and time resolved by a synchro-
tional motion of the three phenyl rings around the centralycan streak camer@amamatsu Photonics, model M1955
carbon bonds is the rate-limiting process of the decay of thge time resolution of the whole apparatus is about 25 ps.
excited states;, and the fluorescence lifetime varies by sev-pq wavelength dependence of the fluorescence decay was
eral orders of magnitude with the viscosity of the solvent orsqnd in our experiment, and then the observing wavelength
host matrix:#3?-34The internal potential for the rotational \yindow was selected to be from 674 to 692 nm. As an ex-
motion of the phenyl rings has been shown to be bagrig‘jrlesémple, the fluorescence decay curves of MG in PB taken
and flat when a MG molecule is in ti& excited staté”” with this system are shown in Fig(&. In the measurement
This special nature makes MG a very sensitive moleculaps the slow decay at low temperatures, a different experimen-
probe, since the friction given by the surrounding moleculesy system was employed. A cw mode-locked argon ion laser
is the only impediment to the rotational motion of the phenyl (Spectra-Physics, model 203€erved as a pump source for a
rings. Furthermore, the required rotational angle of the pheSync-pumped dye laséBpectra-Physics, model 375Bav-

nyl rings for the inter_nal conversion from tiss excited state ity dumped at a repetition rate of 4 MHz. The output pulses
to the ground state is very sma#ibout 10J, which assures yjith about 20-ps pulse width were attenuated to a few mil-
MG to serve as a sensitive probe on a microscopic lengthyatts and focused on the sample kept in the cryostat. The
scale, i.e., on the order of several angstroms. Owing to th@mijtted fluorescence was detected with a spectrometer
above facts, i.e., the barrierless internal potential and Sma'k‘Chromex, 2501% attached to a photon-counting streak
scale rotational motions of phenyl rings, the nonradiative descope(Hamamatsu, C4334The fluorescence decay curves

cay of MG even in supercooled liquids is so fast that it justof MG in PB taken with this system are shown in FigbR
falls in the mesoscopic time range, i.e., #6-108 s,

which is predicted by MCT as the relevant dynamical win- Ill. EXPERIMENTAL RESULTS
dow for the observation of transition from the viscous liquid

to the glassy solid. Therefore, one can expect that MG can be
used as a unique probe to investigate the microscopic dy- For each of the three monomeric samples, the fluores-
namics of the glass transition. cence decay curves of MG in the low-temperature range are

A. Monomeric samples
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FIG. 3. Temperature dependence of the fluorescence lifetime of
MG in PR, PG, and GL.

with decreasing temperature, and the fast decay component
practically disappears when the temperature approaches
T

g-

B. Polymeric samples

For PB, a polymer without side chains, the fluorescence
decay curves of doped MG in the high-temperature region

Fluorescence Intensity (arb. units)

0 are neither single-exponential functions nor single-stretched-
exponential functions, but can be well fitted to biexponential
-2 0 2 4 6 8 10 functions. The amplitude of the fast decay component re-
Time (ns) duces with decreasing temperature. When the temperature is

lower thanTy+ 20 K, the fast decay component decreases to
FIG. 2. Fluorescence decay curves of MG doped in PB meabe less than 5% in amplitude and cannot be well resolved
sured by using the two experimental systems described in the textrom the fluorescence decay curves; then, the decay curves at
Dots are the experimentally obtained data, and solid lines are fittingpw temperatures are well fitted to single-exponential func-
curves.(a) In the higher-temperature region biexponential decay istions. The fluorescence lifetime of MG doped in PB is shown
found. (b) In the lower-temperature region the decay curves arein Fig. 5 as a function of temperature. The solid circles rep-
well fitted to single-exponential functions. resent the fluorescence lifetime of the slow decay compo-
nent, while the open circles denote the fluorescence lifetime
well expressed by single-exponential functions. When théf the fast decay component, which appears from a tempera-
temperature is somewhat above the calorimetric glasdUre somewhat abové,. For the slow decay component,
transition temperatur€, , the decay curve cannot be fitted to Pesides a kink at, another singularity point can be seen at
a single exponential any more due to the onset of a fast
decay component and cannot be fitted to a single-stretched- 6 Fr—— T AL
exponential function either, but can be well fitted to a biex- '
ponential functionl (t) =Asexp(—t/7)+Asexp(—t/7), with
two time constants; and 75, and amplitudedA; and A;.
Figure 3 shows the temperature dependence of the fluores-
cence lifetime of the slow and fast decay components of MG
in PR, PG, and GL. The arrows indicate the calorimetric
glass-transition temperatufg’s for the three samples. The
fluorescence lifetime becomes shorter with increasing tem- :
perature, and a fast decay component appears from a tem- 5 - o’ @PG) @OL) s o ]
perature somewhat abovk,. For the slow decay compo- . o ¢ A o 1
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nent, one can notice that a kink appear§ gf and besides 0 Llcod® 1 () ...Ame“?fqmu@“f]. .
that, a singularity point exists at a temperature several tens 100 150 200 250 300
degrees _hlgher thaﬁg for each sample. On the other hand, Temperature (K)

the amplitude ratios between the fast and slow decay com-

ponents are shown in Fig. 4 as functions of temperature. The FIG. 4. Amplitude ratios between the fast and slow decay com-
temperature dependences of the amplitude ratios for the thr@@nents of MG in PR, PG, and GL are shown as functions of tem-
samples are very similar. For each sample the ratio reducesrature.
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FIG. 5. Temperature dependence of the fluorescence lifetime of FIG. 7. Temperature dependence of the fluorescence lifetime of
MG in PB. MG in PVAc, PMA, and PEMA.

IV. DISCUSSION
a temperature about 30 K higher thagp. On the other hand,

Fig. 6 shows the amplitude ratio between the fast and slow The process of the fluorescence decay involves the radia-
decay components as a function of temperature, where tHive and nonradiative decay channels, in which the radiative
fast decay component gradually disappears when the tenglecay is reasonably assumed to be unrelated with relaxation
perature approachdg,. One can notice that all these results processes of the host matrix and independent of temperature,
of PB are very similar to those of the monomeric samplesvhile the nonradiative decay is strongly affected by the sur-
PR, PG, and GL. rounding solvent or host matrix molecules. To reflect the
In the cases of PVAc, PMA, and PEMA, all the three relaxation processes of host matrix more clearly, one can
polymers contain side chains unlike PB. The fluorescencexclude the uncorrelated part, radiative decay, from the fluo-
lifetime of MG doped in these polymers is shown as func-rescence decay. Extrapolation of the value of fluorescence
tions of temperature in Fig. 7. In sharp contrast to the monolifetime 7 to 0 K gives the value of the radiative lifetime
mers and PB, for each of these samples the fluorescenee. The nonradiative decay ra’aq’rl of MG was obtained by
lifetime of the slow decay component significantly changessubtracting the radiative decay rate from the fluorescence
even belowTy, while the kink aroundT, is not so pro- decay rater %,
nounced as those for the monomeric samples and PB. More- 1 4
over, we could not clearly distinguish any singularities above T =7 7T - (1)
Tq. Figure 8 shows the amplitude ratios between the fast and .
slow decay components as functions of temperature, where AS. mentlon_ed beforel, the qupresc_:ence deqay Curves were
the fast decay component still remainsTatand slowly re- well fitted to biexponential functions in a certain temperature
duces with decreasing temperature until very low temperal@19€, and the slow decay component exits in the full tem-

tures. This temperature dependence of the amplitude ratios perature range investigated in our experiment. Therefore, let
also very much different from that for the monomeric us first discuss about the slow dec_ay component. For the
samples and PB, a polymer without side chains three monomers and PB, the Arrhenius plots of the nonradi-
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FIG. 6. Amplitude ratio between the fast and slow decay com-ponents of MG in PVAc, PMA, and PEMA are shown as functions
ponents of MG in PB is shown as a function of temperature. of temperature.
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FIG. 9. Arrhenius plots of the nonradiative decay time of the slow component ofdfér PR, (b) for PG, (c) for GL, and(d) for PB.
The dotted, dashed, and solid lines represent the fitting curves obtained with the power law, VTF equation, and Arrhenius law in the different
temperature regions, respectively.

ative decay time of the slow decay componegy of doped  that the internal conversion at the sink is very fast for MG
MG molecules are shown in Fig. 9 with error bars. The simi-and the diffusive rotational motion is the rate-limiting pro-
larity between the results of PB and those of the three moeess; then, the nonradiative decay time of MG is proportional
nomeric samples is obvious. In each curve three temperatute the microscopic viscosity of the surrounding solvent or
regimes are clearly recognized. The lower crossover temhost matrix molecule¥*2-34Furthermore, since the internal
perature is located close to the calorimetric glass transitiopotential for the phenyl-ring rotation is known to be barrier-
temperaturely, and the higher crossover temperatliggis  less and flat, and the required amount of rotation for the
about 30—50 K abov&, . SinceT, is just in the temperature internal conversion to occur is very small, about idthe
range where the critical phenomenon is expected to appeaynamics of solvents in the supercooled state can be probed
by MCT, it is reasonable to attribute it to the critical tem- in the mesoscopic time window of 16'-10 8 s and on a
perature in the framework of MCT. This experimental find- length scale of several angstrofisThis feature is quite dif-
ing is notable since the crossover Bt is difficult to be  ferent from most of other molecular probes. Depolarization
observed by the conventional macroscopic measurementsf dye molecules in the glass-forming solvents was measured
For example, in the temperature dependence of the macrtyy Hyde and co-workers with singlet and triplet transient
scopic viscosity measured by a normal type viscometer, ngrating technique&>® and the rotational reorientation dy-
kink aboveT could be observetf3’ As predicted by MCT, namics of disperse red 1 in polystyrene was studied by Dhi-
the crossover &k, is caused by a dynamical phase transition,nojwalaet al. using an experimental protocol involving sec-
which can be observed only in the relevant dynamical win-ond harmonic generatiof. In both experiments the
dow, i.e., in a mesoscopic time regime and on a microscopimolecular probes rotate as a whole, which is in contrast to
length scale. the case of MG, where the phenyl rings rotate only a small
The reason why the crossover phenomench.dtas been angle around their bond axes. Moreover, there are many ex-
clearly seen in our experiment can be attributed to the speci@mples of photoisomerization experiments for stilbene,
nature of our probe molecule MG. The nonradiative decayazobenzene, and spirobenzene molecules in polyifiets.
rate of MG is determined by two processes; one is the diffuThe relevant isomerization processes, such c@strans
sive rotational motion of the phenyl rings to a sink, and theisomerization, involve large-scale sweeping motions of phe-
other is the relaxation from the excited state to the groundhyl rings and other associated components. In all these cases
state by the internal conversion at the sink. It is well knownthe length scale and time window involved are quite different
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from those of the present study, and thus it can be undetight-scattering experiments 2! within errors and in agree-

stood that no crossover @t has been found in most of their ment with the predictions of MCT.

results, although the dynamics of molecular probes in glass- In the temperature range betwe€gpandT., the nonra-

forming materials has been reported by many researchers.diative decay time was fitted to the Vogel-Tammann-Fulcher
The fact that in the present study the temperature depefVTF) law

dence of o, consists of three regimes indicates that the

domi_nant dynamical _mode of the surrounding sol\_/ent or host ren= T XA B/(T—To)]  for T>T>T,, 3)

matrix molecules which affects the rotational motion of phe-

nyl rings of MG is different in each temperature regime. 0 -

Therefore, the temperature dependence of the nonradiati\yghereTM' B.’ andT, are const_a_nts. The V_TF I_aw was origi-

decay time was fitted to different equations in different tem—naIIy established as an empm_cal equation in 1_9“2"03nd

perature regime& Above T, the nonradiative decay time more than 30 years later the first derivation of it came out

: ) : : : from the free volume theoi#. Although it could not be de-
onr Wass fitted to a power-law equation according to MET, duced in the framework of MCT, the VTF law is still widely

used in the supercooled liquid st&t€ Here the nonradiative
Ton= T T/(T—T)]? for T>T,, (2) decay time of doped MG molecules in this temperature re-
gime has been fitted to the VTF law, although our data qual-
ity is not good enough to determine the specific functional
form. We obtained the values af, to be 65, 117, 122, and
137 K, and the values @ to be 254, 361, 408, and 71 K for
R, PG, GL, and PB, respectively. The valuesTgfagree
ith those obtained from dielectric relaxatidt® Brillouin
[lght-scatterind’® specific-heaf” ultrasonic®® and viscosity
measurements within an error of 15 K. This good agree-
ment between different measurements implies Thats an
inherent parameter of glass transition of solvent. The charac-
. teristic temperaturd, from the VTF equation was found in
The data can be well fitted to ER), except for the tem- most cases to coincide with the Kauzmann temperature

peraturteh ret?:on Vﬁry CI?set t-gch Wh'.Ch is reasonable be- where the liquid entropy curve extrapolated below the glass-
cause he thermally activaled nopping processes smear ol qition temperature would intersect the crystal entropy

the divergence of the nonradiative decay time. In the eX%rve3s:50

tended version of MCT, the divergence of the relaxation time On the other hand, the obtained values of paranitare
predicted by the idealized version of the theory does Not uch  smaller thah those from other macroscopic

fat2,3
exist: measurement®:**~* This is due to the weak temperature

K Wg tc;]btainled the \;algesld};olbszl?éobgo&gzlloéilr;d ZF?S dependence of the nonradiative decay time of doped MG
and the values o to be 1.75, 1.72, 2.03, and 1.81 for " molecules. Since the rotational motions of phenyl rings of

PG, GL, and PB, respectively. ValuesTf for PG, GL,_and G occur on a microscopic length scale and in a mesoscopic
PB have also been reported by other authors. A scaling stu ¥Yme regime, the motions of surrounding molecules in this

of the dielectrica relaxation by Schahaiset al reportgd relevant dynamical window are monitored. The small value
T to be 251.3 and 248.8 K for PG and GL, respectively. parameteB obtained here implies that the rotational mo-
Light-scattering studies from two groups gave quite different;yp of phenyl rings of MG is not fully coupled to the motion
values of the crossover }?mperatu'r@ for GL, i.e., 225 of solvent on the macroscopic scale. The macroscopic mea-
*5 K (Ref. 16 and 310 K.” One can see that the reported g, e ments, such as the viscosity measurement, monitor large-
values are very much scattered, while the values obtained IB.ale motion where the breaking of bonds between mol-
this study for the monomeric solvents are consistent Witrkcules is involved; therefore, the activation energy
each other and consistent with e?‘Ch valueTgt On the corresponding to the motion investigated by the macroscopic
other hand, as a typical glass-forming polymer with a Simpl&neagyrements is relatively large. On the other hand, the
molecular structure, PB has been intensively studied b henyl-ring rotation of our probe molecule is on a miéro-
neutron- and light-scattering measurements, and the resul opic scale; therefore, even some small deformation of the
were in good agreement with the predictions of MCT. Rich-p ot matrix ;nay result’ in the phenyl-ring rotation of MG,

ter and co-worker$ found a singular point_a_t 205 Kin the onq this process does not need a large activation energy.
temperature depenp!ence of the none_rgod|C|ty parameter cofyq Eq.(3) one can see that parametiis a proportional
res;lpondmg.to a crll_tlcal temlp:e'ralt;[uirg deth%gneu]Eron-sgm- factor of the activation energy. Hence it is reasonable that the
echo experiment. Later on Frick and Faragperiormed a  g1eg of parameteB obtained in our measurements are

similar experiment, but at a different wave vector, and foundy, ;. smaller than those from other macroscopic measure-
the critical temperaturd; to be about 216 K. In a recent | \ons

Brillouin light-scattering experimerit the temperature de- For the temperatures belo®,, the nonradiative decay

pende_nceI of the yelocr;]y c;f Iong|tuc|j|nal pdhO”O”SdShhoweqime still changes with temperature, and Arrhenius-type tem-
two singularity points, the first one located 8§ and the perature dependence has been found, i.e.,
second corresponding to the critical temperafiize about

35 K aboveT . The value ofT; found in the present study is 0
consistent with the value obtained by neutron and Brillouin Ton= TLEXA Ea/kgT]  for T<Ty, (4)

where TE,, v, and T, are constants. Free fits of the experi-
mental data by Eq(2) are not very informative, since the
exponenty depends sensitively on the value usedTgrand P
the latter depends on the temperature interval chosen for ti'{ﬁ
fit. From Fig. 9 one can see the curve breaks at a certai
temperature higher thah,, which serves as a first meaning-
ful guess for the value off;, and by judging the fitting
quality with adjusting the value of ., one can fixT. to
within a few degrees.
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where TE is a constantkg Boltzmann constant, and, the ————
activation energy. The fact that the nonradiative decay time | (a) MG/PVAC
of MG in the glassy samples is of Arrhenius-type tempera-
ture dependence is consistent with our previous studi&s. 10
Dhinojwala et al. also found that belowT the rotational o~
reorientation time of disperse red 1 in polystyrene shows an &
Arrhenius temperature dependeriteBelow Ty, the ther- E
mally activated hopping stops and molecules are frozenina ¥
certain configuration so that they cannot move around. How- 1
ever, some other freedoms of motions still remain and a E g
small deformation of the network may occur, which affects i
the diffusive rotational motion of the phenyl rings of MG. PR RO R B R RE B
Therefore, belowTy, it is reasonable that the microscopic 2 3 4 5 ¢ 7 8 9 10
friction for the rotational motion of phenyl rings has a defi- 1000/T (K1)
nite activation energ\e, for each solvent. The activation
energies were obtained to be 1.92, 3.32, and 5.23 kJ/mol for [T
PR, PG, and GL, respectively. The value increases in the L (b) MG/PMA
order which agrees with the order of the density of hydrogen
bonds or the stiffness of network. In case of the PB sample,
E, was obtained to be 3.35 kJ/mol.

For each of the monomers and PB, a critical phenomenon
at T, has been observed, which is in agreement with the 2
prediction of MCT. It is interesting to check whether MCT
universally applies to various kinds of glass-forming materi-
als independent of their chemical structures. To address this
guestion, we have investigated the dynamics of the glass
transition of PVAc, PMA, and PEMA polymeric samples by
means of time-resolved fluorescence measurement. PVAc, 2
PMA, and PEMA are typical glass-forming polymers, which 1000/T (K
contain side chains unlike PB. The nonradiative decay time
of the slow decay component of doped MG in these three -

. . . | () MG/PEMA

samples was obtained by subtracting the radiative decay part
from the fluorescence decay. Figure 10 shows the Arrhenius 10 | .
plots of the nonradiative decay time as functions of tempera- r T 1
ture. For each sample the nonradiative decay timé gais X
about 10 times shorter than those for the monomers and PB,
a polymer without side chains. This may be due to the fact
that even belowT, the side-chain motions have not been 1 f
frozen in yet, so that the microscopic viscosity experienced
by MG molecules is not so large as those for monomers and
PB at theirTy's. Many other studies also support this idea
that the side chains are still moving even when the main
chain is frozen in belowl .>*~>3

For each curve in Fig 10, a kink can be seerTgt al-
though it is not so pronounced as those for the monomeric
samples and PB. However, no singular point could be clearlglo
dlstlngwshed abov@_gg |.e.', we could not find the crossoyer PEMA. Below T, the data were found to have two regions of
at T.C’ Whlgh, even if it exists, may be masked by the side- henius temperature dependence.
chain motions. One must remember that MCT has been
originally developed for atomic fluids; therefore, its applica-the other hand, the dynamics in the glass-transition region of
bility to the complex polymer systems is still a question openPVAc and a blend of PVAc and pol#-hydoxystyrenghave
to debate. The temperature behavior of the relaxation prabeen studied using dynamic-mechanical and light-scattering
cesses of polyn-butyl acrylate investigated by dielectric measurements, and it was claimed that the result was in
spectroscop¥ and Brillouin light scattering was found not  agreement with the predictions of MCT, althoud@h<T,
to be in accordance with the predictions of MCT. The dy-was obtained in their experimefitin the present study, the
namics of thea relaxation in polyvinyl methyl ethey has  fact that no crossover temperature abdyehas been found
been studied by means of dielectric and mechanical speenay result from the overlapping of the process and the
troscopies and nuclear magnetic resonance, as well as quaside-chain motions; i.e., the side-chain motions may mask
elastic neutron-scattering measurements, but no direct hirthe subtle crossover .. However, as mentioned by &e
for a critical temperature from the temperature behavior ofand Sjgren, in the case of polymers, if no anomaly is found
the characteristic time scale of tagorocess was fountf.On aboveTy, one cannot conclude much, since the chosen dy-

T T

T (ns)

sl

T T T

1000/T (K1)

FIG. 10. Arrhenius plots of the nonradiative decay time of the
w component of MG(a) for PVAc, (b) for PMA, and (c) for
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namical window might just be wrongNevertheless, since 1000 ———1——T 7T T
the same molecular probe has been used in the present study r e a
for different types of glass formers, at least one conclusion I o A o
may be drawn from our experimental findings; i.e., in the | o e °
same dynamical window, different relaxation behavior has -~ o
been observed for the complex polymers with side chains, & &
such as PVAc, PMA, and PEMA, although the dynamics of & i 1
.. . : . [ + ° 2 PG
the glass transition of PB, a polymer without side chains, oo
was found to be similar to that of monomeric glass formers. 100 L ot . PB
On the other hand, as is shown in Fig. 10 the Arrhenius [ °
plot of 75, is not a single straight line beloW,, but has two i o
Arrhenius-type temperature-dependent regions separated by P S I RPN PRI R
a kink at a temperature several tens of degrees bédlgw 3 4 5 6 7 8
One should notice that all the PVAc, PMA, and PEMA 1000/T (K™)
samples contain ester side chains. The relaxation of polymers
due to the local motions of ester side chains has been studied FIG. 11. Arrhenius plots of the nonradiative decay time of the
by dynamic mechanical measuremesfhgileS dielectric re- fast Component of MG in PR, PG, GL, and PB as functions of
laxation measurement$,and nuclear magnetic resonance emperature.
measurement®. The results of those studies showed that the
reorientation of ester side chain occurs even belbyv ation mechanisms of liquidlike and solidlike sites coexisting
Therefore, the kink observed in the present study at severah the glass-transition regime were found by electron-spin-
tens of degrees beloily; may be attributed to the freezing of resonance measuremerftdn the present study the fast de-
the rotation of ester groups. In the temperature region beloway component, we think, may arise from the liquidlike sites,
the kink, the nonradiative decay time of doped MG mol-i.e., the noncooperative or weakly cooperative region, while
ecules still changes with temperature, which implies thathe slow decay component may come from the solidlike
some kind of relaxation process still exists so that the hossites, i.e., the strongly cooperative region. It should be noted
molecules have not been completely frozen in yet. Hinderedhere that the fast processes in different measurements may
rotation of ester methyl group in pdiyethyl acrylate and  have different origins, and the assignment of fast processes is
poly(methyl methacrylatewas found even at 77 K by means still a question of much controver§y®* Within the frame-
of nuclear magnetic resonance measurenténts. work of MCT, the fast process, namely, tBerocess, which
In the above we have shown that the dynamics of comis caused by the inside-cage relaxation, exists both above and
plex polymers is different from that of the monomers andbelow T, .%* Moreover, theg process was found to be on a
PB, since the side-chain motion plays an important role irpicosecond or subpicosecond time scale by means of
the microscopic dynamics. On the other hand, we found thateutron- and light-scattering measurement$:%® The fast
the dynamics of PB, a polymer without side chains, is similarmprocess observed in the present study is in a much longer
to that of the monomeric glass-forming solvents. PB is aime regime and only appears in the liquid state; therefore, it
polymer, and therefore its molecular structure is differentmay not correspond to the process of MCT, while it can be
from that of the monomers. However, since PB has a verynore reasonably attributed to the inhomogeneities of super-
simple structure composed of a backbone without sideooled liquids.
chains, the degree of motion of the molecule is limited to The temperature dependence of the nonradiative decay
that of the backbone. In cases of small monomers, translaime of the fast decay component of MG in PVAc, PMA, and
tional motion is essential in the supercooled liquid state PEMA is shown in an Arrhenius pldsee Fig. 12 which is
Therefore, from the fact that relatively simple motion deter-
mines the dynamics of both the monomers and PB, it seems e . B B B B B
easy to understand our experimental finding of the similarity 400
of the dynamics between the monomers and PB.
Besides the slow decay component discussed in the et P
. 202%0 v 98 %
above, a fast decay component has also been observed in ¢__ 200 | ff‘“u“
certain temperature range for each sample used in the presen &, EDDDD
study. To discuss the nature of the fast decay in different =~
samples, the Arrhenius plots of the nonradiative decay time ¥ g
of the fast decay component of MG in the three monomers 100 8
and PB are shown in Fig. 11 as functions of temperature. The
fast decay processes only appear in the liquid state and be-
. . L 60 9 E
come faster with increasing temperature. The similarities be- R N T R
tween these samples imply that there is a common origin for 2 4 6 8 10
the fast decay processes. It is well known that inhomogene- 1000/T (K
ities are very large in the supercooled st¥f&? Light-
scattering experiments indicate that the physical origin of the FIG. 12. Arrhenius plots of the nonradiative decay time of the
nonexponential character of structural relaxation is caused bfast component of MG in PVAc, PMA, and PEMA as functions of
the nanoscale inhomogeneiti®s, and two different relax- temperature.
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FIG. 13. Arrhenius plots of the amplitude ratios between the fast FIG. 14. Arrhenius plots of the amplitude ratios between the fast
and slow components as functions of temperature for MG in PRand slow components as functions of temperature for MG in PVAc,
PG, GL, and PB. PMA, and PEMA.

different from those of PB and the monomeric samples. Fotyre and finally covers all the sample in the vicinity Bf,

each of the complex polymer samples, the fast decay comphile the liquidlike site changes with temperature in the op-
ponent exists even far beloW, . This experimental finding posite way; i.e., it starts to appear nd@grand increases with
can be understood by taking into account the fact that for thgemperature until it prevails in the high temperatures. The
complex polymers, although the translational motion stops aamplitude ratios for these samples are of Arrhenius-type tem-
Ty, the side-chain motion still remains, so that even belowperature dependence, and by fitting the data we obtained the
T4 the complex polymer is not so stiff, especially seen by thefree energy differences between the fast and slow sites,
very small molecular probe, and some flexible sites can rewhich are 24.1, 14.8, 21.2, and 32.4 kJ/mol for PB, PR, PG,
main at very low temperatures. BeloW, the fast decay and GL, respectively. For each of the complex polymer
component of MG in the complex polymer matrix has a verysamples shown in Fig. 14, the fast decay component of
weak temperature dependence, which implies that the fagfoped MG remains at very low temperatures. Belbythe
decay process is related to a very local motion. The matrix ofatio slowly reduces with decreasing temperature, while it
a polymer with side chains, such as PVAc, PMA, andchanges dramatically at the high-temperature regime. The
PEMA, has a very loose structure even beldyif seen by  data abovd, roughly fall on a straight line, and we obtained
a microscopic probe, and the fast decay component maghe free energy difference between the fast and slow sites to
arise from the sites where MG molecules sit in the rathebe 34.2, 26.8, and 20.7 kJ/mol for PVAc, PMA, and PEMA,
flexible region, i.e., liquidlike sites of the host matrix. At respectively.
these sites, the phenyl rings can rotate rather freely in the Sharp contrast between Figs. 13 and 14 can be clearly
matrix with relatively small activation energy. If the activa- seen. As was previously discussed, a remarkable difference
tion energy is smaller thakgT, it is consistent with the very has also been found for the temperature dependence of the
weak temperature dependence of the decay time. nonradiative decay time of the slow or the fast decay com-
From the above discussion of the slow and fast decayonent between the complex polymers with side chains and
components of doped MG molecules, it is clearly revealedhe monomers or the polymer without side chains. The dif-
by our experiment that the dynamics taking place in the comference of the temperature dependence of the amplitude ra-
plex polymers with side chains is different from that of the tios between the two groups of samples shown in Figs. 13
monomeric samples or a polymer without side chains. For and 14 is in accordance with the results discussed above and
further discussion, let us see the amplitude ratios between thgan be attributed to the same origin, i.e., the different chemi-

fast and slow decay components of MG in these samplesgal structures between the glass-forming materials.
The Arrhenius plots of the amplitude ratios as functions of

temperature are shown in Fig. 13 for PB and the monomer
samples and in Fig. 14 for PVAc, PMA, and PEMA.

In cases of PB and the monomers, the amplitude of the In conclusion, the dynamics of the glass transition of sev-
slow decay component is much smaller than that of the fastral monomeric and polymeric glass-forming materials has
decay component at high temperatures, but it increases witheen investigated by the time-resolved fluorescence mea-
lowering temperature. When the temperature approachesirements of doped MG molecules in a wide temperature
Tq4. the slow decay component becomes the dominant ongegion. The nonradiative decay time of MG sensitively re-
and the decay curve is practically well fitted to a single-flects the relaxation processes of glass-forming materials. For
exponential function. Therefore, the biexponential decay igach of the monomers and a polymer without side chains,
essentially only in the supercooled state. This result furthebesides a kink around, another crossover at., about
supports the idea that the two decay components may con80-50 K aboveTy, has been clearly observed. This experi-
from the liquidlike and solidlike sites. It indicates that the mental finding gives a strong support to MCT which predicts
volume of the solidlike site grows with decreasing temperasuch a dynamical anomaly above the calorimetric glass-

V. CONCLUSIONS
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transition temperaturd,. Moreover, fast and slow relax- chains is different from that in the complex polymers with
ation processes were found to coexist in the supercoolegide chains.
state, which has been attributed to the inhomogeneities of the In the monomers or the polymer without side chains, there
glass formers in the temperature region. The similarity of theare essentially only the translational or the main-chain mo-
results between the monomeric samples and PB, a polymeibns of the solvent molecules; therefore, it is not strange that
without side chains, indicates that the dynamics of the glasghe microscopic dynamics of glass transition of PB is similar
transition in these samples has a common origin. ~ to that of monomeric samples, although PB is a typical poly-
~ On the other hand, for the complex polymers containingmer, On the other hand, in the complex polymers with side
side chains the crossoverBj is less pronounced than those chains there are other side-chain motions besides the main-
for PB and the monomeric samples. Furthermore, unlike PRnain motions; therefore, it can be understood that the mi-
and the monomeric samples, no singular point abdye croscopic dynamics of the complex polymers with side
could be clearly distinguished from the temperature depenghains is not only different from that of the monomeric
dence of the nonradiative decay time of the slow decay COMsamples, but also different from that of PB, a polymer with-
ponent of doped MG; i.e., we could not find the crossover at side chains.
T, for the complex polymers. The appearance of the singular The present study illustrates that, due to its special nature,

point atT; may be masked by the side-chain motions of they|G serves as a good local probe to investigate the dynamics
complex polymers. However, a kink at a temperature severalf the glass transition at a molecular level and on a meso-
tens of degrees beloW, was found, which was attributed to  scopic time scale.

the motions of ester side chains. In addition, a fast decay

process was found to remain even far belbyfor the com-

plex polymers, whereas the fast decay process only appears ACKNOWLEDGMENT
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