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ABSTRACT: A fluorescence technique employing a mobility-sensitive fluorescence molecule (julolidene-
malononitrile, JMN) is shown to sense the molecular relaxations occurring after temperature jumps in glassy
and rubbery poly(vinyl acetate) (PVAc). Results suggest that molecular environments relax in a manner
similar to bulk relaxations. After temperature jumps near T, the technique senses when the local probe
environments reach equilibrium, and bulklike “asymmetry” behavior is shown to occur on the local level. The
molecular mobility sensor, JMN, reproduces all details found in bulk volume or enthalpy asymmetry, including
the rorparadox. After multiple temperature jumps, the fluorescence technique also detects “memory effects”
on the molecular scale. Inaddition, this technique senses the increase in mobility caused by the plasticization
of PVAc by water which decreases the times needed to reach fluorescence equilibrium at a particular tem-
perature. However, these equilibrium times are constant for a given value of T; — T, (T, = annealing tem-
perature) regardless of water content. Since a short exposure to humid air can severely plasticize PVAc, it
is concluded that Ty is a very important reference point for making comparisons of PVAc properties or
attempting to extract meaningful parameters from theoretical fits of relaxation data. The sensitivity of the
fluorescence technique to the relaxation time scales in PVAc is similar to that of dilatometry and bulk

enthalpy relaxation.

Introduction

A glass-forming system cooled from above to below its
glass transition temperature (T) has a nonequilibrium
structure that continually relaxes toward thermodynamic
equilibrium.!? Since relaxation times in the glassy state
are much longer than in the liquid or rubbery state,? glasses
may not reach equilibrium on easily accessible experi-
mental time scales even if the system is relatively near T.
For example, the specific volume of polystyrene requires
approximately 5 months toreach equilibrium after a simple
temperature jump from above T to 90 °C (5 °C below Ty
measured by dilatometry at 1 K/min).* Furthermore,
relaxation behavior becomes very complex if a system is
disturbed while relaxing from prior perturbations.ls
Relaxations in liquids and glasses may be induced in many
ways including temperaturel#® and pressure®® jumps,
strains,®!! plasticization,3'12 and blending.1314

Kovacs! studied extensively the volume relaxation
behavior of various glass-forming systems after single and
multiple temperature jumps. Using single jumps to a tem-
perature T,, Kovacs found that volume contraction
(downward jump) required less time to reach equilibrium
than expansion (upward jump) if the jumps were the same
absolute magnitude. This “asymmetry” of approach to
equilibrium may be explained qualitatively as follows.
Contraction requires less time to reach equilibrium because
the system is able to begin relaxing immediately after the
downward temperature jump since the mobility is higher
initially after the jump than it will be at equilibrium. In
contrast, there is little volume change during early times
of expansgion due to the lower initial system mobility
compared tothat at equilibrium. These evolving mobilities
also cause the volume to approach equilibrium during
contraction in a different manner than during expansion.
Mobility decreases as a system contracts, causing the
contraction rate to slow continually, which is known as
autoretardation.? As volume expands, mobility is gained,
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and the expansion rate increases in an autocatalytic
manner.2 Asymmetry behavior has also been observed in
enthalpy!®'7 and dielectric!® relaxations.

“Memory effects” are more complex relaxation behavior
that are observed after two temperature jumps. Exper-
imentally, the temperature of a system at volume equi-
librium (T) is first lowered to T for a time (t;) that is
insufficient to reach equilibrium. A second jump raises
the temperature from T to T; where Ty > Ty > T,. After
apoly(vinyl acetate) (PVAc) sample reached thermal equi-
librium at 7', Kovacs! found that the volume increased
for a time (the peak amplitude and time depend upon T
and ¢, for a given Tg) and then decreased to the same
equilibrium volume at the same time as a sample that had
undergone a single jump from Ty to T..

The memory behavior may be explained qualitatively
by invoking the concept of multiple environments in a
glass possessing various mobilities. Immediately after the
first jump, all environments begin relaxing or contracting
toward equilibrium at T;. During the time at T, higher
mobility environments relax more quickly and arrive closer
to their equilibrium values at T than do lower mobility
environments. After the jump from 7T'; to T, some higher
mobility environments must recover (expand) to reach
equilibrium at Ty since they relaxed (contracted) past their
Ty equilibrium values during the time at T;. Lower
mobility environments would not have reached their T,
equilibrium values while at T; and would still be relaxing
(contracting) downward. Therefore, immediately afterthe
second jump to T., the higher mobility environments
dominate the relaxation process until they expand to equi-
librium at T, after which the lower mobility environments
(still relaxing downward) control the observed volume
decrease. Memory effects have also been observed in en-
thalpy51617 and dielectric!81® relaxations.

The asymmetry and memory effects found in PVAc!
have become a testing ground for theoretical models
attempting to explain amorphous relaxations. Various
phenomenological?®2! and molecular?2-2¢ models have de-
scribed asymmetry qualitatively with a single relaxation
time or free volume element. None of the models involving
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a distribution of relaxation times has been able to
reproduce the memory effects even qualitatively without
at least two relaxation times (or free volume elements),
and all of these models require the equivalent of a
distribution of relaxation times to describe quantitatively
the asymmetry or memory effects.?> Only the “coupling”
model26 has reproduced the “7e paradox™.

Examples of the many techniques used to monitor
relaxations or their manifestations include dilatometry!4®
(specific volume), differential scanning calorimetry!527-2%
(enthalpy), microcalorimetry'®1? (continuous enthalpy),
positron annihilation spectroscopy,®® dielectric relax-
ation,!5181% Brillouin scattering,?! X-rayscattering,®32and
probe techniques (electron spin resonance,? photochro-
mic,34% second-order nonlinear optical,337 and fluor-
escence®®40), In a previous publication, we reported
preliminary results showing that a group of mobility-
sengsitive fluorescent probes were able to monitor polymer
relaxations during physical aging of polystyrene and poly-
(methyl methacrylate).#® This approach was based on
earlier work by Loutfy4! indicating that certain fluorescent
molecules, such as (dialkylamino)malononitriles are sen-
sitive to molecular mobility. After absorbing light and
being elevated to singlet excited states, these probes have
two major pathways for returning to the ground state.
The preferred deactivation route is a nonradiative internal
conversion mechanism involving various bond rotations
inthe probes. Hindering these rotations causes the probes
to deactivate by emitting a photon or fluorescing. There-
fore, the probe fluorescence intensity, quantum efficiency,
and lifetime increase when the local mobility decreases.

In this study, we present further evidence of the
mobility-sensitivity of these probes and results indicating
that the polymer physics governing asymmetry and
memory effects in bulk relaxations also regulate the mo-
lecular behavior on the probe size scale. The molecular
technique reproduces every attribute of asymmetry and
memory behavior found with traditional bulk tech-
niques1%-17 and has similar sensitivity. In addition, the
molecular effects of trace plasticizers in PVAcare detected.

Experimental Section

Poly(vinyl acetate) (PVAc;secondarystandard, M,, = 194 800;
M, = 47 700; Aldrich) and the fluorescent molecule juloli-
denemalononitrile (JMN; Molecular Probes) were used as
received. Polymer films were prepared and tested in the following
manner to ensure that the films were as dry as possible. PVAc
was dissolved in dry dichloromethane (Aldrich, spectrophoto-
metric grade) containing the fluorescent prohe JMN to produce
a 7wt % polymer solution. Films were solvent cast onto quartz
plates in a nitrogen-filled glovebox, allowed to dry for 8 h, and
then dried for 3 days in a vacuum oven at 70 °C over desiccant
to remove residual solvent. Just before testing, the films were
heated to 120 °C for 4 h under vacuum to remove bound water.
Films contained less than 0.004 wt % probe.

The films were removed from the oven under dry nitrogen and
desiccant and placed into a nitrogen-filled glovebox where they
were loaded into a specially designed fluorescence cell whose
temperature was controlled with circulating water baths (Neslab
Endocal RTE-9) within £0.05°C. This apparatus was then placed
into a nitrogen-filled sample chamber of a SPEX Fluorolog-2
DM1B spectrofluorimeter to record the steady-state fluorescence
spectra in a front-faced geometry with 1.25-mm excitation and
emission slits (band-pass of 4.5 nm) at an excitation wavelength
of 450 nm. Flowingdry N;gas and having desiccant in the sample
chamber kept samples dry during experiments. The fluorescence
reference (Rhodamine B in propylene glycol, 8.0 g/L) was
maintained at 30 = 0.5 °C with a circulating water bath and a
water-jacketed fluorescence cell to avoid variations in corrected
fluorescence intensity due to instrument thermal changes.

The thermal history of each film was erased in the temperature-
controlled cell by heating the sample above T, (T + 5 °C) for
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Figure 1. Structure of JMN and fluorescence emission spectra
indry PVAc (onset T, = 39.5 °C) after a temperature jump from
above T, (45 °C) to below T, (35 °C). Dashed and solid lines are
1 and 1440 min after the jump, respectively. Physical aging causes
an increase in the fluorescence intensity of the probes.

30 min before each experiment. A second water bath was used
to change the sample temperature rapidly, and thermal equi-
librium was attained in under 30 s. Changes in the fluorescence
intensity were recorded at various intervals of time after a tem-
perature jump. Except when recording a spectrum, the samples
were shielded from irradiation to minimize any photodegrada-
tion of the probe (we have found# this effect to be negligible
after 6 h of continuous irradiation of JMN in PVAc at the
excitation wavelength used in this study).

Glass transition temperatures of films and bulk enthalpy
relaxations were measured with a Perkin-Elmer differential
scanning calorimeter DSC-2 in hermetically sealed pans with a
cooling rate of 40 °C/min and a heating rate of 10 °C/min. After
completing the fluorescence studies, some of the polymer film
was removed (under dry Nj) from the quartz slide and placed in
the pans for determining the T, and the enthalpy relaxation. T's
were taken as the onset of the heat capacity change, and the
degree of enthalpy relaxation was determined by the method
described by Marshall and Petrie.?” The T, of dry, pure PVAc
was identical to that of dry, JMN-doped PVAc indicating that
the probes’ presence does not affect the bulk properties of PVAc.

Results and Discussion

Figure 1illustrates the chemical structure and emission
spectra of JMN in dry PVAc (T = 39.5 °C) after jumping
the temperature from 45 to 35 °C. The dashed and solid
lines were recorded 1 and 1440 min after the jump,
respectively. As the polymer loses mobility, the probe
fluorescence intensity increases. Conversely, an increase
in mobility of the environments surrounding the probes
would produce a decrease in the fluorescence. Local
polarity changes around these probes cause the emission
peak to shift wavelengths.4! As Figure 1 demonstrates,
no polarity changes occur during 24 h of polymer relaxation.

In Figure 2 the fluorescence intensity of JMN at the
emission maximum is plotted as a function of logarithmic
time after jumping the temperature of a PVAc film (T =
39.5 °C) from above T} (45 °C) to near or below T;. The
data have been normalized to an intensity of 1.0 at 1 min
toeliminate absolute intensity differences caused by slight
probe concentration and film thickness variations between
films. More importantly, the normalization allows us to
compare the relative isothermal intensity changes caused
by losses or gains inlocal polymer mobility at any relaxation
temperature.

These fluorescence intensity changes are related to the
polymer physical aging rates, and we reported previously
that the fluorescence aging rate increases as the aging tem-
perature approaches T,.40 We have since found that this
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Figure 2. Normalized JMN fluorescence intensity at the
emission maximum versus logarithmic time in dry PVAc (onset
T, = 39.5 °C) after temperature jumps from 45 °C to various
temperatures near Tg. The probes sense when the environments
come to equilibrium which depends upon the depth of the tem-
perature Ei:ump below T;. (&) T = 40 °C; (0) T = 37.5 °C; (¢)
T =35 °C.

aging rate-temperature trend was influenced significantly
by instrumental thermal variations that affected the
fluorescence reference. We have reported recently4445
that the fluorescence aging rate-temperature trend closely
matches the bulk polymer aging rate-temperature trend
found with dilatometry in many amorphous polymers.
Comparing the initial slopes of the curves in Figure 2, the
aging rate is shown to increase as T, - T, increases where
T, is the aging temperature. This trend is reasonable for
the small temperature range studied since the bulk polymer
aging rate generally increases as T, — T, increases in a
temperature range near T, 41145 Figure 2 also shows that
JMN in dry PVAc is able to detect aging rate differences
caused by aging temperatures that differ by only 2.5 °C.
The fluorescence responses at 40 and 37.5 °C increase
for a time and then level off, indicating that the local mo-
lecular environments have reached equilibrium. The
relative intensity values and times required to reach equi-
librium depend on the value of T, — T,. Both the relative
equilibrium intensity and equilibrium time increase as T
- T, increases, which is very similar to what Kovacs!
observed while monitoring the bulk volume of PVAc
relaxing to equilibrium after temperature jumps.
Figure 3 shows the normalized fluorescence response
versus logarithmic time at various temperatures for
plasticized PVAc plotted on the same intensity and time
scales as the dry PVAcin Figure 2. This film was exposed
to humid air (approximately 70% humidity) at a tem-
perature of 26 °C (laboratory conditions on a particular
day) for 20 min and absorbed approximately 0.7 wt %
water. This small amount of water depressed the T, by
5 °C to an onset T of 34.5 °C (midpoint T = 39.0 °C)
which agrees well with the findings of Bair et al.!% for the
T depression of PVAc by water. Polymer plasticization
by small-molecule diluents is a well-known phenomenon
that depresses T, because the mobility of the system is
increased.#47 Therefore, at a particular temperature,
the time required to reach equilibrium will be less for a
plasticized sample than an unplasticized sample.
Figure 3 clearly illustrates that the probes sense the
plasticization effects at all temperatures studied, and the
equilibrium times at a given temperature are indeed
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Figure 3. Normalized JMN fluorescence intensity at the
emission maximum versus logarithmic time in wet (0.7 wt %
H,0) PVAc (onset T = 34.5 °C) after temperature jumps from
45 °C to various temperatures near T;. A small amount of water
can severely plasticize PVAc, depress T, and increase polymer
mobility. Molecular-scale plasticization effects can be monitored
\%v'ith the téuorescent probes. (O) T =40°C;(a) T=37.5°C;(0)
=35 °C.

smaller for the more mobile, wet PVAc than for the dry
PVAcseen in Figure 2. The relative intensity changes at
a given temperature in Figure 3 are smaller than those in
Figure 2 because the structure of the wet sample is able
to relax more significantly than the dry sample during the
small thermal equilibration time after a temperature jump
(before any meaningful measurements can be made since
only isothermal changes are of interest). Note that all
experimental temperatures in Figure 3 are above the DSC
T of the plasticized sample, and the times required to
reach equilibrium would be expected to be shorter in the
rubbery region.

Comparing the experiments at 40 °C in Figure 2 and 35
°CinFigure 3, it is interesting to note that both relaxations
reach equilibrium in approximately 10 min. Since these
experiments were performed very near the DSC T’s of
these films, the resuits indicate that the equilibrium times
depend largely on the distance of the “aging” temperature
(T,) from T,. Bairetal.!5found that the equilibrium times
for enthalpy relaxation were identical in dry and wet (1.8
wt % Hy0) PVAc samples at aging temperatures equal to
T; - 9 °C. They concluded that the time-dependent
relaxation behavior as well as the absolute enthalpy change
was independent of the water content as long as Ty - T,
was fixed. The relative fluorescence change of the 35 °C
experiment in Figure 3 is not equal to the 40 °C experiment
in Figure 2 because the former was a 10 °C jump (45 to
35 °C) while the latter was a 5 °C jump (45 to 40 °C).

The effects of water plasticization on PVAc relaxation
behavior have been noted in many studies.2154849 The
relaxation dependence on T, — T, found by Bair et al.15
and supported by this study shows that it is critical to
report the T; and how it was determined if the relaxation
results are to be compared to other PVAc relaxation data
orif meaningful theoretical parameters are to be extracted.
If the water content must be tightly controlled ordry PVAc
is desired, the results in Figures 2 and 3 indicate that
seemingly excessive environmental control around the
PVAc samples must be practiced. Experimental details
such as the relaxation time scales or the size of the
“expansion gap” found at particular temperatures should
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Figure 4. Molecular asymmetry behavior of wet PVAc (onset
T, = 34 °C) at 40 °C monitored with JMN. The fluorescence
behavior was monitored after jumping the temperatures to 40 °C
from the temperatures indicated below. The general behavior
is very similar to bulk volume behavior found by Kovacs.! (a)
To =170 °C; g) To =50°C; () Ty = 35°C; (¢) To = 30°C; (0)
To = ~25 °C.

not be taken as universal for PVAcunless the Tgis reported.

Kovacs! defined a parameter, §, that describes the
distance from the volume equilibrium of the system at
time ¢:

8=(V,- V)V, ¢y

where V; and V. are the volumes at time ¢ and equilib-
rium (¢t = «), respectively. Therefore, during volume
contraction & > 0, during expansion é < 0, and at equi-
librium 6 = 0. A 6 parameter similar to that of Kovacs
may be defined for the distance from the equilibrium
fluorescence intensity, ér

bp =~ -I)/I, @)

where I and I.. are the intensities at time ¢ and equilib-
rium, respectively, and the minus sign is due to the inverse
relationship between volume and fluorescence responses
to polymer structural change. Since the probes monitor
when the local environments reach equilibrium after
downward temperature jumps, it is possible that the same
may be done for upward jumps, and asymmetry behavior
on the molecular scale may be studied.

Figure 4 shows the results of asymmetry experiments
in plasticized PVAc (T = 34 °C) monitored on the mo-
lecular scale with the fluorescent probe JMN. Thesamples
were allowed to come to equilibrium at the indicated tem-
peratures and then jumped t0 40 °C (it isuncertain whether
the 25 °C film attained equilibrium after annealing for 4
weeks). As with volume relaxation, relaxation after a
downward temperature jump requires less time to come
to equilibrium than after an upward jump of the same
absolute magnitude. Qualitatively, every attribute found
in the dilatometric asymmetry results of Kovacs for PVAc
at 40 °C! is reproduced with the molecular-scale fluores-
cence technique. These results provide strong support
for the idea postulated in many relaxation models that a
distribution of molecular environments in amorphous
materials controls bulk behavior.

It is important to note that the times required to come
to equilibrium in Figure 4 appear to be temperature
independent for the contraction results (6 > 0) but not
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Figure5. Molecular asymmetry data at 40 °C from Figure 4 has
been plotted as a function of 7. versus dy. This plot accentuates
the “expansion gap” in the asymmetry curves. The fluorescence
behavior was monitored after jumping the temperature to 40 °C
flé)m the following: (O) To= ~25°C; (¢0) To=30°C;(Q) Ty =35
o

for the expansion results (o < 0). Kovacs! defined an
effective relaxation time, 7.g, that accentuates this behavior:

T - = — 0 (dd/dt) 3)

While the volume contraction curves from Kovacs! appear
to converge to equilibrium (6 = 0) at the same 7., the
expansion curves do not, which produces an apparent
effective relaxation time “gap” between expansions from
different temperatures. This phenomenon is also known
asthe roparadox.25 The word “paradox” is used because
one would expect the mobilities of the expanding systems
(6 < 0) to become comparable as the volume nears its
equilibrium value at 40 °C. Therefore, the effective
relaxation times would become comparable near & = 0,
and the expansion curves would converge on the same
value of 7.¢r. The volume results suggest that this concept
isincorrect and is one reason why relaxation models, with
the exception of the coupling model,?8 fail to model the
expansion gap.

Due to the small amount of data on the expansion gap,
there has been some discussion as to whether the presence
of the gap is due to polymer physics or is an experimental
artifact. Figure 5 contains the expansion data from Figure
4 plotted as a function of the 7. parameter. At values of
or between —0.01 and 0, there is a “r¢ gap” between the
expansion curves, although nothing as dramatic as those
found from dilatometry.! Nevertheless, the molecular
environments sensed by JMN relaxing to equilibrium from
differential initial structures do not appear to reach equi-
librium at the same effective relaxation time.

Figure 6 contains the fluorescence results of asymmetry
experiments plotted as ér versus logarithmic time at 35
°C for JMN in plasticized PVAc (T = 34 °C). Qualita-
tively, the relaxation behavior at 35 °C is similar to that
at 40 °C. Since these systems relaxed to equilibrium at
Tg + 1 °C instead of T + 6 °C (40 °C experiments in
Figure 4), the relaxation times are longer for a temper-
ature jump of a given magnitude. For example, the upward
5 °C jump from 35 to 40 °C in Figure 4 requires less than
3 min to reach equilibrium while the 5 °C jump from 30
to 35 °C in Figure 6 needs at least 30 min. As in volume
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Figure 7. Molecular memory effects in wet PVAc (onset T =
34 °C) monitored by JMN. T, = 40 °C (initial temperature) and
T, = 30 °C (final temperature) for both curves. (A) Single-tem-
perature jump from 40 to 30 °C. (O) Double-temperature-jump
experiment. The first jump was from 40 to 20 °C and held there
for 2h. Thesecond jump was from 20to 30 °C. The fluorescence
behavior was monitored after the second temperature jump.

relaxation,! the fluorescence responses after the downward
temperature jumps in Figure 6 reach equilibrium at
approximately the same time.

Figure 7 compares the fluorescence response after a
single-temperature jump to the response after a two-tem-
perature jump memory effect experiment. After a single
jump from 40 to 30 °C, volume contraction-type behavior
would be expected and is seen in the fluorescence response.
For the memory experiment, the system temperature was
jumped from 40 to 20 °C, held there for 2 h, and then
rapidly raised to 30 °C, after which data gathering began.
The ér parameter increasesinitially, indicating an increase
in the local mobility for about 15 min and then a loss of
mobility down to ér = 0 in a similar time frame as the
simple contraction after a single jump from 40 to 30 °C.
This behavior is very similar to the dilatometric memory
effect results reported by Kovacs.! Recall the fact that
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Figure 8. Enthalpy relaxations (normalized to a value of 1 at
1 min) performed on dry PVAc (onset T; = 39.5 °C) in a DSC.
The PVAc was from the films used to oi)tain the fluorescence
data in Figure 2. The bulk, enthalpic time scales are similar to

those found from the fluorescence probes. Relaxation temper-
atures: (A) T =40°C; (0) T =37.5°C; (¢) T = 35 °C.

many relaxation theories require a distribution of envi-
ronments to account for memory effects. Therefore, in
the language of these models, the probes measure a
distribution of mobilities or environments in the polymer
matrix, and their combined behavior produces a bulklike
response.

The sensitivity of the fluorescence technique has been
compared to those of bulk techniques traditionally em-
ployed to measure polymer relaxation kinetics. While it
would be interesting to compare the fluorescence asym-
metry and memory behaviors to the dilatometric results
of Kovacs,! the unknown differences in water content
between our PVAc samples and those studied by Kovacs
would make such a comparison meaningless. Therefore,
bulk enthalpy relaxation studies of dry PVAc were carried
out with a differential scanning calorimeter, and the results
were compared to the fluorescence responsesin dry PVAc.
Bair et al.!5 found a midpoint T, of 43.5 °C for dry PVAc
which agrees well with our midpoint T of 44.0 °C (onset
Ty = 39.5 °C).

Figure 8 shows the normalized excess enthalpy versus
logarithmic time for the same temperature jumps as
performed in the fluorescence experiments in Figure 2.
The times required to reach equilibrium at 40 and 37.5 °C
for the enthalpy are very similar to the fluorescence equi-
librium times at those temperatures in Figure 2, and both
techniques show that longer experimental times are
required to reach equilibrium at 35 °C. From this
comparison, the JMN probe has nearly the same sensitivity
as DSC to the relaxation time scales of PVAc near Ty.
While the two techniques possess similar sensitivity, the
fluorescence technique has a major advantage in that it
allows for continuous, in situ, nondestructive monitoring
of relaxations. We have also found that the molecular
technique has a similar sensitivity to the physical aging
of polystyrene as the most sensitive dilatometric mea-
surements made by Kovacs.4?

Photochromic and fluorescence probe studies have
shown that the size of the mobile probe element is an
important factor in determining the ability of a probe to
change conformation in a polymer matrix.3®> Basically,
the larger the volume needed for motion, the lower the
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probability that motion occurs. For example, after quench-
ing polystyrene to room temperature from above T, 1,3-
bis(1-pyrene)propane cannot rotate to form intramolecular
excimers,?® but the probe JMN continues to sense relax-
ations in polystyrene under the same aging conditions for
longer than 6 h.#045 Therefore, all else being equal, the
size of the rotating probe element should determine the
extent of the mobility sensitivity in a matrix and the equi-
librium time during asymmetry experiments. Such probe
size comparisons are currently underway in our laboratory.
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