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Chapter 3

Thermal relaxation of polyvinyl
acetate near glass transition

temperature - a micro-Raman study

3.1 Introduction

Polymer thin films and polymer coatings are extensively used as
antibacterial /antiviral surfaces, superhydrophobic surfaces, and also in devices
such as switches, sensors and capacitors, and solar cells composed of perovskite,
conducting polymer, and dye, in the form of corrosion-resistant
coatings[1, 2, 3, 4]. The working temperature of these polymer film-based
devices can be in the vicinity of their glass transition temperature, so the
existence of some of these polymers in the glassy state is unavoidable. During
these applications, the polymer is subjected to electrical, mechanical, or thermal
perturbations [5, 6, 7, 8, 9, 10]. A study of the glassy state and in particular, the
response of these polymer films to thermal perturbations is necessary to
fabricate long-lasting devices with stable, reproducible performance. The
response of polymer films to thermal perturbation crossing the glass transition
temperature of the polymer is a complex phenomenon and has widely been
studied through experimental, computational, and theoretical approaches
[11,12, 13].

The glassy state is popularly defined as a state in which the polymer has a
morphology similar to any crystalline solid but the molecular arrangement in
the polymer is disordered like liquids. In the glassy state, a polymer is away
from equilibrium and slowly relaxes toward the equilibrium crystalline state.
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This relaxation of polymer towards its equilibrium state becomes slower with
the passage of time. This phenomenon is known as aging and the polymer
relaxation times are often found to be exceeding the experimental timescales
[11, 13]. During relaxation towards an equilibrium crystalline state, the polymer
often contains domains with variable ordered structures which in turn results in
spatiotemporal heterogeneities [14]. The Adam Gibbs theory was the first to
analyze the relaxation dynamics of glasses in terms of these domains which
were termed cooperatively rearranging regions (CRRs). Adam and Gibbs
predicted that the size of these CRRs has a temperature dependence and this
theory has been widely supported by several experimental results, but the
Adam and Gibbs theory lacks the explanation of heterogeneities in these CRRs
[15]. The random first order theory (RFOT) showed that the dynamic
heterogeneities are due to a mosaic of CRRs which are due to several local
metastable states in the free energy landscape of a glass former. This theory was
successful in explaining the relaxation dynamics of the glassy system for a wide
variety of glass formers experimentally [16].

The relaxation of polymers in response to external perturbations is often
studied as a variation in thermal and mechanical stress in a glassy regime which
is due to the aging response of the polymer. Thus, aging in polymer glasses is an
important parameter that not only governs the polymer dynamics but also the
polymer processing of bulk polymer and polymer film-coated device
performance. It has been reported that the thermal response dynamics of the
unprocessed or bulk glassy state is different than that of the processed or film
state of the polymer glass [17, 18, 19, 20]. Most of these differences arise due to
the presence of free surface and confinement effects in films, with relaxations
near the film surface often completely different compared to those in the bulk
state [20].

There are conflicting views on differences in glass transition temperature in
polymers on the free surface of films, near surfaces, interfaces and in
nanoconfinement, [21], with most experiments reporting a clear decrease in
glass transition temperature as a function of film thickness [22, 23], whereas
some studies have reported no change in T, [24, 25], or an increase in T¢ under
extreme confinement [26]. Nanoindentation, diffusion, and fluorescence
experiments have demonstrated that below the glass transition temperature, the
polymer film surface is more fluid-like with enhanced mobility and relaxation
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dynamics compared to the bulk [20, 27, 28, 29]. Moreover, the activation energy
of the relaxation processes near the film surface is significantly less than the bulk
value [27]. Above T, the film dynamics largely resemble the bulk molecular
relaxation dynamics. A key observation is a decoupling of surface diffusion
dynamics from the relaxation processes near the surface in films [27].

Since macroscale response is governed by the processes that happen at the
molecular level, it is crucial to analyze these molecular-scale differences between
bulk and film surface by monitoring molecular dynamics [30]. This is especially
important when the film is used for coating because surface effects in glassy
polymer films can change adhesion and friction at the surface, or in advanced
polymer-based lithography, surface tension and wetting or transferability can
change at very small length scales, leading to problems. Because of the large
inherent length scales in polymers and slow dynamics near the glass transition,
leading to a large spread of time scales, molecular dynamics simulations of these
polymer glasses are very challenging. Nevertheless, some coarse-grained and
atomistic simulation models have addressed the questions concerning polymers
near the glass transition, especially in confinement [18, 31, 32]. A convenient
way to study glassy state dynamics is through the changes in the vibrational
modes of the different chemical bonds constituting the polymer molecule with
the help of micro-Raman spectroscopy, which decouples the different molecular
modes, permitting the observation of the dynamics of a particular mode of
interest. We have attempted to understand the thermodynamics and kinetics
near the glassy state using Raman mode relaxations of the main chain (skeletal)
and in the side branches of PVAc. Our studies reveal significant differences in
the molecular-scale relaxation processes in the film and the unprocessed PVAc as
they are subjected to thermal cycles passing through the T,. The differences in
the glassy state kinetics are also found to depend on the mode of approach to Tg.
We provide experimental evidence of the presence of cooperative rearranging
regions, and our observations are better explained by the RFOT rather than the
Adam Gibbs theory.

3.2 Preparation of polymer film

Poly(vinyl) acetate (PVAc) of molecular weight 50,000 M was purchased from
Alfa Aesar and was used without further treatment as the unprocessed state of
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FIGURE 3.1: (a) The thermal ramp applied to the polymer in both

unprocessed and film state (b) The thermal quench applied to the

polymer, Ty is the maximum temperature to which the films

were heated and Tj,;, is the temperature at which the films were
maintained after quenching.

PVAc. For the preparation of PVAc film, 20% by weight of PVAc was dissolved
in 99.9% pure acetone (purchased from LOBA chemicals) in a ratio such that the
resultant solution is 10 ml in volume. The solution was blended by constant
stirring at room temperature on a magnetic stirrer for 60 minutes. After 60
minutes, the solution was drop casted on a glass substrate (thoroughly cleaned
with chromic acid and dried at room temperature). The PVAc film was left to
dry for 24 hours at room temperature before the experiment. The thickness of
the film was measured to be 0.38 mm (approx. 380 ym).

3.3 Raman spectroscopy

The instrumental and theoretical details of Raman spectroscopy have already
been discussed in Chapter 2, section 2.5. To study the thermal relaxation of a
glassy polymer, PVAc in both unprocessed and film state was subjected to two
different thermal cycles: thermal ramp and thermal quench passing through the
glass transition temperature.
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3.4 Methodology for thermal perturbation

3.4.1 Thermal ramp

Two temperature ramp cycles from 293 K to 343 K (20 °C to 70 °C) for
unprocessed PVAc and from 283 K to 353 K (10 °C to 80 °C) for PVAc film were
applied. For unprocessed PVAc, the Raman spectrum was recorded at steps of
10 K each during both heating and cooling cycles and for PVAc film, the Raman
spectrum was recorded at steps of 10 K for the first ramp and at the steps of 5 K
for the second ramp cycle. The rate of heating and cooling was set to 10 K/min
for both bulk PVAc and PVAc film. The sample was not maintained at any
temperature for a duration longer than the time required for its acquisition. A
typical thermal ramp for PVAc film is shown in Figure 3.1(a) for the second
ramp cycle applied. The range of the temperature ramp cycle was chosen such
that each cycle crosses the T, of the polymer. The first ramp cycle was mainly
performed to anneal the sample so that any thermal history can be erased and to
evaporate moisture content or solvent present in the sample.

3.4.2 Thermal quench

The thermal quench applied to both unprocessed PVAc and PVAc film is shown
in Figure 3.1(b). A Raman spectrum was collected at room temperature at the
beginning of the thermal cycle. Then the sample was heated up to T,y at the
rate of 20 K/min and was maintained at the same temperature for 15 minutes.
Heating the samples up to Ty, was done to erase any thermal history present
within the polymer film. Raman spectrum was also collected at Tps,y. After 15
minutes the sample was quenched with two different quenching rates of 60
°C/min and 100 °C/min up to Tj,y = 10 °C. After quenching the sample was
maintained at the same temperature (T},;7) for 60 minutes. Raman spectrum was
collected as a function of waiting time after quench (t;) at an interval of 5

minutes from 0 minutes to 60 minutes.

3.4.3 Data collection and analysis

The instrument was first calibrated using naphthalene crystal. The data was
collected with STP Data Collection Software and was analyzed using Microcal
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Origin. The acquired spectrum was auto-subtracted from the background
spectrum. The first phase of data analysis included baseline correction of
individual Raman spectra for all the experiments by detrending and fitting with
a polynomial function which was then subtracted from the original spectrum.
The corrected data were then used for further analysis. All the peaks appearing
in the Raman spectrum were individually analyzed using non-linear least
square fitting with Gaussian (3.1), Lorentzian (3.2), and Voigt (3.3) functions.
The best fit was determined for all the peaks and the following parameters were
obtained: peak center, peak height, peak area, and peak full width at half
maximum (FWHM).
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In the above equations, I is the Raman intensity, I, is constant, x represents
the Raman shift (in cmil), X is the Raman peak center (in cmil), w is the full
width at half maximum (FWHM in cm 1), and A is the area under the peak. For
equation 3.3, wg is the Gaussian FWHM and wy, is the Lorentzian FWHM.

3.5 Raman spectrum of unprocessed PVAc and PVAc
film

The Raman spectrum at room temperature for unprocessed PVAc is shown in
Figure 3.2(a). In the unprocessed state, the Raman spectrum of PVAc contains
sharp peaks with the highest peak at around 2800 cm~! - 3100 cm™!
representing the C-H stretching vibrational modes. The peaks in the Raman
spectrum of unprocessed PVAc are labeled in Figure 3.2 (a) and the inset shows
the closely appearing bands which can be deconvoluted into the respective
Raman peaks. Figure 3.2(b) shows two closely appearing Raman peaks which
are deconvoluted into peak 1 and peak 2 using the Lorentzian function
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(Equation 3.2) with peak centers at 1023 cm !, corresponding to C-H bending /
CHj, twisting and at 1126 cm~! corresponding to C-C stretching modes. Peaks 3,
4,5, and 6 are deconvoluted from a band between 1200 cm ! to 1450 cm ™. Peak
3 centered at 1277 cm ™! corresponds to C-H bending / C-H deformation modes.
Peak 4 and peak 5 centered at 1350 cm ! and 1375 cm ™! correspond respectively
to CHy symmetric deformation and CH3 asymmetric deformation. The most
intense peak in the band is peak 6 at 1438 cm~! corresponding to CH,

deformation/ scissoring. Peak 7 centered at 1735 cm !

corresponds to C=0
symmetric stretching and is very prominently observed in the Raman spectra of
unprocessed PVAc. Since it is a part of the acetate group in the side chain, it can
give important information on side chain relaxation. Lastly, the C-H stretching
region around 2800 cm~! - 3100 cm~! representing the C-H stretching
vibrational modes is deconvoluted into 4 peaks with the most intense peak

occurring at 2940 cm ™!

corresponding to C-H asymmetric Stretching in CH,
group of the main chain, and so it can throw light on the main chain dynamics.
The peaks at 2984 and 2857 cm ! corresponding respectively to C-H asymmetric
stretching and C-H symmetric stretching in CH3 group of the side chain are
relatively very weak. A very weak broad peak is also observed at 3025 cm ™!
which can be due to other C-H stretching modes present in the main chain and
side chain of the polymer. The vibrational modes corresponding to the peaks in
the Raman spectrum of unprocessed PVAc are assigned their respective
vibrational modes in Table 3.1 along with the fitting function.

The Raman spectrum of PVAc film at room temperature is shown in Figure
3.3 (a). It is observed that instead of sharp peaks as observed in unprocessed
PVAc, the Raman spectrum of PVAc film consisted a broad band in the region
1000 cm ™! to 2500 cm~! which contains the contribution of several vibrational
modes from the main chain as well as side chain of the polymer. This broad
band was deconvoluted into two Raman bands centered at 1377 cm~! and 1572
cm~! as shown in Figure 3.3 (b). A very weak C-C stretching peak is observed
sometimes around 1100 cm !, but many times it merges within the band. Thus,
the band contains all the modes corresponding to the main chain and side branch
deformations present in the Raman spectrum of unprocessed PVAc. In the C-H

stretching region from 2800 cm ! to 3100 cm ™!

, a single Raman band is observed
in PVAc film instead of four sharp peaks occurring in unprocessed PVAc. The

C-H stretching peak in PVAc film is centered at 2910 cm ! as shown in Figure 3.3
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FIGURE 3.2: (a) Raman spectrum at room temperature (25 °C) of
unprocessed PVAc representing the vibrational modes presented as
peaks in the Raman spectrum. The inset in (a) represents closely
appearing Raman bands which can be deconvoluted into various
Raman peaks. (b) represents deconvolution of peaks 1 and 2 1023
cm~! and 1126 cm™! using Lorentzian function (Equation 3.2) (c)
represents deconvolution of the band between 1150 cm ™! to 1600
cm ! into peaks 3, 4, 5 and 6 using Voigt function (Equation 3.3)
(d) represents peak 7 at 1735 cm™! fitted using Equation 3.3 and
(f) represents deconvolution of Raman band between 2800 cm™!
to 3100 cm~! into peaks 8, 9, 10 and 11 using Lorentzian function
(Equation 3.2). The peaks are assigned their respective vibrational
modes in Table 3.1
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TABLE 3.1: Peak assignments and their peak center at room

temperature (30 °C) for peaks appearing in unprocessed PVAc. The

peak numbers as assigned in Figure 3.2(a). The best fit to the peaks

is determined from non-linear least square fitting results. The peaks

are assigned their respective vibrational modes with the help of
existing literature [34, 36, 37].

Peak No. Peak center (cm™T) Assignment Annotation Character (at 30 °C)
P1 1023 C-H Bending/CH, Twisting vw Lorentz
P2 1126 C-C Stretching vw Lorentz
P3 1277 C-H Bending/ C-H deformation ~vw Voigt, more contribution from Gaussian
P4 1350 CH, Symmetric deformation w Voigt, more contribution from Gaussian
P5 1375 CHjz Asymmetric deformation w Voigt, more contribution from Lorentz
P6 1438 CH) Scissoring + deformation m-w Voigt, more contribution from Lorentz
pP7 1735 C=0 Symmetric Stretching w Voigt, more contribution from Gaussian
P8 2940 C-H Asymmetric stretching, CH, vs Lorentz
P9 2857 C-H Symmetric stretching, CHz ~ vw Lorentz
P10 2984 C-H Asymmetric stretching, CHz w Lorentz
P11 3025 C-H Symmetric stretching vw Lorentz

(c).

Basically, the sharp Raman peaks observed in unprocessed PVAc were
concealed into a broad band in the Raman spectra of the PVAc film. The
broadening of Raman bands on casting the polymer into a film is a distinct
feature that has not been observed so far. To be certain that the broadening is a
property of the polymer and not due to any impurities some control experiments
were performed wherein, the Raman spectrum of a blank glass (processed and
cleaned without depositing film) was collected, no peaks were observed in the
Raman spectrum of glass in the observed spectral range indicating that there is
no contribution of the glass substrate in the Raman spectrum of PVAc film.
Therefore, band broadening is a consequence of casting the polymer into a film.

When a polymer is casted into a film the polymeric chains can adopt a huge
number of different conformations. These different conformations introduce
disorders in the polymeric system [33]. The broadening of the Raman spectrum
is a consequence of induced disorders in the polymer film. As a result of the
increased disorder, the vibrational and rotational energy states of neighboring
modes couple and the band becomes broader due to roto-vibrational transitions
[34]. These disorders also give rise to localization of states [35] which was
verified using UV-Vis spectroscopy and it was observed that instead of a sharp
absorption edge, the spectrum contains a tail which indicates that the states are
localized.
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FIGURE 3.3: (a) Raman spectrum of PVAc film at room temperature
(= 25°C). (b) broad band appearing in the Raman spectrum of PVAc
film, deconvoluted into two peaks using Voigt function (Equation
3.3) and (c¢) Raman band representing C-H stretching vibrational
modes in PVAc film fitted using Lorentzian function (Equation 3.2).

3.6 Effect of thermal ramp

To study the effect of the thermal ramp, the unprocessed and film state of PVAc
were subjected to two thermal ramp cycles. A schematic of the temperature ramp
cycle is shown in Figure 3.1 (a). A substantial change in the peak fit parameters
was observed as a function of temperature during the heating and cooling cycles.

3.6.1 Unprocessed PVAc

The influence of heating and cooling cycles of the thermal ramp on the Raman
spectrum of unprocessed PVAc is evident from Figure 3.4. It can be observed
that during ramp 1, the peaks are more intense during heating as compared to
cooling (Figure 3.4(a)) whereas, during ramp 2, the peaks become more intense
during cooling as compared to the heating (Figure 3.4(b)).

To study the overall effect of thermal ramp in unprocessed PVAc, three peaks
are selected and the variation in their peak fit parameters is observed as a
function of temperature. The selection of peaks was such that it represents the
contribution from both the main chain and side branch of the polymer so that
the overall behavior of the polymer chain can be observed. The three peaks
chosen for further analysis are - Peak 2 corresponding to C-C stretching
vibrational modes present in the main chain of the polymer (the backbone of the
polymer), Peak 7 corresponding to the C=O stretching mode present in the side
chain of the polymer and Peak 8 corresponding to C-H stretching vibrational
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FIGURE 3.4: Effect of temperature ramp (a) ramp 1 and (b) ramp 2

on the Raman spectrum of unprocessed PVAc. A prominent change

in the Raman peaks is observed as a function of temperature during
the heating (red) and cooling (green) cycles.

modes which are present in both the main chain and the side branch of the
polymer.

Figure 3.5 represents the temperature dependence of the peak fit parameters
of peak 2 of bulk PVAc, which represents C-C stretching modes present in the
main chain of the polymer. A pronounced hysteresis is observed in the maximum
peak intensity, Ip1,, (Figure 3.5(b)) and peak area, I;nT (Figure 3.5(c)) in the first
ramp which decreases during second ramp cycle. There is an overall 5% loss
in the recovery of Iy, and 11% loss in the recovery of I;y1 during the thermal
ramp. Whereas, the peak FWHM (Figure 3.5(d)) and peak center (Figure 3.5(e))
fluctuates around 40.65 + 6.17 cm~! and 1125.44 + 1.37 cm ™! respectively. The
study of C-C stretching vibrations provides information about the relaxation of
the main chain (backbone) of the polymer.

To further analyze the thermal response of the side chain of the polymer,
peak fit parameters of peak 7 are studied as a function of temperature. The peak
represents stretching vibrations of the carbonyl (C=0) functional group, located
in the side chain of the polymer. The temperature dependence of peak fit
parameters of peak 7 is shown in Figure 3.6. A behavior similar to the main
chain C-C stretching vibrations is observed in the Iy, Figure 3.6(b) and I;nT
Figure 3.6(c) of the side chain modes with an overall 3% loss in the recovery for
both. A pronounced hysteresis is observed in the ramp 1 (heating-cooling) cycle
which is reduced during ramp 2. The FWHM (Figure 3.6(d)) and peak center
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FIGURE 3.5: (a) C-C stretching peak (peak 2) of unprocessed

PVAc fitted with Lorentzian function (Equation 3.2) at T = 313 K

contributing to the main chain/ backbone of the polymer. Evolution

of this peak as a function of temperature for heating (red) and

cooling (blue) cycles of ramp 1 (R1, solid) and ramp 2 (R2, dashed)

for the peak parameters (b) peak height (Ip1,x), (c) peak area (I;nT),
(d) FWHM and (e) peak center.
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(Figure 3.6(e)) on the other hand remains unaffected by the changing
temperature with a slight variation of 24 & 1 ecm™! and 1736.7 & 0.5 cm™!
respectively. The vibrational modes present in both the main chain and side
chain of the polymer show similar characteristics as a function of temperature
indicating that the relaxation in PVAc is cooperative in the unprocessed state.

The most prominent vibrating mode present in the polymer is the C-H
stretching mode which appears predominantly between 2800 cm ! to 3100 cm !
of the Raman spectrum of PVAc. The C-H modes are present in the main chain
as well as in the side branch of the polymer, and this aspect makes the study of
these modes important since they can give signatures of relaxations in both the
main and side chains of the polymer. The temperature dependence of peak fit
parameters of peak 8 in bulk PVAc which represents the C-H asymmetric
stretching vibrations is shown in Figure 3.7. A hysteresis similar to the one
present in the C-C vibrations of the main chain and C=O vibrations of the side
chain of the polymer is observed in the Iy, and Ijy7 of the C-H modes which
can be seen in Figure 3.7(b) and 3.7(c) respectively. Around 5% loss is observed
in the recovery of I,y and I;y7. Alternatively, the peak FWHM (Figure 3.7(d))
and center (Figure 3.7(e)) remain unaltered during the thermal cycle with a
slight variation of & 0.5 cm ! in both.

3.6.2 PVAcfilm

The effect of the thermal ramp on the Raman spectrum of PVAc film is more
pronounced and evident as compared to unprocessed PVAc which can be seen
from Figure 3.8. During the first ramp cycle, as shown in Figure 3.8 (a) it can be
seen that the Raman bands are becoming broader and more intense as a function
of temperature during heating and cooling cycles. This broadening becomes
more pronounced and the Raman bands become more intense during the second
ramp cycle which can be seen in Figure 3.8 (b). The Raman bands become 10
times more intense during ramp 2 as compared to ramp 1. Due to the presence
of disorders in PVAc film, the thermal ramp crossing the glass transition
temperature can drive the system out of its equilibrium which is more
prominent as compared to unprocessed PVAc.

From the Raman spectrum, the broad Raman band is deconvoluted into two
peaks: peak 2 and peak 3 as shown in Figure 3.9 (a). The effect of the thermal
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FIGURE 3.7: (a) C-H stretching peak (peak 8) of unprocessed

PVAc fitted with Lorentzian function (Equation 3.2) at T = 313 K

which contributes to the side branch of the polymer. Influence of

temperature ramp during heating (red) and cooling (blue) cycles of

ramp 1 (R1, solid) and ramp 2 (R2, dashed) for the peak parameters

(b) peak height (Ip1x), (c) peak area (I;nT), (d) FWHM and (e) peak
center.
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FIGURE 3.8: Effect of temperature ramp (a) ramp 1 and (b) ramp

2 on the Raman spectrum of PVAc film. A prominent change in

the Raman peaks is observed as a function of temperature during

heating (red) and cooling (green) cycles with a remarkable variation
in ramp 2.

ramp is more clear and more evident on analyzing the temperature response of
the peak parameters. Similar to unprocessed PVAc, the peaks in PVAc film also
follow the hysteresis pattern as a function of heating and cooling temperature
cycles. During ramp 1, the Iy, shows a hysteresis pattern for both peak 2 and
peak 3 with a higher I,s,, magnitude for peak 3 as shown in Figure 3.9 (b).
Similarly, I;n1 also represents a hysteresis pattern with a higher quantity for
peak 3 as compared to peak 2 3.9 (c). Both Iy, and IjnT increase during the
heating cycle and decrease during the cooling cycle. An increase in Ipj,, and
I;nT indicates, an increase in the concentration of contributing molecules of that
vibrational mode in the Raman spectrum. This behavior in PVAc film is just the
opposite of the decreasing nature of Iy, and Ijnt of the peaks appearing in
unprocessed PVAc. The FWHM of peak 2 and peak 3 in PVAc film shows a
decrease with increasing temperature and it increases on decreasing the
temperature as shown in Figure 3.9 (d). The hysteretic behavior is also present in
FWHM but the hysteresis is more pronounced in peak 3 as compared to peak 2.
Peak center on the other hand shows comparatively less variation for both peak
2 and peak 3 (3.10 (e)).

During ramp 2, peak 2 and peak 3 of PVAc film becomes more and more
intense with the changing temperature. A representative of peak 2 and peak 3 is
shown in Figure 3.10 (a). Both peak 2 and peak 3 show an increase in I, and
I}y with increasing temperature and decrease in Iy, and I;n7 with decreasing
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temperature as shown in Figure 3.10 (b) for Iy, and in Figure 3.10 (c) for Ijnrt.
The hysteresis in ramp 2 is smaller as compared to ramp 1 but the magnitudes
of Ipay and Iyt have increased to 10 times in ramp 2 as compared to ramp 1.
The FWHM of peaks shows a decreasing character on heating and an increasing
character during cooling as shown in Figure 3.10 (d). Negligible hysteresis is
observed in FWHM for both peak 2 and peak 3. The variation in peak center is
negligible for peak 2 as well as peak 3 during ramp 2 (Figure 3.10 (e)).

The Raman band containing peaks 2 and peak 3 is a contribution from several
vibrational modes (these are present as peak 1 - peak 7 in the Raman spectrum
of unprocessed PVAc), which can result in higher intensity and area under the
band. However, the C-H stretching vibrational mode has a distinct peak, peak 4
in PVAc film which can provide a more precise interpretation of the effect of the
thermal ramp on PVAc film.

The C-H stretching peak and its respective fit in PVAc film are shown in Figure
3.11 (a) and 3.12 (a) for ramp 1 and ramp 2 respectively. During the first ramp,
Inax and Ipnt of peak 4 are observed to increase during the heating cycle and
decrease during the cooling cycle as shown in Figure 3.11 (b) and (c) respectively.
The C-H stretching mode in PVAc film shows a character similar to the peaks in
unprocessed PVAc and opposite to peaks 2 and 3 of PVAc film. There is large
hysteresis in I,y and Iyt of peak 4 during ramp 1. The FWHM of peak 4 also
shows a behavior similar to Iy, and I;yT with a comparatively smaller hysteresis
as shown in Figure 3.11 (d). The peak center of peak 4 also shows a slight shift
towards increasing wavenumbers during the heating cycle and a shift towards
lower wavenumbers during the cooling cycle (Figure 3.11 (e)).

During ramp 2, the peak parameters of peak 4 show a similar but more
pronounced behavior as a function of temperature. The I, and I;y7 show a
hysteresis with a crossover at 313 K which is the temperature close to T, of PVAc
(=~ 310 K) as shown in Figure 3.12 (b) and (c) respectively for I,y and I;y7. This
behavior has distinct relationships with the glassy dynamics of the polymer
which will be discussed in the last section of this chapter. The FWHM for peak 4
during ramp 2 increases to higher values with increasing temperature and
decreases with decreasing temperature, as shown in Figure 3.12 (d) and the peak
center shifts towards higher wavenumbers during increasing temperature and
towards lower wavenumbers during decreasing temperature Figure 3.12(e).
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FIGURE 3.9: (a) The broad bands (peaks 2 and 3) appearing in the

Raman spectrum of PVAc film, deconvoluted using Voigt function

(Equation 3.3) at T = 313 K. Evolution of these peaks as a function

of temperature for heating (red) and cooling (blue) cycles of ramp

1 (R1) for the peak parameters (b) peak height (Iyiay), (c) peak area
(Irnt), (d) FWHM and (e) peak center.
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3.6.3 Analysis of hysteresis in Raman modes peak parameters

The response of unprocessed PVAc and PVAc film to the thermal ramp are very
perceptible, but a common feature in both is the formation of hysteresis during
the heating and cooling cycles of the thermal ramp. The area bounded by
hysteresis gives an insight into the energy dissipated due to the thermal ramp
applied. Since the thermal ramp is crossing the glass transition temperature (T),
the hysteresis observed is most likely due to the variation in the conformational
domains having domain boundaries forming energy barriers between the
various states. The area bounded by the hysteresis is given by ALy, shown in
Figure 3.13 (a). As evident from the figure, the Al,; is higher in PVAc film as
compared to unprocessed PVAc for both ramp 1 and ramp 2. This indicates that
there is a higher number of configuration domains in PVAc film as compared to
the unprocessed state which can be due to the disordered nature of PVAc film
which makes it more vulnerable to driving it out of its equilibrium. Along with
the Al,;, the difference between I;nr during heating and cooling cycles (
AInt) for PVAc film is also remarkably different and high from that of
unprocessed PVAc.

Figure 3.13 (b) represents a comparison of the dI;y7 of peak 7 (centered at
1736 cm 1) of unprocessed PVAc which represents the C=O stretching mode
present in the side branch of polymer and peak 2 of PVAc film (centered at 1350
cm 1) which is a part of the broad band containing contributions from various
vibrational modes present in the polymer. An interesting feature of Al is that
it increases with increasing T/T; for PVAc film whereas it decreases with
increasing T/T, for unprocessed PVAc. The peaks representing the C-H
stretching mode are also compared in Figure 3.13 (c) where peak 8 of
unprocessed PVAc and peak 4 of PVAc film are compared. Here, the Al for
both unprocessed and film state of PVAc, increases with increasing T/Ty till it
reaches a maximum at T/T; = 1, after which the unprocessed PVAc starts
decreasing continuously with increasing T/T; but the PVAc film reaches a
minimum at T/Tg = 1.05 and again starts increasing. A non-monotonic behavior
is found in Al;y7 of PVAc film, as a function of T/Ts.

The larger the hysteresis, the more the number of configurational domains
and the higher the Aljy7r. The behavior of Al of PVAc film represents a
heterogeneous response of the Raman modes as a function of thermal cycling.
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Not only in the C-H stretching mode but also in several other modes as depicted
in Figure 3.13 (b), the variation of AIjnr for PVAc film resembles the
heterogeneous character of the contributing Raman modes. The hysteresis
observed in Raman mode intensities during temperature cycling thus illustrates
the presence of conformational domains or clusters as suggested by the RFOT
theory. In unprocessed PVAc, the Aljyt changes uniformly for both the Raman
modes presented which indicates a smaller number of heterogeneities.
According to RFOT, the glassy dynamics are slow and heterogeneous with
various regions of variable conformational relaxations known as configurational
mosaics. The energy barrier of these configurations around T, is found to be
VkpT46C, = 365 ] for PVAc [38], where AC, is the variation in specific heat
between the equilibrium state and near the glass transition temperature (AC, =
12.4 cal mol™1) for PVAc [15].

3.7 Effect of thermal quench

The thermal relaxations of PVAc were also studied by applying a thermal
quench passing through T¢ for both unprocessed PVAc and PVAc film. The
thermal quench applied is illustrated in Figure 3.1 (b). The effect of thermal
cycling is determined by studying the variation in the Raman peak parameters
as a function of waiting time after quench (t;).

3.7.1 Unprocessed PVAc

The thermal ramp applied to the polymer is carried out at two different quench
rates: 60 °C/min and 100 °C/min. Figure 3.14 represents the Raman spectrum
of unprocessed PVAc as a function of t;, for 60 °C/min (blue) and 100 °C/min
(orange) to study the effect of quench rate on the thermal relaxation behavior. It
is observed that the Raman spectrum is more intense for the quench rate 100
°C with slightly broader peaks. Similar to the thermal ramp, for the thermal
quench of unprocessed PVAc, three peaks are chosen which can give an insight
into the overall behavior of the polymer. The chosen peaks are: peak 2 centered
at 1127 cm™1, representing the C-C stretching modes present in the main chain
of the polymer; peak 7 centered at 1735 cm~! representing the C=0 stretching
modes present in the side branch of the polymer and peak 8 centered at 2940



Chapter 3.

110

RRIXRXIIKIRKRK KKK LXIIRX KKK KLKLIIIRKRS
B R s RS S
D29:9.9:9.9.9.:9.:9:0:9.9.9.9.9.9.9.:9.:9:9.9.9.9.9.9:9:9.9:4

<
o
E
i

ERRXIIKIKIIKIK LKL KIKKIKLKKIKLIILKR] €
KORRIERIKALLAERIEAIAKIIIKIIIIIIIINK] O,

P

Q
000 %000 0 00000000 00 000 000000 0000200000 0000 000000 000 0000 909094 %e %%
R RS

NN E

(929:920.9°0°0°9 9 9 999 099999909999 9999.9.990.999 N
00000 000 00 00 0 0 0000000000000 2000020000000 0960090990909 %% %%
30000000000 000 000000000 000 0’0000000 000000000 000 000000000 000000& P

10

(a)

ERRXIIIIKIX KL IIKIXLIXS|
KOQRIIAEAKAIALEIERERNIRIKL]
RERIIRIALARIERIKIARIRNK]
R0 e e e e e 0 00 02020202020 0 0 0 0 e e e =

A\

[(92920207020-0-0-0-0-0-0-9.
RS
BRRRLRLRLRLL] I~

(92070202020-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0~
B RS SRS SRS
Rel02020202020 02020202020 0 0 0 0 002000 I |

(c)

(b)

1.05 1.1 1.15

Tq

o
g 4«
7]
[
S jw
£2 o
£ £ )
s o 1°
oo
2
=)
lass el Lisas PR Y
w0 < o~
[=} o [=}
- - -~
h}<
7o)
iv.
-
o
i
7o)
i<e
-
T 1+
0
0
[
8 Jw
£5 {2
fred =] o
o~
oo
jo
s
L 1 L 1
© 0 A3 o N
[=} (=} =} [} o
- -~ - = -~
LNI

<

T/

TIT,

ramp 2. (b) The change in the area under the

peak I;yt during the heating and cooling cycle represented as AljnT

(@) The area covered by the hysteresis loop for

unprocessed PVAc and PVAc film due to the thermal ramp cycle,
vs T/ T, for peak 2 of PVAc film and peak 7 of unprocessed PVAc.
(c) The change in the area under the peak I;ny7 during the heating

and cooling cycle represented as Aljnyt vs T/ T, for peak 4 of PVAc
film and peak 8 of unprocessed PVAc

R1 =ramp 1 and R2

FIGURE 3.13:



3.7. Effect of thermal quench 111

cm ! representing the C-H stretching mode present in both the main chain and
side branch of the polymer.

The C-C stretching mode for unprocessed PVAc is shown in Figure 3.15 (a).
For both the quench rates, the maximum peak intensity (Ip1;y) shows an
increasing/decreasing behavior as a function of t,, as shown in Figure 3.15 (b).
For 60 °C/min quench rate, the Iy, decreases with increasing t,, up to 20
minutes, after which it starts increasing and for 100 °C/min the minima are
observed after 35 minutes of quench. The I;nT also shows a response similar to
Inax but the variation in Ijyt is more discontinuous (Figure 3.15 (c)). The Ipgax
and I;y7 for peak 2 are observed to be higher for 100 °C/min as compared to 60
°C /min. The FWHM shows a slight decrease of 25 cm™! during 60 °C/min
quench rate up to 20 minutes, after 20 minutes, the FWHM shows a fluctuating
response (Figure 3.15 (d)). For 100 °C/min quench rate, the FWHM shows a
negligible change with random fluctuations with increasing t;,. The peak center
for peak 2 fluctuates as a function of t;,, with larger fluctuations for 60 °C/min
quench rate.

The effect of thermal quench on peak 7 representing C=0 stretching mode is
shown in Figure 3.16. The Iy, and Ijy7 for peak 7 show a fluctuating behavior
with random increase and decrease in their magnitudes as shown in Figure 3.16
(b) and (c) respectively for Iy, and Ijn7. It is observed that the I,y and Ijnt for
100 °C/min are higher than that of 60 °C/min. The FWHM and peak center on
the other hand are the same for both the quench rates and they are also found to
fluctuate with increasing t,,. The peak FWHM is found to fluctuate withing & 1
cm~! (Figure 3.16) and peak center fluctuates within & 0.5 cm~! (Figure 3.16 (e)).

The effect of thermal quench on peak 8 representing C-H stretching mode is
shown in Figure 3.17. The response to thermal quench for peak 8 is similar to
that of peak 2 and peak 7 where the Iy, and I;y7 show a fluctuating behavior
with random increase and decrease in their magnitudes as shown in Figure 3.17
(b) and (c) respectively for Iy, and Ijnr. It is observed that the Iy, and IjnT
for 100 °C/min are higher than that of 60 °C/min. The FWHM and peak center
on the other hand are the same for both the quench rates and they are also found
to fluctuate with increasing t,,. The peak FWHM fluctuates withing 4- 0.5 cm !
(Figure 3.17) and peak center fluctuates within + 0.3 cm~! (Figure 3.17 (e)).

A very common factor observed in the response of peak parameters as a
function of t, after quench for all the peaks in unprocessed PVAc is that the
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FIGURE 3.14: Time evolution of the Raman spectrum of
unprocessed PVAc as a function of waiting time after quench (t,)
for two quench rates 60 °C/min (blue) and 100 °C/min (orange).
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Time evolution of the peak fit

parameters (b) peak height (Ipy), (c) peak area (I;nT), (d) FWHM,
and (e) peak center as a function of waiting time after quench (ty)
for two quench rates 60 °C/min (blue) and 100 °C/min (orange).
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faster quench rate (i.e. 100 °C/min) has a higher Iy, and Ijn7. Increase in
values of Iy, and Ijnyr is a signature of an increasing concentration of
contributing molecules of the respective vibrational mode. This indicates that
for faster quench rates there are more number of molecules excited which are
contributing to the Raman spectrum which suggests that a faster quench rate
can drive the unprocessed PVAc out of its equilibrium conditions.

3.7.2 PVAcfilm

The effect of thermal quench on the Raman spectrum of PVAc film is shown in
Figure 3.18. Since the film state of PVAc has a disordered character, the thermal
quench passing through the Ty is able to drive the system in its glassy state. In
Figure 3.18, the blue curves represent the Raman spectrum of PVAc film as a
function of t; after quenching at a rate of 60 °C/min and the orange curve
represents the Raman spectrum of PVAc film as a function of t;, after quenching
at a rate of 100 °C/min. It is evident from Figure 3.18 that the quench rate of 60
°C/min has a higher effect on the Raman spectrum of PVAc film. To get a deeper
insight into the thermal response of PVAc film, the three peaks appearing in the
Raman spectrum of PVAc film were critically analyzed by studying the
variations in peak fit parameters as a function of t;.

The peak 2 deconvoluted from the broad Raman band in the Raman spectrum
of PVAc film is shown in Figure 3.19 (a) which contains contributions from several
vibrational modes appearing in the main chain as well as the side branch of the
polymer. For 60 °C/min quench rate, the time evolution of Iy, (Figure 3.19
(b)) and I;y7 (Figure 3.19 (c)) as a function of t;, show a continuous increasing
behavior with increasing time with a maximum at 35 minutes after which there
is a slight decrease with increasing t,,. For 100 °C/min quench rate, the I3, and
I;nT show a continuous increase as a function of t,,. It can be observed that the
Iniax and Ijnr for 60 °C/min have higher magnitude as compared to 100 °C/min,
this behavior is opposite to the response to thermal quench of unprocessed PVAc.
The FWHM for peak 2 of PVAc film shows a decreasing behavior as a function
of t, for both quench rates (Figure 3.19 (d)) whereas the peak center shows an
increase towards higher wavenumbers with increasing t,, for both quench rates
(Figure 3.19 (e)).
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FIGURE 3.18: Time evolution of the Raman spectrum of PVAc film
as a function of waiting time after quench (t,) for two quench rates
- 60 °C/min (blue) and 100 °C/min (orange).
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FIGURE 3.19: (a) Peak 2 of the Raman band appearing in the Raman
spectrum of PVAc film, fitted using Voigt function (Equation 3.3).
Time evolution after quench for two quench rates - 60 °C/min (blue)
and 100 °C/min (orange) of the peak fit parameters (b) peak height
(Imax), (c) peak area (I;nT), (d) FWHM and (e) peak center.
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The peak 3 deconvoluted from the broad Raman band in the Raman spectrum
of PVAc film is shown in Figure 3.20 (a) which contains contributions from several
vibrational modes appearing in the main chain as well as the side branch of the
polymer. For 60 °C/min quench rate, the time evolution of Iy, (Figure 3.20
(b)) and I;nT (Figure 3.20 (c)) as a function of t,, shows a continuous increasing
behavior with increasing time with a maximum at 35 minutes after which there
is a slight decrease with increasing t,. For 100 °C/min quench rate, the Iy,
shows a continuous increase as a function of t, and Ijn7 shows a decreasing
character with t,,. Similar to peak 2 of PVAc film, the I, and I;nT for 60 °C/min
have higher magnitude as compared to 100 °C/min. The FWHM for peak 2 of
PVAc film shows a continuous decrease as a function of t,, for both quench rates
(Figure 3.20 (d)) whereas the peak center increases to higher wavenumbers with
increasing t,, for both quench rates (Figure 3.20 (e)).

The C-H stretching mode represented by peak 4 of PVAc film is shown in
Figure 3.21 (a). The Iy, (Figure 3.21 (b)) and I;nt (Figure 3.21 (c)) for peak 4
after quenching at a rate of 60 °C/min show a behavior similar to peak 2 and
peak 3 of PVAc film which increases with increasing t,, with a maximum at 40
minutes followed by a slight decrease. For quench rate 100°C/min, the I, and
I;nT show a maximum at 35 minutes, after which it starts decreasing. The I,y
for peak 4 during 60 °C/min is slightly higher than I4,, during °C/min and the
I;nT of peak 4 is almost the same during both quench rates. The FWHM of peak
4 shows an increasing character during both the quench rates with maxima at
35 minutes as shown in Figure 3.21 (d). After 35 minutes the FWHM is found
to decrease with t;,. The peak center for peak 4 of PVAc film shows an increase
towards higher wavenumbers with a maximum at 40 minutes after quenching
with a rate of 60 °C/min and it decreases towards lower wavenumbers with a
minimum at 35 minutes after quenching with a rate of 100 °C/min.

The fluctuations in the temporal evolution of the peak parameters for both
unprocessed PVAc and PVAc film represent the variation in the molecular
architecture of the polymer domains. The increasing Iy, is a representation of
the increasing concentration of the contributing molecules to the Raman
spectrum. The fluctuation in Iy, as observed in unprocessed PVAc and PVAc
film indicates that there is a presence of heterogeneity in the contributing
molecules. Another important factor in the determination of thermal response is
the variation in FWHM where the increase in FWHM could be due to
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FIGURE 3.20: (a) Peak 3 of the Raman band appearing in the Raman
spectrum of PVAc film, fitted using Voigt function (Equation 3.3).
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and 100 °C/min (orange) of the peak fit parameters (b) peak height
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enhancement in molecular mobility within the polymer matrix.  Peak
broadening in the Raman spectrum represents higher mobile regions and the
fluctuations in the Raman peak FWHM show a signature of heterogeneous
regions of high and low mobility. This signature of Raman peak parameters
represents the presence of heterogeneities at the molecular scale and Raman
spectroscopy in this case has proved to be a useful tool to probe these
heterogeneities. The existence of molecular mobility is due to the thermal
relaxations introduced in the polymeric system due to the thermal perturbations
applied.

3.8 Thermal relaxation of Raman modes

When the temperature of a polymer is increased, several thermally activated
molecular motions and conformational changes are introduced and the system is
said to be relaxing. The relaxation process in polymers is governed by molecular
motions which can be a cooperative motion of large chains of the polymer or can
be due to the local motion of small parts of the polymer. The temperature ramp
cycle provides enough thermal energy for the polymeric molecules to move
along each other, it creates several variations in the inter-molecular and
intra-molecular conformation and orientation of the polymer. This motion
induces several vibrational and rotational transitions inside the molecule which
can be visualized in the Raman spectrum. The variation in peak height, area,
FWHM, and center of the Raman peaks due to the thermal cycles indicate the
presence of a thermally activated relaxation process.

The relaxation process can be categorized into « and B relaxation. The f
relaxation is the relaxation of local monomeric units or can be known as
structural relaxation. When the molecules are trapped in a cage-like potential
well they require some amount of energy to come out and relax, the thermal
cycle provides this energy to the molecules and the molecule starts relaxing.
This minimum amount of energy required by the molecule to relax is known as
the activation energy denoted by E,. The B relaxation mainly follows the
Arrhenius equation which is given by:

E
Ty = TpeXp hﬁ“ (3.4)
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FIGURE 3.22: (a) The temperature dependence of normalized I;yt

for peak 4 of PVAc film follows a VFT relation after T (shown

by red dashed line and an Arrhenius equation before T,). (b) The

temperature dependence of normalized I;n7 for peak 2 and peak 8
of unprocessed PVAc fitted with VFT relation.

The a relaxation attributes to the macro-molecular changes in the polymer
which includes large segmental motion of the polymer chains on approaching
T,. For fragile glass formers wherein the relaxation is governed by & relaxations,
the effective activation energy which is determined by the Arrhenius behavior
increases with temperature and this behavior is known as non-Arrhenius
behavior which is represented by the Vogel Fulcher Tamann (VFT) Equation
given by:
DTy

T—To

The VFT equation suggests that the relaxation time diverges from Arrhenius

Ta = To €XP (3.5)

behavior at a finite temperature Tp known as fictive temperature which
represents the presence of a phase transition and D is the fragility index where
smaller D indicates that the glass is more fragile[11, 39].

To determine the relaxations present inside unprocessed PVAc and PVAc
film, the peak area (I;nT) for the peaks is plotted as a function of temperature
during the cooling cycle of the second ramp; since the first ramp was mainly
performed to anneal the polymer so it is not considered for further analysis.
Figure 3.22 (a) represents the normalized I;y7 of peak 4 in PVAc film as a
function of temperature. The I;yt is normalized by the maximum I;yt which is
occurring at T = 353 K, and the normalized I;yT is denoted by IITNT. The thermal
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response of PVAc film can be divided into three regimes representing the
characteristic relaxations. It can be observed that the I;y1 reaches a maximum at
a temperature near T¢ and then decreases with increasing temperature. Since the
relaxations have their characteristic temperature upto which the relaxation
behavior can be observed so the regimes were fitted to Arrhenius (Equation 3.4)
and VFT equation (Equation 3.5) and it is observed that as the temperature is
cooled from 353 K to 313 K, there is an « relaxation regime given by VFT relation
(Equation 3.5) which represents that the relaxation of the polymer chain is
cooperative along the length of the polymer and when the temperature is
decreased further, the relaxation dynamics experiences a transition from the
cooperative dynamics to activated dynamics also known as f relaxation, which
is represented in the form of Arrhenius relation (Equation 3.4). This transition
from « to B relaxation is evident in peak 4 of PVAc film (Figure 3.22 (a)) and the
point where this transition occurs is found to be near T, of the polymer. The
other two peaks present in the Raman spectrum of PVAc film are unable to
distinguish between the a and B relaxation because these peaks involve
contributions from a lot of vibrational and rotational modes present within the
polymer.

It is evident from the above results that with decreasing temperature, the
polymer chain relaxes with a macro-molecular segmental motion until the
temperature reaches its T,. Below T, the dynamics become slower and a local
motion of the monomeric molecules is observed. The  relaxation is a signature
of the dynamic arrest which is observed on cooling below the T,. The deviation
towards the Arrhenius behavior on approaching T, also indicates the increasing
fragility of the polymer. This divergence of the dynamics on approaching the T,
is in agreement with the dielectric measurements in PVAc glass former where
Arrhenius-type behavior is observed below Ty [40]. The results also support
Yang’s prediction based on energy landscapes that there is no divergence from
the Arrhenius behavior below T, [41].

In unprocessed PVAc, the peak area (I;y7) is plotted as a function of
temperature for peak 2 from region 1 which represents C-C stretching vibrations
in the main chain of the polymer, and peak 8 in region 3 which represents C-H
asymmetric stretching vibrations in unprocessed PVAc. To determine the
characteristic relaxation of different modes the I;yt as a function of temperature
the I;y7 for unprocessed PVAc is normalized with the maximum I;yt which
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occurs at T =293 K and is fitted with 3.4 and 3.5. It is observed that unlike PVAc
film, the unprocessed PVAc only contains a single relaxation regime as shown in
Figure 3.22 (b). The I;nyt for unprocessed PVAc follows the VFT equation (3.5)
which indicates the presence of « relaxations. Hence, in unprocessed PVAc, the
thermal cycle is unable to provide energy for the monomers to relax instead the
relaxation is mainly governed by the change in the long segmental motion of the
polymer chains. The p relaxation regime which is prominently appearing in the
PVAc film did not appear in the applied temperature range for unprocessed
PVAc. The onset of B relaxation has shifted to a lower temperature in
unprocessed PVAc as compared to PVAc film therefore we are able to capture
only « relaxation regime in the unprocessed PVAc. The VFT fit of the peak area
in unprocessed PVAc is shown in Figure 3.22(b). The fitting results are given in
Table 3.2 for the Arrhenius fitting and in Table 3.3 for VFT fitting respectively.

For the C-H stretching mode of PVAc film, the thermal relaxations fit better
to the Arrhenius equation (3.4) which shows a predominance of thermally
activated relaxation process which is dominated by conformational changes
with an activation energy of 27 £+ 3 kJ/mol. During the heating cycle, the
activation energy increases to 71 £ 6 kJ/mol which is more than double the
energy during the cooling cycle but this behavior is dominant only up to 308 K.
Similar results are obtained for peaks 2 and 3 of PVAc film which are given in
Table 3.2 but the crossover from the thermal relaxations is only observed in the
C-H mode of PVAc film. The VFT fitting for the C-H stretching mode in PVAc
film is found beyond 308 K and the fragility of the film is determined from the
film which is found to be 0.087 £ 0.026. In unprocessed PVAc, both C-C as well
as C-H modes are fitting well with a VFT function (3.5) as shown in Figure
3.22(b), and the fragility index for the modes is found to be D¢ =0.058 + 0.027
and Dcy = 0.01793 + 0.01197 respectively. From the fragility index, one can
interpret that the unprocessed state of PVAc is more fragile as compared to the
film state.

It is evident from Figure 3.22 that the relaxations in unprocessed PVAc are
non-Arrhenius and the molecular motion is dominated by the macro-molecular
chain motion of the polymer. On the other hand, a crossover from
non-Arrhenius to Arrhenius behavior is observed in the PVAc film. A localized
motion is observed prominently in the film state of PVAc below T,. Significant
differences are observed in the relaxations of the unprocessed and film state of
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TABLE 3.2: Calculation of activation energy from the Arrhenius fits
(Equation 3.4) of the integrated peak intensities (I'y;) of Raman
peaks 2, 3 and 4 of PVAc film.

Peak No. Intercept (In1,) Slope E, (KJ/mol)
Ramp 2 Heating P4 26 +2 8508 71x6
Ramp 2 Cooling P4 10 +1 33+03 27+3
Ramp 2 Heating P2 41 +4 13+1 112 11
Ramp 2 Cooling P2 21 +5 7+1 61 +13
Ramp 2 Heating P3 20 + 3 6.7+09 557
Ramp 2 Cooling P3 14 +2 49+08 416

TABLE 3.3: Fitting results of integrated peak intensities as a function

of temperature (I73#K) fitted with VFT equation (Equation 3.5)

during cooling cycle of thermal ramp 2.

Peak No. a D Ty (K)

2. (Bulk PVAc) 046 +£0.09 0.007+0.01 300+1

7. (Bulk PVAc) 0.51 +0.03 0.006 +0.005 299.9 +0.7
8.(Bulk PVAc) 0.67 £0.03 0.002 +0.002 301+0.3
4. (PVAc Film) 0.35+0.02 0.08 + 0.02 277 +5

PVAc. A similar study on the bulk and film state of polystyrene using optical
photobleaching technique [22] has reported the deviation from the bulk
behavior for the glassy state of the polymer film. Many other evidences of the
transition between Arrhenius and VFT-like dynamics have been reported below
and above T,.

3.9 Summary

The present study reveals a clear distinction observed in the Raman mode
relaxations of PVAc in the film state and unprocessed PVAc. Although the PVAc
film is reasonably thick and its glass transition temperature is hardly different
from the unprocessed PVAc, resulting in much lower interfacial interactions and
confinement effects than observed in the nanometer-scale polymer films,
thermal cycling through T, leads to stronger hysteresis in the film compared to
the unprocessed state, implying enhancement in the number of configurational
mosaics (in the context of the RFOT) leading to larger interfacial energy
dissipations in the film state. A large number of closely spaced conformational
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modes is also reflected in the broadening of the Raman bands in the film. In the
case of unprocessed PVAc, where the Raman modes of the polymer are
discerned, thermal cycling through T, clearly shows the coupling between the
main chain C-C modes with the side chain C=0, CH; modes and the C-H
stretching modes, which is evident from trends in the peak area for all the
modes also shown in Figure 3.23 and a strong correlation is also observed in
these modes which will be discussed in next chapter. Neutron scattering
experiments with PVAc have seen this coupling between the main chain and
side chain relaxations, or intra-chain cooperativity [42]. These neutron scattering
experiments also observe strong inter-chain correlations in PVAc. Signatures of
enhanced correlations due to dynamic heterogeneities in the glassy state have
been observed in computer simulations of athermal systems [43]. Strong
support for growing correlation length scale and shapes of cooperatively
rearranging regions as predicted by RFOT is observed in video microscopy
experiments in colloidal glass formers [44]. In the present study, we have
focussed on the molecular relaxations of a polymer glass in the context of a
purely thermodynamic framework as supported by the RFOT. However, a study
of these glass formers in the context of the dynamic facilitation theory, which
takes into account the concerted structural relaxations arising as a result of the
propagation of localized defects would be interesting, and possible by single
molecule studies of structural relaxations in polymer glasses, which can give
more insights into the structural origins of the cooperative heterogeneous
dynamics in polymer glasses.
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