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ABSTRACT: The methyl group dynamics in a glassy polymer, poly(vinyl acetate) (PVAc), has been
investigated by quasielastic neutron scattering in a temperature range from 50 to 300 K, below its glass
transition temperature (Ty = 315 K). We have used three different neutron spectrometers covering a
wide dynamic range from 1078 to 107%2 s, The data have been analyzed in the framework of the rotation
rate distribution model, which was previously introduced by us to interpret methyl group dynamics in
glassy polymers. This framework has proved to be a better approximation than an alternative approach
based on the Kohlrausch—Williams—Watts function, when a wide dynamical range is considered. The
results obtained for PVAc have been compared with those corresponding to four other polymers: poly-
(vinyl methyl ether), poly(methyl methacrylate), polyisoprene, and poly(dimethylsiloxane), which have
also been analyzed in the same theoretical framework. While the average activation energy barrier for
methyl group rotation is determined by the chemical structure of the monomer, the width of the
distribution of activation energy barriers seems to be mainly controlled by intermolecular disorder and
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packing conditions.

1. Introduction

Dynamics in polymer systems involves motion that
are spread over a broad range in time scalel2 from the
very slow processes involved in the viscous flow to the
so-called fast dynamical processes detected in the
picosecond range. Among them, the more usually
investigated are the terminal relaxation, which is
strongly dependent on the molecular mass, the segmen-
tal dynamics or the a-relaxation, which is connected to
the glass transition phenomena characteristic of any
glass-forming system, and the secondary relaxations,
which are more local and believed to be responsible for
the mechanical properties of glassy polymers. However,
in polymers having side groups, other processes related
to very local internal motions are also expected. In fact,
at low temperatures, where the polymer chain back-
bones are frozen and the secondary relaxations are very
slow, motions associated with small units of the side
groups attached to the main chain remain active.
Depending on the location of a relaxing unit in a side
chain and on the local configuration around it, the
characteristic relaxation times can be very different.
Low barriers to rotations and large rotational constant
B = k221 (I is the moment of inertia and A is Planck’s
constant) of methyl side groups allow a fairly fast
rotational motion compared to other side groups. The
dynamics of methyl side groups are studied very con-
veniently by quasielastic and inelastic neutron scatter-
ing,22 due to the matching time scale and inherent large
scattering cross section of the proton associated with
the methyl group. The librational mode, which can be
observed in the inelastic neutron scattering (INS)
experiments, provides information on the potential

T On leave from Solid State Physics Division, Bhabha Atomic
Research Centre, Mumbai 400085, India.

S0024-9297(97)00575-5 CCC: $15.00

barrier hindering the methyl group and it is in general
observed when the methyl group is directly linked to
the main polymer chain. However, if the methyl group
exists as a part of an ester or ether group attached to
the main chain as in poly(methyl methacrylate), poly-
(vinyl methyl ether), and poly(vinyl acetate), for in-
stance, these librational modes are hardly observable.
In addition to libration, the methyl group can perform
random rotational jumps over the potential barriers.
These classical hopping processes can be observed by
neutron scattering as a broadening of the elastic line,
which is known as quasielastic scattering.® In this case,
the width of the quasielastic broadening is a measure
of the jumping rate and the amplitude contains infor-
mation of the geometry of the motion.

The quasielastic neutron scattering (QENS) technique
has been successfully applied for the last few decades
to investigate thermally activated molecular motions in
molecular solids and liquids, and an innumerable
number of systems have been studied so far. However,
only a few QENS studies have been reported for methyl
group motions in polymeric systems,*~10 namely, in poly-
(methyl methacrylate) (PMMA), poly(vinyl methyl ether)
(PVME), poly(propylene oxide) (PPO), polyisoprene
(PIP), and poly(dimethylsiloxane) (PDMS). The usual
data analysis procedure developed for molecular crystals
has resulted in unphysical parameters when attempted
on the above-mentioned polymeric systems. Thus forc-
ing fits to a simple model for methyl group rotation can
result in inconsistencies in the temperature dependence
of relaxation rates as was shown in ref 6. Recently it
has been realized that for the amorphous polymeric
materials, the effect of structural disorder has to be
taken into account to describe the dynamics of methyl
groups. Due to the amorphous nature of the materials,
the rotating methyl groups are in different local envi-
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ronments, which in turn produces a distribution of
energy barriers instead of a single one. This effect was
clearly seen in ethylbenzene, where the methyl group
librational mode was found to get broadened drastically
for a quenched sample.’! Distributions of molecular
correlation times were used by Connor, among others,
to describe the results obtained by NMR measurements
and in particular by Schmidt et al. to interpret deuteron
NMR data of methyl group reorientation in polycarbon-
ate.12 In the case of QENS measurements, and in order
to take disorder effects into account, two different
approaches have recently been attempted. In one case
we have used a log-Gaussian function for the jumping
rate distribution (rotational rate distribution model
(RRDM))® to describe the methyl group dynamics in
PVME. Very similar and compatible with the RRDM,
a Gaussian distribution of activation energies was used
by Frick and Fetters” to describe the temperature
dependence of the energy-resolved elastic scattering
data from PIP. In the other case, Arrighi et al.8
analyzed the data of PMMA and PVME by transforming
the experimental spectra into the time domain and
assuming a functional form based on the Kohlrausch—
Williams—Watts (KWW) (stretched exponential func-
tion) for the intermediate scattering law, 1(Q,t). A 3-fold
rotation of the methyl group is assumed in both meth-
ods. In fact, recent computer simulations31 carried
out on PMMA and PIP seem to support that a 3-fold
rotation for the methyl group is a quite good ap-
proximation.

The main problem of QENS measurements is that the
dynamical range covered by a single instrument is
rather narrow (generally no more than 2 decades)
whereas disorder leads to a wide distribution of jumping
rates for the methyl group in polymers. Therefore, it
is clear that in order to properly check different theo-
retical models for methyl group dynamics in polymers
and disorder systems in general, the experimental
dynamical range has to be extended by combining
several neutron spectrometers. This is the main goal
of the present paper. We have used two time-of-flight
(TOF) spectrometers, IN6 and IN5, with dynamical
ranges: 10711-10"18 s and 10719-10"12 s, respectively,
and a backscattering spectrometer, IN16, with dynami-
cal range 1078-10719 s at the Institute Laue Langevin
(ILL), Grenoble, covering 4 decades in the quasielastic
energy range. As polymer system, we have used poly-
(vinyl acetate) (PVACc), a well-known glass former that
belongs to the same group of PVME and PMMA, as far
as methyl group dynamics is concerned. Moreover,
earlier NMR studies!® have reported that in PVAc the
methyl group should have a very low barrier to rotation.
Further, the segmental dynamics of PVAc has been
studied in great detail'® using several techniques
(dielectric, dynamic mechanical, nuclear magnetic reso-
nance measurements, and light scattering), and it seems
to be decoupled from any local motions in the temper-
ature range up to the glass transition. Thereby, methyl
group dynamics can be explored in a wide temperature
range

Experimental details are given in the next section,
whereas the theoretical aspects are given in section 3.
The results are presented in section 4 and the discussion
is given in section 5 where a comparison of the results
obtained in the present work and the earlier reported
ones for other polymers is also given. The conclusions
are given in section 6.
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2. Experimental Details

The poly(vinyl acetate) sample investigated had an average
molecular weight of My, = 93 080. The chemical formula of
the repeating unit of PVAc is

en—guf;
O—C—CHjs
g

Differential scanning calorimetric (DSC) measurement showed
a glass transition temperature (Tg) of 315 K at a heating rate
of 10 K/min. Sample films were made by casting from
adequate solutions of the polymer and dried under vacuum at
about T + 80 K. A sample of thickness 0.07 mm was used to
get a transmission higher than 90% allowing multiple scat-
tering effects to be neglected. The samples were kept in a flat
aluminum sample holder.

The neutron quasielastic scattering experiments were car-
ried at the ILL, Grenoble. Time-of-flight (TOF) spectrometers,
IN6 and IN5, with incident neutrons of wavelength, 4, equal
t0 5.12 and 6.5 A respectively provide elastic energy resolutions
(full width at half-maximum, fwhm) of about 100 and 45 ueV.
In the IN16 backscattering spectrometer the wavelength of
the incident neutrons was set to 6.3 A resulting in an elastic
energy resolution of nearly Gaussian shape with fwhm of 1
%\ev and a Q (momentum transfer) range between 0.2 and 1.9

-1

Quasielastic spectra were recorded at different temperatures
in the range from 50 to 300 K. The raw data were corrected
for detector efficiency, sample container, and absorption using
the standard programs available at the ILL. For IN6 and IN5
data, the scattering function S(Q,w) at constant Q was
obtained from S(6,w), where 6 is a given scattering angle and
hw is the energy transfer, by interpolation using the code
Ingrid. After this procedure the practical Q-range for IN5 and
IN6 was reduced to 0.6—1.8 A1,

The resolution functions of the spectrometers were deter-
mined from the measurement of a standard vanadium sample
having solely elastic scattering.

3. Theoretical Aspects

(a) Simple Rotational Model for Methyl Group
Rotation. In a neutron scattering experiment the
measured intensity is proportional to the double-dif-
ferential cross section®

2
33)309 N Kﬁo[ocohscoh(Q'w) + GincSinc(Qrw)] (1)

where S(Q,w) is known as the scattering law and the
subscripts coh and inc denote the coherent and incoher-
ent components. k and ko are the final and initial
wavevectors being Q = |k — kp|. Polymeric systems
mainly contain protons that have a large incoherent
neutron scattering cross section (80 barns, with respect
to its coherent part, 1.7 barns, and with respect to the
other elements in the monomer: 5.5 barns total cross
section for C atoms, 4.2 barns for O atoms). Therefore,
in a neutron scattering experiment from a protonated
polymer the observed dynamics mainly corresponds to
the self-correlation function of the protons S(Q,w) =
Sinc(Q,w). The incoherent scattering law for methyl side
groups, Sm(Q,w), undergoing simple jump rotations with
the same jumping rate can be written as®

Su(Q.w) =A(Q)(w) + {1 — AQ)}L(») (2

The first term in the above equation is the pure elastic
component with A(Q) representing the so-called elastic
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incoherent structure factor (EISF), which provides
information related to the geometry of the motion. It
can be shown?® that in the case of methyl groups
performing rotational jumps within a 3-fold potential
A(Q) can be written as

AQ) =31 + 2ig(Qr)] ®3)

where jo(X) is the zeroth-order Bessel function and ry-p
is the hydrogen—hydrogen distance in the CHj3 group.
The second term in eq 2 is the quasielastic part with
L(w) a Lorentzian function which is given by

L) =1 51— @

where T, the half width at half-maximum (hwhm) of the
Lorentzian function, is the jumping rate that is in-
versely proportional to the reorientation time, . The
temperature dependence of T' is usually expressed by
an Arrhenius law:

Ir(m=r, exp(— kBLT) (5)

where E is the activation energy barrier for rotation and
ks the Boltzmann constant. The prefactor, I'., is related
to the attempt frequency. In this model it is assumed
that the molecule oscillates about the equilibrium
orientations for an average time t and then instanta-
neously jumps to a new equilibrium orientation.

(b) Rotational Rate Distribution Model (RRDM)
for Methyl Group Rotation. The simple model
described above is generally used for molecular crystals,
but as mentioned in the Introduction, it does not work
for glassy systems. Due to the existence of the struc-
tural disorder, which is inherent to the glassy state, the
methyl groups in a glassy polymer have different local
environments arising from both the lack of regularity
of the main-chain conformation and the different local
packing conditions. This manifests itself in different
rates of rotation. Starting from this basic idea, we
introduced in ref 6 a rotation rate distribution model
(RRDM) to describe the methyl group dynamics in
glassy polymer systems. In the RRDM, the jumping
rate is assumed to be distributed but the origin of such
a distribution can be either a distribution of the activa-
tion energies or a distribution of the attempt frequen-
cies, or both simultaneously. Thus, the incoherent
scattering model function, Su(Q,w), is constructed by
generalizing expression 2 with a continuous distribution
of jumping rates g(log I)

SM(in) =
w0 1 T
AQ)o() +{1 - AQ)} /-, g(log 0> Pt d(log I)
(6)

As a first approximation g(logl') is assumed to be
Gaussian-like (log-normal distribution), i.e.:

1 1 of T
— —log‘|= 7
oV 21 20° J (Fo)] )

g(logT) = exp

where ¢? is the variance of the distribution function and
T'o the hwhm of the most probable Lorentzian compo-
nent. To compute numerically the scattering law a
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discrete form of eq 6 is more convenient

N

Su(Q@) = A(Q)d(w) +{1 — AQ)} ) giLi(«) (8)

where now Li(w) are Lorentzian functions of hwhm T
and the weight factors g; are obtained by sampling the
distribution of jumping rates, that is, gi J g(log I';). The
proportionality constant is taken to ensure the condition
Yi=1Ngi = 1, and the values of log[T'i/To] are taken equally
spaced in the range +30. We have found that a number
N of Lorentzian components equal to 20 is sufficient to
evaluate Sy(Q,w), in the sense that a higher number
does not modify significantly the calculated Su(Q,w)
functions.

In polymeric systems, normally, one has contributions
to the total scattering from scattering centers other than
the methyl group protons. In particular, one can have
main-chain protons and other atoms that do not par-
ticipate in the methyl group rotation. At low temper-
atures, all of these contributions can be assumed to be
elastic, that is, having characteristic times much higher
than the reciprocal of the hwhm of the resolution
function corresponding to the used spectrometers. It
is also assumed that vibrational motions of the atoms
and reorientational motions of the methyl group are
uncoupled. Thus, the model function for the total
scattering from the sample should be written as

S(Qw) =e 2" [Caxd(@) + (1 — CrISu(Q.w)]  (9)

where csix refers to the fraction of the total scattering
due to all the atoms other than the methyl group
protons, and the factor exp(—2W), which accounts for
the intensity loss due to vibrational motions, corre-
sponds to what is known as the Debye—Waller factor
(DWF), with W = Q2 [i2(J6, i*[being an effective mean
square displacement.

4. Results

Typical quasielastic spectra from PVAc obtained with
the above mentioned three different instruments (IN5,
IN6, IN16) are shown in Figure 1 in comparison with
the corresponding instrumental resolution functions. To
facilitate the comparison, the spectra have been plotted
in the same unified scale (5% of the intensity of the
elastic peak). The contribution of the methyl group
dynamics in the different energy windows covered by
the different instruments is clearly evident. The tem-
peratures at which a clear quasielastic broadening is
observable change with the chosen spectrometer. It is
apparent that at low temperature the instrument hav-
ing higher resolution (IN16) is suitable to study the
methyl group dynamics whereas IN5 and IN6 instru-
ments are more adequate for the intermediate and high
temperatures. Thus, the whole temperature range (50
K < T < 300 K) can be studied conveniently by
combining these three instruments.

The S(Q,w) data have been analyzed in the framework
of the RRDM which was already applied to PVMES® as
mentioned in the Introduction. The fitting procedure
was also very similar to that adopted for PVME. We
used the scattering law corresponding to the RRDM (eqgs
8 and 9) convoluted with the instrumental resolution.
We have assumed an additional flat background for the
analysis of IN5 and IN6 data since low-frequency
vibrations could contribute in the energy window (~meV)
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Figure 1. Typical quasielastic spectra as measured on
different instruments: (a) IN16 at T = 70 K for Q = 0.97 and
1.7 A% (b) IN5 at T = 140 K for Q = 0.95 and 1.45 A-1; (c)
IN6 at T = 200 K for Q = 1.09 and 1.53 A~1. The respective
instrumental resolution functions (solid lines) are also shown
for comparison. The vertical axes are scaled to 5% of the peak
elastic intensities.

of these instruments. These effects are not expected for
the IN16 data due to the low-energy range covered by
the experimental window of this instrument (<10 ueV).

All the atoms except the protons of the methyl group
were assumed to have no other motion than vibration
in the temperature range investigated and therefore
should not contribute to the quasielastic part of the
spectrum. Taking into account that in PVAc the 50%
of protons are in the methyl group, the value of csix in
eq 9 was calculated and kept fixed to a value of 0.53.
The amplitude scaling factor, which includes the DWF,
was chosen to reproduce the intensity at the maximum.
Thus, the spectra were fitted individually with the
model function having three adjustable parameters: o,
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TI'o, and the background (only for TOF data). A standard
least-squares minimization procedure in the logarithm
scale of S(Q,w) has been used. Since at a given
temperature Iy and ¢ did not show systematic Q
dependence, they were kept fixed to their average value,
and for the TOF data only the background was varied.
It is worthy of remark that the obtained values of the
background were rather low (less than 0.1% of the peak
intensity) and clearly lower than those obtained for
PVME (about 0.5%).6 Although the explanation of these
different values is beyond the aim of this paper, it can
be related with the question of the so-called low-
frequency excitations (Boson peak), which are charac-
teristic of glassy-systems in general. While a clear
Boson peak is visible in the low-temperature S(Q,w) of
PVME at about 1.3 meV, the corresponding scattering
spectra of PVAc do not show any clear evidence of these
excitations. By following the above mentioned proce-
dure, good fits were obtained in the whole temperature
(50 K < T <300K)and Q (06 A1 < Q < 1.8 A}
ranges investigated. Typical fitted spectra at an inter-
mediate temperature T = 120 K, at which the quasielas-
tic broadening can be observed with the three different
instruments, are shown in Figure 2. The quasielastic
components corresponding to methyl group rotations are
also shown in the figure. The broadening observed at
120 K for PVAc even by IN6 (Figure 2c) with the worst
resolution used (100 ueV) clearly suggests a very fast
dynamics for the methyl group in PVAc. This fact is
further evident in the IN16 spectra (Figure 2a), with
the best resolution (1 xeV), where most of the methyl
group dynamics do not contribute to the measured
S(Q,w) in the IN16 window. The obtained variations
of I'o and o with the inverse of temperature are shown
in Figure 3. Itis worthy of remark the good agreement
found between the I'y and o values obtained by means
of the different spectrometers used, that is at different
energy ranges. This agreement is particularly evident
in the case of T = 120 K, where, as it has been
aforementioned, the quasielastic broadening due to
methyl group dynamics is observable through the three
different instruments (see Figure 2). On the other hand,
a nearly linear behavior of both, log(I'p) and o vs 1/T is
evident. Figure 3a shows that log(I'p) starts to deviate
from this behavior at high temperatures (T > 200 K).
However, in this temperature range, the value of the
I'o(T) obtained is of the order of 1 meV (equivalent time
scale of the order of picoseconds), which is in the same
range where the so-called “fast dynamics”, characteristic
of any glass forming system, is usually detected.>”
Therefore, it is expected that the quasielastic spectra
at high temperatures could be affected by these dynami-
cal processes. On the other hand, the o(T) values
obtained from the IN16 data show deviations from the
o 0 1/T behavior below 100 K. This could be due to the
presence of quantum rotational tunneling of the methyl
groups in PVAc as has recently been reported by us!®
at T < 70 K. The quantum rotational tunneling in PVAc
has been observed by means of IN16 as an apparent
guasielastic feature at 2 K, which remains almost
unaltered up to 40 K. Although the spectra at 70 K can
be explained on the basis of the classical motions
(RRDM), it is difficult to be sure that the quantum
features are not contributing at all to the spectra
observed by this instrument. In fact the crossover from
classical to quantum dynamics seemed to lie over a
broad T-range.'’® However, almost the whole distribu-
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Figure 2. Typical fit of the data from PVAc at T = 120 K as
obtained by (a) IN16 at Q = 1.57 A% (b) IN5 at Q = 1.45 A1,
and (c) IN6 at Q = 1.53 AL The vertical axes are scaled to
10% of the peak elastic intensities. Solid lines through the
points are the fitted curves. The thick solid lines correspond
to the quasielastic components of the RRDM. Short dashed
lines represent the resolution functions of the spectrometers.

tion of tunneling frequencies observed by IN1618 is
inside the instrumental resolution of IN5. Therefore the
qguantum effects should hardly affect the IN5 low-
temperature results. This is evident in Figure 3b where
the o values obtained from the IN5 data at 70 and 50 K
are plotted. They almost follow the behavior found at
higher temperatures.

Taking into account the above raised arguments, we
have considered the range 70K < T < 250 K as a
temperature range of confidence, where the classical
methyl group rotation observed by the three instru-
ments used should not be affected by other processes.
In this temperature range, the I’y values were fitted by
means of an Arrhenius law (eq 5), which is shown in
Figure 3a as a solid line. An activation energy Eq =
3.7 £ 0.4 kJ/mol and a value T', = 9.1 &+ 3.0 meV (i.e.,
(1.4 +£0.4) x 103 s71) are obtained. This Arrhenius law
also describes the low temperature values rather well,
suggesting that the average jumping rate is hardly
affected by the quantum rotational tunneling. The
obtained value of the activation energy for methyl group
rotation (3.7 kJd/mol) is very low and even lower than
the rotational barrier in gaseous acetaldehyde (4.8 kJ/
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Figure 3. Temperature dependence of the parameters ob-
tained from the fit of QENS data of PVAc with the RRDM:
ING (a), IN5 (O), and IN16 (¥). (a) Plot of the width (I'o) of the
most probable Lorentzian component vs 1/T. The solid line
corresponds to an Arrhenius law. The dashed lines correspond
to Iy and T'- (see the text). (b) Plot of the width of the
distribution function, o vs 1/T. The solid line represents a
linear description. The inset shows the width of the corre-
sponding activation energy distribution (see the text).

mol).2® It may be noted that the earlier NMR results
on PVACc?® also suggested a very low rotational barrier
(<4.2 kJ/mol). To the best of our knowledge this is the
lowest activation energy for methyl group rotation in
polymeric systems reported so far. On the other hand,
the prefactor, I'e = 9.1 meV, which is related to the
attempt frequency of the methyl group, suggests the
possibility of the presence of a methyl group librational
mode located in such a frequency range, which should
be observable as a peak in the vibrational density of
states. The effective density of states, g(w), for PVAc
calculated from IN6 data at 120 K as

wlexp(hw/kgT) — 1] S(Q,w)
exp(hw/KT) Q?

9(w) O (10)

shows (see Figure 4) a very broad feature below 20 meV,
which is characteristic of any glassy polymer, even
without a methyl group.?® Thereby, it is very difficult
to distinguish the possible contribution of a methyl
group libration to this broad peak.

o(T) was also fitted in the same temperature range
(70 K < T < 250 K) by using a linear law against 1/T
(solid line in Figure 3b). The obtained o(T) behavior
can be well approximated by: o(T) = C/T (C = 109 K).
This approximate temperature dependence implies that
the width of the jumping rate distribution at the
asymptotic temperature limit T — o, is zero, that is,
all the jumping rates I'; approximately display the same
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Figure 4. Effective vibrational density of states g(w) calcu-
lated from the IN6 spectrum at T = 120K and an average Q
value of 2.0 A1,

value of the attempt frequency I'.. Taking into account
these results, as well as the resulting Arrhenius law for
each jumping rate, T = TI'w exp[—Ei/kgT], the weight
factors g;i can be rewritten as

g; O exp|— % log?[exp|— E-5% (11)
2(CIT) KgT
which transforms into
E; — E)°
g; O exp|— ('—0)2 (12)
2(Ck,/0.4343)

Equation 12 corresponds to a Gaussian distribution of
activation energies with an average value Ep and a
temperature independent variance og? given by og =
Ckg/0.4343. Therefore, the temperature-dependent log-
Gaussian distribution of jumping rates found for PVAc
can be understood as a consequence of a temperature
independent Gaussian distribution of activation energy
barriers. This is similar to the earlier reported results
for PVMES® and PIP.” The resulting og values for PVAc
are shown against temperature in the inset of Figure
3b. An almost constant value of og = 2.1 4+ 0.1 kJ/mol
is obtained. The effect of this og value on the jumping
rate distribution is also shown in Figure 3a where the
temperature dependence of the jumping rates I'+ and
T'— defined as 'y =T exp[— (Eo & og)/ksT], is displayed
by dashed lines.

5. Discussion

(a) Comparison of the Methyl Group Dynamics
in Different Polymers. As mentioned above, the
methyl group dynamics have been investigated in a few
polymer systems with different chemical formulas and
microstructures. An important question is how the
results obtained for the different systems compare.
Here we compare the results obtained in the framework
of the RRDM for different polymers.

The RRDM was previously used to describe the
methyl group dynamics of PVME.® Moreover, the
methyl group dynamics of PIP and PDMS has been
analyzed in a framework that is equivalent to the
RRDM.719 It may be mentioned that for both PIP and
PDMS different kinds of neutron experiments (fixed
elastic window scan technique, FEW) were performed
and the values of ', were taken as the frequencies of
the respective methyl group librational modes. For
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Table 1. Comparison of the RRDM Parameters for the
Methyl Group Dynamics in Different Polymers

Eo T OE
polymer (kd/mol) (meV) (kJ/mol)
poly(vinyl acetate), PVAc 3.7 9.1 2.1
~[or—sr-]-
0—CO —CHs
poly(methyl methacrylate), PMMA? 5.9 4.8 2.0
—|[CH, —C(CH3
[er —cicrat-
CO—0—CHs
poly(vinyl methyl ether), PVME® 8.4 7.6 1.8b
—[eH, —cH—]—
[ 2 I ]n
O—CHs
polyisoprene, P1P27 12.5 235 31
—[CHZ—CIEZCH—CHZ—]n—
CHs
poly(dimethylsiloxane), PDMS&10 7.0 18.5 1.2
CHs
|
—[o—Si—]—
I n
CHs

a Values estimated from FEW data. ° Values of o given in ref 6
correspond actually to decimal logarithm not natural.
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Figure 5. o(T) behavior corresponding to the methyl group
dynamics in different polymers. The symbols for PVAc are
those used in Figure 3, whereas filled circles correspond to
PVME (ref 6). Solid lines correspond to linear descriptions of
the data. The dotted line corresponds to the behavior found
in PMMA, and the dashed lines indicate the behavior used to
describe FEW data of PIP and PDMS.
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these two polymers the methyl group librational mode
is located at quite high energies (~23.5 meV for PIP and
18.5 meV for PDMS) and are well resolved in the
inelastic neutron scattering spectra. Finally, from the
available results on PMMAE® and recent IN16 measure-
ments,® we have also determined the RRDM parameters
for PMMA. In this way we have been able to compare
the parameters of the RRDM corresponding to the
methyl group rotation in five different polymers. The
obtained values of the parameters are summarized in
Table 1 and the behavior of o(T) for all these systems
is shown in Figure 5. As can be seen in Table 1, the
values of the average activation energy barrier, Eo,
depend on the molecular chemical structure of the
polymer considered. It is clear that when the methyl
group is directly linked to the main chain, Ey is
considerably higher than the obtained values when the
methyl group is attached to an ester group. Moreover,
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depending on the location of the methyl group within
an ester, the average barrier to rotation is also different
(compare for instance the PVAc and PMMA values). On
the other hand, it is interesting to point out that the
width of the energy barrier distribution, og, seems to
be of the same order for all the polymers considered and
does not show any clear systematic with the chemical
structure of the polymer. This result suggests that the
distribution of rotational barriers is mainly controlled
by intermolecular disorder and packing conditions. In
this respect, it is worth mentioning that the recent
molecular dynamics simulations of methyl group rota-
tion in PMMA, 12 mentioned above, have shown that the
distribution of rotation energy barriers is quite sensitive
to the density changes.

(b) RRDM Versus Empirical KWW Description.
As mentioned in the Introduction, the methyl group
dynamics as observed by QENS has also been analyzed?®
by Fourier transforming the S(Q,w) data to the time
domain and assuming a functional form based on the
Kohlrausch—Williams—Watts (KWW) function for the
intermediate scattering function 1(Q,t), which is the
Fourier transform of S(Q,w). In this framework the
normalized intermediate scattering function for methyl
group rotations, Iy(Q,t), is written as

(@) =AQ) +{1 - AQ} exp[ (1] @3)

where f is a shape-parameter taking values between 0
and 1. It was also suggested?® that this description and
the one obtained by using the RRDM are equivalent to
each other, if we consider the limited energy range
usually available in QENS investigations. In the frame-
work of the RRDM, the normalized intermediate scat-
tering function for methyl group rotation is given by

IM(Qvt) =
AQ) +{1 - AQ} [~ g(log 7) exp[—{ d(log 7) (14)

or in its discrete form by

N

QD) =AQ) +{1-AQ}Yge r; (15)

where the weight factors, gj, correspond to the log-
Gaussian distribution function given in eq 7 and the
exponential functions, e~Ys, correspond, by Fourier
transformation, to the Lorentzian functions Li(w). The
characteristic times are defined as 7; = 1/T';. Equations
13 and 14 differ uniquely in the quasielastic term which
in the RRDM is taken as a summation of single
exponential functions, whereas the former is assumed
to correspond to a stretched exponential function. It
may be noted that eq 13 can also be written in a similar
way as eq 14, because the stretched exponential function
can formally be expressed in terms of a distribution of
exponential functions

exp[—(%)ﬂ] = [ p(log ) exp(— Tl) d(log 7') (16)

However, the distribution function p(log 7), which can
be obtained by inverse Laplace transformation meth-
0ds,?! is asymmetric in contrast to the symmetric log-
Gaussian distribution function used in the RRDM.

Methyl Group Dynamics in Poly(vinyl acetate) 3991

1

XXX)(XXXX
Xs

0.8 -
0.6 -

0.4 -

QY - AQ)
1-AQ

0.2+

log [t (ns)]

Figure 6. Comparison of the 1(Q,t) calculated by the RRDM
(crosses) and the KWW description (line) in a very wide time
range.

Therefore, it is clear that the RRDM and the KWW
approaches cannot be compatible when a wide dynami-
cal range is considered. This is clearly shown in Figure
6 where as a representative example we compare the
1(Q,t) of the RRDM, calculated using eq 14 for a typical
value of 0 = 1 and an average 7 value of 0.1 ns, and the
best fit of it by eq 13. It is evident that the agreement
is rather poor when the whole decay range is considered.
However, when one restricts the time range of compari-
son to the typical one of a single spectrometer (<2
decades of time) the agreement can be quite good as
shown in Figure 7. In this figure, the same comparison
of Figure 6 is now made at three different time ranges.
However, the problem is that when different time
ranges are used, the resulting values of 3 are different
(see also Figure 7). Thus, it is apparent that if the
RRDM is able to fit the experimental behavior over a
wide dynamical range, the KWW description could not
provide, in principle, a good description in the whole
range. This statement can now be directly checked with
the experimental data of PVAc at 120 K, where the
methyl group dynamics is observed by all the three
instruments used in this work, that is, at three different
dynamical ranges. To do this, we have fitted the S(Q,w)
data shown in Figure 2 by considering the Fourier
transform of eq 13 as a model function for methyl group
rotation. As usual, the fitting procedure involved
convolution of the model function with the instrumental
resolution function of the corresponding spectrometer.
The obtained results are shown in Table 2 in comparison
with those obtained by means of the RRDM at the same
temperature. Itis evident that in the case of the KWW
approach, the values of the parameters of the model, 7
and 3, depend on the energy range considered (i.e., on
the instrument used) beyond the experimental uncer-
tainty. On the other hand, in the case of the RRDM,
they are quite stable, as discussed in the previous
section of the results. In addition, it is found that the
correlation between the two model fitting parameters
(log T'p and o for the RRDM and log 7 and f for the KWW
description), measured by the corresponding covariance
coefficient, is lower in the case of the RRDM. Therefore,
the RRDM seems to provide a better description of the
methyl group dynamics than the empirical KWW ap-
proach, when the dynamics is investigated in a wide
dynamical range. Recent molecular dynamics simula-
tion of methyl group dynamics in PMMA?3 also suggest
that the KWW function may not be a good choice for
describing the methyl group relaxation process. More-
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Figure 7. Comparison of the 1(Q,t) calculated by the RRDM
(crosses) and the KWW description (lines) in different re-
stricted time ranges of about 2 decades.

Table 2. Comparison of the Parameters Corresponding
to RRDM and KWW Descriptions Obtained for PVAc at

120 K
RRDM KWW
spec- log log
trometer (I'//meV) ¢ covariance? (t/ps) [  covariance?
IN6 -0.55 0.92 8x10™* 0.07 0.44 5x1073
IN5 -0.54 093 7x10“% -0.08 0.39 4x10°3
IN16 —056 090 7x10™* 0.34 028 3 x1073

a The covariance of two statistical quantities x and y is defined
as X yO— XOy0O, where the brackets represent average values.?

over, in the framework of the RRDM the distribution
of jumping rates (or relaxation times) emerges in a
natural way as a consequence of the distribution of
activation energy barriers, that is, as a consequence of
the distribution of rotational potentials, which is inher-
ent to the glassy state. Although one can expect an
almost Gaussian shape for a random distribution of
activation energy barriers (or potentials) in a glassy or
disordered system, this shape produces, when the
average value of the energy barrier is very low and the
distribution is extremely broad, some unphysical tail
extending to the negative side of the energy scale. In
these cases, it may formally be more appropriate to
consider the so-called x? distributions?? in which the
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random variable can only take positive values. From a
practical point of view, and within the usual experi-
mental uncertainties, the y? distribution turns to be
similar to a Gaussian one with a sharp cutoff in the zero
value of the energy, that is, close to that we have used.
It is worthy of remark that a recent modeling of methyl
group rotation in PMMA by the quasi-static method!3
results in a similar kind of weak asymmetry for the
distribution function of activation energy barriers,
which, on the other hand, is opposite to that corre-
sponding to the KWW function.

Last but not least, it is worth mentioning that the
distribution of activation energies obtained by the
RRDM in PVACc also allows one to describe, without any
adjustable parameter, the quantum rotational tunneling
effects recently found for the first time in PVAc at very
low temperatures.!® These results give additional and
independent support to the RRDM, which, in this way,
can be extended to the quantum regime of methyl group
dynamics in polymers.18

6. Conclusions

By combination of three different neutron scattering
spectrometers, the methyl group dynamics in a glassy
polymer, PVAc, have been investigated in a wide
dynamic range extending from about 1078 to 10~2 s and
in a temperature range from 50 to 300 K. Such a wide
dynamical range means a strong test for the functional
form of the scattering law assumed for the methyl group
dynamics. From this investigation we can conclude that
the RRDM previously proposed by us has been con-
firmed to be a suitable model for interpreting methyl
group dynamics in glassy polymers. However, the
approach based on the KWW function seems to be a
rougher approximation when a wide dynamical range
is considered.

From the comparison of the results obtained for PVAc
with RRDM results corresponding to the other polymers
shown in Table 1, we can conclude that (i) the average
activation energy barrier for methyl group rotation
clearly depends on the monomer structure of the
polymer considered and (ii) the width of the distribution
of activation energy barriers seems to be mainly con-
trolled by intermolecular disorder and packing condi-
tions, being of the same order for all the polymers
investigated.
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