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Local Dynamics of Stereoregular PMMAs Using Molecular Simulation
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ABSTRACT: The physical origin of the large differences between the glass transition temperatures (Tg)
exhibited by various stereoregular PMMA is not yet fully understood. Currently available theories on
the glass transition phenomena are not able to predict the observed behavior. In this paper, results
obtained from molecular dynamics (MD) simulations are presented. Actually, MD is a very powerful tool
to investigate and differentiate the local dynamics of molecular groups embedded in either the backbone
or the side chain. From the calculated WLF parameters it is found that the dynamics of the backbone is
independent of the PMMA tacticity whereas the dynamics of the side chain strongly depends on the
PMMA stereoregularity. However, since the frequency of side-chain rotations is more important in isotactic
PMMA compared to syndiotactic, the overall mobility of the isotactic chains becomes higher. Consequently,
according to the free volume concept, the T, of isotactic PMMA is lower than the Ty of the syndiotactic

isomer.

Introduction

Local molecular motions constitute the basic process
of mechanical and physical phenomena. Among these
events, the glass transition is of particular interest in
polymer applications since it splits apart two domains
of different use, namely, the glassy and the rubbery
states. The study of the relationship between the local
dynamics occurring during the glass transition and the
chemical structure of polymers offers a specific regard.
From an experimental viewpoint, spectroscopy tech-
niques are particularly adapted to give insight into local
motion during such a transition by investigating the
nature of the relaxation processes. However, to highlight
specific local motions, some difficulties could appear. In
fact, one particular motion could not be easily retrieved
since it is often combined with other motions. To
compensate such limitations of experimental tech-
niques, molecular modeling is perfectly suited.

In our investigation of the glass transition pheno-
mona, poly(methyl methacrylate), PMMA, offers a par-
ticular benefit since according to its chain tacticity, a
different glass transition temperature, Ty, is exhibited.
The bulk Ty is generally ranging from 40 to 130 °C from
isotactic to syndiotactic PMMA. Efforts have been made
in the past to apply theoretical concepts to explain such
a difference. Gibbs and DiMarzio (GD) promulgated the
idea that the conformational energy ¢ (difference in
energies between trans and gauche conformations) is
the primary factor in determining the Tq of a polymer.t
Experimentally? or by conformational energy calcula-
tions,? several workers clearly showed that significant
differences in the conformational energy exist between
the two isomers. Moreover, for the isotactic isomer, the
side-chain conformation is found to differ as much in
energy as do the backbone conformations. From a
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molecular simulation viewpoint, it has been shown in
a previous paper* that intra- and intermolecular ener-
gies both contribute to the difference in the Ty's between
the two PMMA configurations. The former energy takes
into account connectivity, flexibility, and cross-term
contributions while the latter energy is concerned with
the nonbonding interactions. The isotactic configuration
was revealed to exhibit a lower intermolecular energy
than the syndiotactic while for the intramolecular
energy it was the opposite. This difference in the
intermolecular energy shows that the interactions be-
tween s-PMMA chains are less favored than between
i-PMMA ones. Actually, such a behavior agrees with the
second important parameter in the GD theory, namely
the hole formation energy. This energy corresponds to
the interaction between pairs of nonbonded but proxi-
mate segments. It has been shown to depend on the
PMMA tacticity.® Hence, the interactions and the pack-
ing of the side groups have been envisaged as an
important factor in the determination of the Ty A
specific study on the difference in the intramolecular
energy between the two isomers is the subject of another
article.®

From a dynamics viewpoint, Allen et al.® calculated
from neutron scattering and NMR relaxation studies the
rotation barriers of the a-methyl, which is 32 and 23
kJ/mol for solid s- and i-PMMA, respectively. Besides,
in light of the theory of Adam and Gibbs,” who proposed
that an enhanced degree of cooperativity is required at
Tg, several workers®® suggested that a certain popula-
tion of isotactic sequences relax in a cooperative fashion
well below the Tg of a conventional PMMA. Moreover,
using 2-D NMR spectroscopy, Kuebler et al.® demon-
strated that the unusual main-chain mobility below Ty
is coupled to the p-relaxation process in at-PMMA.
However, even if a certain amount of isotactic triads is
present in the atactic chains, no mention is made to the
possible influence of the tacticity in the cooperativity
of the relaxation process.
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The local dynamics of polypropylene chain with dif-
ferent tacticities has been recently looked at through
molecular dynamics simulations.1® However, the two
chains approximately possess the same T4 Neverthe-
less, dynamics properties extracted from simulation
were found to accurately match experimental data.l!
The present article thus proposes to draw a parallel
between the experimental observations on the local
dynamics and relaxation studies deduced from molec-
ular simulations for the two PMMA stereomers. Com-
pared with energetic analysis results, further insights
to the understanding of the difference in Ty's between
the two stereomers are provided.

Simulation Description. All the simulations are
performed using the periodic boundary conditions.!?
The polymer chains, with 100 repeat units, propagate
into the periodic box according to the self-avoiding
walk technique!® with the long-range nonbonded inter-
actions described by Theodorou and Suter.'* The pro-
cedure is implemented in the MSI (presently Accelrys)
Amorphous_Cell software. From an experimental view-
point, the dilatometric technique is currently employed
to determine the Tg: the specific volume is reported for
different temperatures as the system is cooled; the
intercept of the lines joining the points of the two
phases, namely the vitreous and rubbery, yields the
value of the Ty Atomistic MD gives the opportunity to
explore this kind of time-dependent properties, but these
simulations are limited by current computing resources
to times of order picoseconds. Simulation cooling rates
are much higher (of order 10%° K s~1) than what could
be achieved in even the fastest quenching experiment,
and hence MD simulations will not access the same
spectrum of conformational fluctuations. Despite that,
the results can be regarded as relative and comparative
between different kinds of polymers or different polymer
microstructures. Each specific volume data point of the
dilatometric experiment is obtained through a relatively
short MD (110 ps) while considering the accurate pcff
force field. All the details of the procedure can be found
in a previous article.* For this study, configurations at
temperatures above Ty are extracted. MD simulations
with a duration of 1 ns at the different temperatures
are then carried out.

As shown in a previous article,* simulated dilatometry
provided Tg's of 157 and 212 °C for the iso- and
syndiotactic PMMA configurations, respectively. The
difference in T4's between the two configurations, 55 °C,
was found consistent with the experimental one, 69 °C.
Such a result clearly indicates the accuracy of the pcff
force field and the validity of the procedure (chain
propagation, MD simulations). It has to be pointed out
that this force field has been used by Eichinger et al.1®
to compute solubility parameters and cohesive energies
with an highly accuracy. Moreover, pcff derived from
the cff9l force field, which is considered to be among
the best force fields in regard to the conformational
energies.1® Consequently, pcff is appropriate to consider
intermolecular interactions and to get acquainted with
the conformational transitions of the polymer chain, in
the polymer melt phase.

Results and Discussion

Procedure of Data Treatment. To specifically
study the link between the motions responsible for the
local dynamics with molecular processes accountable for
the glass transition, the evolution in temperature of the
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correlation time has to be investigated. Such a progress
actually follows the Vogel—Fulcher—Tammann (VFT)
equation:

«(T) = A exp(T ETO) (1)

To is the temperature at which the configurational
entropy vanishes. B can be related to the apparent
activation energy through the following relation: AHgp
= BR, where R is the perfect gas constant.l” Actually,
it is not an activation energy since the equation clearly
shows a non-Arrhenius behavior at temperature above
Tyg. A similar empirical expression, the Williams—
Landel—Ferry (WLF), equation, can also be used:

(M) _ G -Ty
R e

Actually, the WLF equations can be deduced from the
VFT equation, and vice versa, according to the following
equation:

99
1>2

C
log(x(T)) = 7=~ — CJ + log(x(Ty)) ®3)

where
T,= Tg — Cg

From both VFT and WLF equations, an apparent
activation energy can be deduced: AHg, = AHYT from
the VFT equation, and AHa, = AHM", with AHY =
2.303RCJCJ, from the WLF relation.1” As a matter of
fact, the determination of the correlation time with
temperature of a specific part of the chain provides
information on its local motion.

Using molecular simulation, local dynamics of the
entire chain or only a small part of it can therefore be
investigated at different temperatures. The acquisition
of the correlation time associated with a bond vector at
a specific temperature is achieved through the computa-
tion of the autocorrelation function. This function actu-
ally gives insights into the local dynamics. However,
since one is interested in the decrease in time of the
bond vector orientation, the second term of the Legendre
polynomial is computed:

3Eﬂu(t)-u2(0))2|]— 1 @

P,(t) =

[W(t)-u(0)torresponds to the normalized autocorrelation
function of the vector u, with the brackets indicating
that the average was performed on all the bond vectors,
u, along the chain. Examples of the evolution of the
orientation function vs time of the C—H bond vector
located on the isotactic backbone at different tempera-
tures are displayed in Figure 1. The behavior of the
orientation function is in agreement with experiment
since at high temperatures, the decrease in the vector
orientation is more rapid, meaning that the chain
segments are more mobile.

Such a decorrelation is actually expressed by the
correlation time. To get acquainted with this correlation
time, the integration over all the time domain, theoreti-
cally from 0 to infinity, of the orientation function has
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Figure 1. Decorrelation of the C—H bond vector located on
the i-PMMA backbone at various temperatures.

to be carried out. The chosen way to compute it is to
use a mathematical function which fits the P,(t) func-
tion.’® Since the motion of the bond vector is not
isotrope, the decorrelation cannot be fitted with a simple
exponential function. To better describe it, a stretching
exponential function, the Kolsrauch—Williams—Watt
function, is employed:

o0 = exp[ (] ] 5)

T is a parameter often interpreted as the average
relaxation time, and j represents the departure from a
simple exponential decay: 0 < < 1. Actually, this
function does not fit the P,(t) function at short times
where librational motions occur but adequately ex-
presses it for longer times where transitions between
rotameric states take place. To consider short-time
behavior, an exponential decay function can be added
to the stretching exponential.*® However, in our simula-
tion to obtain 7 and g, the procedure described by
Antoniadis et al. is carried out,'® and the fitting begins
when the linearity in the graph of In[—In(P2)] vs In(t) is
reached. As a matter of fact, the adjustable parameters,
7 and f, are found to more appropriately fit the longer
times. The integration from 0 to infinity of the orienta-
tion function can then be carried out and gives the
following form for the correlation time:

o=jrl

The correlation time, 7., at a specific temperature
stemmed from the fitting parameters 7 and 3. The
procedure is conducted at different temperatures for
both PMMA tacticities and for two bond vectors: the
C—H bond vector located on the CH, and the C=0 bond
vector. The behavior of the C—H bond vector reveals the
transitions in the backbone motions, and it can be
compared to experimental data, while the study of the
C=0 bond vector response unveils the side-chain be-
havior. It has to be pointed out that no experimental
data on PMMA were found in the literature for the
reorientation of the C=0 bond vector with temperature.

WLF and VFT functions are then used to relate all
the correlation times for both configurations and for
both vectors. To access the CJ and CJ parameters, the
procedure described by Dekmezian has been used:2°
(T — Tg) is reported vs —(T — Tg)}/log(z/ty), with 74 =
100 ps.
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Figure 2. Correlation times of experimental at-PMMA (*),
and of the i-PMMA (®) and s-PMMA () C—H bond vector
orientation, with respect to the inverse temperature times
1000. Are also displayed the fitting by a WLF equation (—).

Table 1. Parameters of the WLF and VFT Equations, CJ,
CJ, and the Apparent Activation Energies, Extracted
from MD Simulations, Associated with the Orientation of
the C—H Bond Vector Located on the Backbone of the
Two PMMA Stereomers

WLF VFT
AHY AHY

tacticity ct i) (kImolY)  (kImol Y
syndiotactic 13 37.8 9.4 11.9
isotactic 13.2 374 9.5 12.8

Backbone Chain Investigation. The procedure to
access the correlation time and the WLF and VFT
parameters was first applied to the C—H bond vector,
along the backbone. The data extracted from simulation,
the C{ and CJ parameters, and the apparent activation
energies computed from the WLF and VFT equations
for the two PMMA chain tacticities are reported in Table
1. Figure 2 displays the computed correlation times and
the fits ensuing from the WLF equation.

From the literature, different WLF parameters and
interpretations were found for PMMA. From viscoelastic
measurements,?! the CJ and CJ parameters were re-
vealed different according to the chain tacticity of
PMMA: the apparent activation energy of the syndio-
tactic configuration was found higher than that of the
isotactic configuration. However, a certain portion of the
free volume is necessary to achieve chain mobility at
the glass transition. This volume has been shown by
Fuchs et al. to be independent of the chain tacticity.??
Since C{ is inversely proportional to the free volume
fraction according to the free volume theory of the glass
transition,?3 this parameter has to be independent of
the chain tacticity. Finally, from the VFT equation
obtained from mechanical and dielectric relaxation
spectrometry, Bartenev found an apparent activation
energy lower for the syndiotactic configuration than for
the isotactic one.?*

The simulated CJ parameters, 13 and 13.6 from
Table 1, are in accordance with published data: experi-
mentally, CJ ranged from 8.9 to 20.21:22 Moreover, both
chain configurations exhibit similar values, in agree-
ment with Fuchs results.??> However, a difference with
experimental data is found with the simulated CJ
parameter. Simulated Tg's are found higher than the
experimental ones. Consequently, from the mathemati-
cal form of the WLF equation, a higher T4 implies a
lower CJ value to allow the correlation times to be
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Figure 3. Correlation times of experimental at-PMMA (*¥),
and of the i-PMMA (®) and s-PMMA (®) C=0 bond vector

orientation, with respect to the inverse temperature times
1000. Are also displayed the fitting by a WLF equation (—).

Table 2. Parameters of the WLF and VFT Equations, CY,
CJ, and the Apparent Activation Energies, Extracted
from MD Simulations, Associated with the Orientation of
the C=0 Bond Vector of the Two PMMA Stereomers

WLF VFT
AH

tacticity ! i) (kImolh) (kI molY)
syndiotactic 15 36 10 115
isotactic 13 20 5 5

fitted. Nevertheless, qualitative interpretations can be
deduced from the simulated data and can be compared
with published results.

As shown in Table 1, both apparent activation ener-
gies, extracted from WLF and VFT fits, are in the same
order and are comparable for both chain configurations.
Consequently, the two chains of different tacticity
present the same behavior at a specific temperature
above Ty, i.e., at Ty + constant. However, at a given
temperature, independent of the Ty, both chains exhibit
different behaviors; the correlation times of the isotactic
configuration are lower than those of the syndiotactic
ones, in accordance with experimental data?® (Figure
2). At a specific temperature the isotactic chains are
therefore more mobile than the syndiotactic ones. The
relaxation of the side chain has to be regarded to check
the assumption of an influence of the local dynamics of
the side group on the backbone. More specifically, the
apparent activation energies associated with the C=0
bond vector of both configurations are computed.

Side Chain Investigation. The procedure previ-
ously described for the computation of correlation times
is applied to the C=0 bond vector orientation. Figure 3
displays the computed correlation times and the WLF
fit. The final results are summarized in Table 2.

The CJ parameters, 15 and 13 for s-PMMA and
i-PMMA, respectively, are in the same range of experi-
mental data for both configurations.2122 A lower value
for i-PMMA is not significant to clearly debate on this
result. The principal difference between the two con-
figurations actually lies in the apparent activation
energy. s-PMMA clearly exhibits a higher apparent
activation energy than i-PMMA.

Actually, the computation of P,(t) related to the
C=0 bond vector includes three kinds of motion. The
first motion, located in the short time region, corre-
sponds to the librational motion: the vector does not
move too much from the initial position; it stays in a
potential well. It has to be pointed out that at low
temperatures it is the main motion. On a larger time

Stereoregular PMMAs 725

&P
o

80 d

Isotactic

®
754 L4

In(flip /ns™)

60 T T T T T T T T

1000/T /K

Figure 4. Neperian logarithm of the transition frequency of
the side chain of i-PMMA (®) and s-PMMA () with respect
to the inverse temperature times 1000.

scale, the transitions between the up and down rota-
meric states of the side chain, defined by Sundarara-
jan,?8 take place. Finally, rotations between rotameric
states of the backbone occur. Actually, the boundaries
between the associated times are not well-defined.
Consequently, the difficulty arises to separate the
different correlation times associated with these mo-
tions. As already pointed out, the librational motions
do not intervene in the stretching exponential fitting of
P»(t). The B values reported in Table 2 thus correspond
to the rotations of the side chain and the backbone.
Since they are clearly different for both stereomers, the
transition frequency of the side chain between the two
rotameric states, “up” and “down”, i.e., the number of
transitions by time unit, has to be computed in order
to differentiate it from backbone motion. Figure 4
reports this frequency vs the inverse temperature.?’
Both configuration behaviors are clearly Arrhenius-like,
as is expected for such a motion, which corresponds to
a f relaxation. Consequently, an activation energy can
be computed: 7.3 and 11.2 kJ/mol for i-PMMA and
s-PMMA, respectively. It has to be noted that such an
Arrhenius behavior was not detected in the simulated
correlation time curves (Figure 3) since they include
motions corresponding to both relaxing segments, back-
bone and side chain.

If some differences exist in the literature regarding
the interpretation of VFT and WLF equations, publica-
tions on correlation times are more in accordance with
each other. Spevacek et al. compared the correlation
times of the two PMMA chain tacticities at tempera-
tures above T4:2° the correlation times of the i-PMMA
chains were found lower than that of the s-PMMA ones.
Comparing the NMR data of poly(ethyl methacrylate),
PEMA, and PMMA, Kuebler et al. showed that the side
chain by its rotation implies a lower correlation time of
the backbone.® The side chain rotation therefore seems
directly related to the mobility of the backbone. To
correlate this assumption, the study of a trajectory
extracted from a MD simulation reveals changes in
polymer chain conformation as a function of time. The
occurrence of discrete jumps between rotameric states
is thus clearly observed in Figure 5. In this figure, the
variation of consecutive backbone and side chain dihe-
dral angles of i-PMMA are displayed during a period of
100 ps extracted from a 500 ps simulation at 0 °C. At
such a low temperature, both angles quite simulta-
neously change in the 0.1 ps time range, which corre-
sponds to the interval between each data. It has to be
pointed out that the dihedral angle changes shown in
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Figure 5. Variation of the dihedral angles of a backbone bond,
@, and its attached side chain bond, y, with respect to time,
for i-PMMA at 0 °C.

Figure 5 arise at a temperature lower than the Tg's. One
can notice, at that temperature, the fast angle variation
and the low time duration, 30 ps, of the bonds in the
new rotameric states. The correlation between the
dihedral angle motions of the side chain and the
backbone is clearly observed in this figure. Studies are
presently performed to quantify such a cooperativity and
thus to observe the difference between the two stere-
omers.

A complex correlation involving concerted motions is
likely to exist between the rotation of the PMMA side
chain and the mobility of the backbone: the higher is
the rotation frequency of the side chain, the higher is
the mobility of the backbone. If the number of the side
chain rotations increases, the number of backbone
transitions between rotameric states also expands.
Therefore, the backbone time correlation decreases, as
could be observed from both experimental and simula-
tion data. Consequently, the mobility of the backbone
is extended. Finally, since the number of side chain
rotations is more important in i-PMMA compared to
s-PMMA at all temperatures, the overall mobility of
i-PMMA becomes higher. Actually, such a behavior is
in accordance with experimental T4 values since, ac-
cording to the free volume theory, the greatest mobility
of the polymer chains implies the lowest Tyg.

Conclusion

In this paper, MD simulations are shown to be a
powerful tool to investigate the Tgy's of both PMMA
stereomers. From the calculated apparent activation
energy, the backbone mobility is not found to be tacticity
dependent whereas the motion of the side chain is
strongly influenced by the PMMA stereoregularity.
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Moreover, from experimental measurements the rota-
tion of the side chain is shown to influence greatly the
mobility of the backbone chain. Since the side chain in
i-PMMA displays a higher frequency rotation than in
s-PMMA, the mobility of the i-PMMA backbone chain
is increased. Consequently, the Tg4 of i-PMMA is lower
than the Ty of s-PMMA.
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