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ABSTRACT: The local dynamics of syndiotactic poly(methyl methacrylate) (PMMA) are investigated by explicit
atom molecular dynamics (MD) simulations and quasielastic neutron scattering at temperatures well above the
glass transition temperature. Using MD, we are able to isolate specific local motions well aboveTg. These include
rotations of theR-methyl and ester methyl, rotations of the entire ester side group and segmental motion of the
chain backbone. This capacity is unique to simulation as proton motion at high temperatures necessarily involves
multiple motions. The force field used is validated by direct comparison to structural and dynamic neutron scattering
measurements, and by comparison via temperature extrapolation of activation energies and rotational times for
methyl group rotations. We find that the rotation of the ester side group is consistent with theâ-relaxation at low
temperatures: the activation energy closely matches that assigned from dielectric spectroscopy (DS), and relaxation
times are also consistent with these measurements. Although the ester protons rotate continuously with no preferred
spatial orientation, the rotation of the ester oxygen around the C1-C bond [O-C-C1-C3] does appear to be a
2-fold jump as observed in NMR experiments. TheR-relaxation is associated with the motion of the main chain.
Relaxation times for these protons are not Arrhenius, but rather begin to diverge as the temperature is lowered.
Rotation of the slowerR-CH3 group occurs with rates similar to theR- and â-relaxations in the temperature
range we investigate. Both this rotation and that of the ester side group are more prominent at smaller scales and
explain why neutron scattering measurements on PMMA reveal theR-relaxation as the spatial scale is increased.

I. Introduction

The dynamic processes of glass forming systems have been
widely investigated using a variety of techniques including
NMR,1 dielectric spectroscopy (DS),2-4 and light5 and neutron4,6

scattering. TheR-relaxation, which arrests at the glass transition
temperatureTg, is commonly associated with the segmental
relaxation of the main chain. Polymer molecules, especially
those with side groups, have other relaxation processes known
as secondary relaxations.7-9 Poly(methyl methacrylate) [PMMA]
is one such polymer and its repeat unit is illustrated in Figure
1. Secondary processes in PMMA include rotations of the ester
andR-methyl groups and theâ-relaxation, which has been linked
with the reorientation of the entire ester side group around the
C-C bond linking it to the backbone. At temperatures well
above Tg all processes are active; belowTg the segmental
relaxation is frozen and only secondary relaxations are active.
As a result, at temperatures aboveTg, secondary motions may
merge with those of the main chain making individual assess-
ment difficult.

Theâ-relaxation is normally prominent in dielectric measure-
ments for PMMA. 2D and selective-excitation 3D exchange
NMR techniques10 have been applied to explore the molecular
motion underlying theâ-relaxation in PMMA belowTg. These
experiments show that the OCO plane of the side group
undergoes 180° flips which are related to theâ-relaxation. This
side-group flip is accompanied by a main chain rearrangement.

Recently our group initiated a quasi-elastic neutron scattering
[QENS] study of the segmental dynamics of PMMA and how
they are influenced by blending with poly(ethylene oxide)
[PEO].11 This neutron measurement showed that pure PMMA
displays different relaxation behavior at different spatial scales.
At spatial scales larger than the interchain peak, relaxation times
increase rapidly as the temperature is decreased toward the glass
transition temperature: typical for theR-relaxation. At intrachain
spatial scales the temperature dependence of relaxation times
is Arrhenius with an activation energy of 118 kJ/mol, consistent
with the mergedRâ process. These experiments were performed
aboveTg and thus potentially include contributions from all
motions, including secondary relaxations in PMMA.

Rotation of the methyl groups is the most straightforward
motion in PMMA. This rotation is often approximated by an
effective one-dimensional single particle potential, and is usually
represented by instantaneous jumps between three equidistant
sites on a circle.12,13The resulting rotational motion often falls
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Figure 1. Chemical structure of the repeat unit of PMMA.
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within the experimental frequency range of neutron scattering
at temperatures belowTg. This technique, combined with
deuterium labeling, has been successfully employed to inves-
tigate the rotational dynamics of ester methyl group rotations.14-17

Rotation of theR-methyl is slower and not as thoroughly
investigated.18

As discussed above, at higher temperatures the relaxation of
PMMA appearing in the QENS window is a combination of
R-methyl group rotation, ester methyl group rotation,â-relax-
ation, andR-relaxation. It is therefore difficult to retrieve specific
local motions using this technique even with deuterium labeling,
because the same protons may participate in more than one type
of motion. In the current contribution, we use molecular
dynamics simulation to separate these motions. Simulations also
allow us to explore and validate specific mechanisms for motion
directly: for example, the association of theR-relaxation with
motion of the chain backbone, and connection of theâ-relaxation
to the rotation of the ester side group. At the same time, only
a few works have been done on PMMA MD simulations19-21

and therefore we also propose a force field for this purpose and
validate it against QENS data.

The outline of the paper is as follows. In section II, we give
the details of the computational model, and in section III, the
details of the experiments (neutron diffraction and quasielastic
neutron scattering) are discussed. Force field validation by

comparison of PMMA structure and dynamics to neutron
experiments is given in section IV, while in section V the local
dynamics including methyl group rotation, the entire ester side
group rotation, and the main chain motion are discussed. Finally
in section VI, a summary and conclusion are given.

II. Simulation Details

Model. We perform explicit atom (EA) simulations on a
system of 27 PMMA chains of 200 atoms with 100% syndio-
tactic sequences, and thus the simulated PMMA has a molecular
weight of 1316 g/mol. We run the simulations under conditions
of constant volume and temperature (NVTensemble). A series
of temperatures are considered: 400, 420, 450, 470, 500, 520,
550, and 600 K. The temperatures are held constant using the
velocity-rescaling algorithm of Berendsen et al.22 The simulation
box size is chosen to match the PMMA density.23 The system
was initially simulated at 500 K. Higher and lower temperatures
were reached by cooling or heating in stages, allowing for
equilibration at each stage. These temperatures are all above
the glass transition temperature of PMMA (373 K), as deter-
mined by DSC measurements on a low molecular weight
PMMA sample (see experimental details).

We use the OPLS force field24,25as detailed in Table 1. The
cutoff distance for the nonbonded interactions is 8 Å, and the
Ewald summation26,27method was used to calculate long-range

Table 1. EA Model Parameters

unb(rij) ) 4ε[(σ/r)12 - (σ/r)6] + (1/4πε0) (qiqj/rij)

nonbonded interaction atom σ (Å) ε (kcal/mol) qi (e.c.)

C3 C in CH3 group connected to main chain 3.52 0.067 -0.135
C2 C in CH2 group 3.52 0.067 -0.09
C C in the main chain 3.20 0.051 0.00
CD C connect to O by double bond 3.75 0.105 0.51
OD O connected to C by double bond 2.96 0.210 -0.43
O O in ester group 3.00 0.170 -0.33
CO C in CH3 group connected to ester O 3.50 0.066 0.16
H H in alkane CH3 or CH2 groups 2.50 0.030 0.045
HO H in ester OCH3 group 2.42 0.015 0.030

ubond(rij) ) kbond(rij - rij
0)2 ubond(rij) ) kbond(rij - rij

0)2

bonds kbond(kcal/mol/Å2) rij
0 (Å) bonds kbond(kcal/mol/Å2) rij

0 (Å)

C3-C 368 1.539 CD-O 471 1.360
C2-C 300 1.5491 CO-O 342 1.446
CD-C 326 1.517 CT-HTa 331 1.09
CD-OD 968 1.209 CO-HO 331 1.09

ubend(θijk) ) kbend(θijk - θijk
0)2 ubend(θijk) ) kbend(θijk - θijk

0)2

bends kbend(kcal/mol/rad2) θijk
0 (deg) bends kbend(kcal/mol/rad2) θijk

0 (deg)

C-C2-C 89.5 113.3 CD-O-CO 84.8 116.4
CT-C-CT 87.9 109.47 H-CT-C 35.0 109.5
CT-C-CD 87.9 109.47 H-CT-H 35.0 109.5
C-CD-O 74.5 111.4 HO-CO-HO 35.0 109.5
C-CD-OD 63.3 125.6 HO-CO-O 56.0 110.1
OD-CD-O 126.5 123.0

uinversion(θijk) ) K1(θijk - θ0) + K2(θijk - θ0)2

inversion θ0 (deg) K1 (kcal/mol/rad) K2 (kcal/mol/rad2)

CD 360 -60.0 30.0

utorsion(φijkl ) ) V1(1 + cos(φijkl )) + V2(1 - cos(2φijkl )) + V3(1 + cos(3φijkl )) + V4(1 - cos(4φijkl ))

torsions (kcal/mol) V1 V2 V3 V4

CT-C-C2-C 0.277 92 0.000 00 0.000 00 -0.27792
CD-C-C2-C 0.277 92 0.000 00 0.000 00 -0.27792
CT-C-CD-O 0.807 84 0.000 00 0.000 00 -0.80784
CT-C-CD-OD 2.600 00 0.050 00 -2.55000 0.000 00
C-O-C-C 2.020 00 -1.00000 -0.70000 -0.32000

a CT includes C3 and C2; HT includes H and HO
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Coulomb interactions. To increase computational efficiency we
used the multiple time step reversible reference system prop-
agator algorithm [rRESPA],28,29 with timesteps as detailed in
Table 2.

To generate initial configurations for our EA simulations, we
begin with equilibrated united atom (UA) coordinates from prior
runs. Hydrogen atoms are inserted on the equilibrated carbon
positions as follows. The hydrogen atoms on the main chain
[CH2 group] are inserted by fixing C-C-H bond angles at 110°
and the C-H bond lengths at 1.09 Å. For the CH3 groups, we
first insert one hydrogen atom by fixing C-C-H (for R-methyl
group) or O-C-H (for ester methyl group) bond angles at 110°
and the C-H bond length at 1.09 Å. The remaining two
hydrogen atoms were then reinserted by fixing H-C-H bond
angles at 110° and C-H bond lengths at 1.09 Å.

Equilibration. The EA configuration prepared as described
above is further equilibrated for at least 4 ns before collecting
data, followed by production runs of 6 ns. This equilibration
time is selected such that the atoms have moved a distance
comparable to their chain dimensions. No shifts in structural
or dynamic properties are evident as illustrated by the self-
intermediate scattering functionS(q,t) in Figure 2, calculated
over three 2 ns blocks following the proposed equilibration time
of 4 ns. These results suggest that the equilibration time is
sufficient.

III. Experimental Details

To validate the chosen force field, we use both structural and
dynamic neutron measurements. The structural measurements were
performed on a sample of 80% syndiotactic sequences and a
molecular weight of 375 000 g/mol. They are described in ref 30.
Two quasielastic neutron scattering measurements to assess dynam-
ics are discussed below. These measurements were performed at
the NIST Center for Neutron Research in Gaithersburg, MD.

High-Flux Backscattering Spectrometer31 [HFBS]. In this
spectrometer, neutrons of incident wavelength 6.271 Å (E0 ) 2.08
meV) are Doppler shifted to achieve a range of incident energies
((20 µeV) about this nominal value. The neutrons are scattered
by the sample, after which only those neutrons with a final energy
of 2.08 meV are detected. The dynamic range (energy transfer) of
(20 µeV sets the shortest time available to the instrument. The
instrumental resolution (full width at half-maximum), which sets
the longest time, is dependent on the size of the Doppler shift and
equal to 0.87µeV for (20 µeV. For data reduction purposes, this
resolution was measured with a vanadium sample at 295 K. The

pressed polymer sample was held in a cylindrical aluminum can
mounted on a closed cycle refrigerator unit. The thickness of the
sample was around 0.1 mm, chosen to achieve 90% neutron
transmission and minimize multiple scattering. The PMMA was
purchased from Polymer Standards Service and has a molecular
weight of 463 000 g/mol and 76% syndiotactic sequences.

Disk Chopper Time-of-Flight Spectrometer32 [DCS]. The disk
chopper spectrometer uses a fixed incident wavelength, and energies
of scattered neutrons are resolved by their flight times. The
spectrometer was operated at an incident wavelength of 4.2 Å and
at a resolution of 80µeV. The instrumental resolution was measured
using a vanadium sample at 295 K with the same instrument
configuration. The measured QENS spectra collected over 6 h
periods were corrected for detector efficiencies using software
developed at NIST (Data Analysis and Visualization Environment,
DAVE).33 The scattering from the empty aluminum can and from
the background were subtracted and the data were binned into
q-groups in the range 0.60-2.60 Å-1. As with HFBS, the sample
was annular in shape and held in a thin-walled aluminum can
mounted onto a closed-cycle refrigerator, and of thickness of 0.1
mm to minimize multiple scattering. Two hydrogenated PMMA
samples were used: the one described for HFBS [463 000 g/mol
and 76% syndiotactic], and one closer to the simulated molecular
weight [3500 g/mol], with the same percentage of syndiotactic
sequences. The glass transition temperatures measured by DSC are
397 and 373 K, respectively.

Both HFBS and DCS experiments are performed at 500 K and
measure the scattering intensity as a function of energy and
momentum transfers, which sets the time and spatial scales,
respectively. The momentum transfer is related to spatial scale by
q ) 2π/r and the energy transfer to time byt ) h/∆E. In order to
combine the neutron scattering data from DCS and HFBS and
compare these data to simulation results, the scattering functions
were Fourier transformed to the time domain as discussed in refs
11 and 34.

The contribution of a single scattering event to the total scattering
depends on the scattering cross sections of the atoms involved; both
incoherent [self-motion] and coherent [relative motion] cross
sections must be considered. Incoherent scattering reflects correla-
tions between the same atom at different times, while coherent
scattering reflects relative positions of atomic pairs. In the static
case (diffraction experiment), the sample must be mostly deuterated
and it reveals the corresponding sum of partial static structure
factors. As the incoherent cross section of the proton is substantially
larger than all others, the QENS experiments are performed on
hydrogenated samples for which the incoherent scattering from
hydrogen represents 93% of the total. The QENS results reported
here thus represent the self-motion of protons. Further, in the
comparisons of simulation to QENS experimental experiments, we
neglect coherent contributions when computing dynamic observ-
ables from simulation coordinates.

IV. Validation of the Simulation Model

To check the performance of the OPLS force field, we
compare the static structure factorS(q) and the self-intermediate
scattering functionS(q,t) obtained from the simulation to
available neutron scattering measurements in ref 30 and
described above.

We calculate the static structure factorS(q) assuming an
isotropic sample using35

where

Table 2. Corresponding Time Step for Different Interactions

interaction type time step, fs

bonding, bending and torsion 1
van der Waals and the real part

of the Coulomb Ewald summation
2

reciprocal part of the Coulomb Ewald
summation

4

S(q) )
n

〈|b|2〉
∑

i
∑

j

cicjbibj ∫0

∞
[gij(r) - 1]

sinqr

qr
4πr2 dr

(1)

〈|b|2〉 ) ∑
i

ci|bi|2 (2)

Figure 2. Representative self-intermediate scattering function calcu-
lated over 2 ns blocks to illustrate the lack of drift in dynamic properties
at q ) 0.8 Å-1 andT ) 500 K.
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and

In the above,i and j represent different atomic species, the
coherent scattering lengthb describes the interaction between
neutron and nucleus,c is the atomic species concentration, and
the radial distribution functiongij(r) reflects the local packing
between atoms of typesi and j. As the static structure factor
S(q) is normally measured on deuterated samples, we use the
coherent scattering length for deuterium rather than hydrogen.

Figure 3 compares the static structure factor of PMMA
calculated from eqs 1-3 at 470, 500, and 600 K to neutron
diffraction experiments at room temperature.30 Note that the
experimental data have been renormalized to match with the
simulation data at highq. The sharp peaks atq ) 2.7 Å-1 and
q ) 3.1 Å-1 in the experimental data are due to the diffraction
of the aluminum sample holder. In the investigatedq range all
data sets show three peaks. The first [lowestq] peak shifts to
smaller q values and becomes more intense with increasing
temperature, while the second and the third peaks are insensitive
to temperature. These results suggest that the first peak
represents intermolecular correlations while the second and third
peaks reflect intramolecular packing. The height and location
of the intermolecular peak obtained from the simulation depends
strongly enough on temperature that the disagreement between
experiment [300 K] and simulation [lowest temperature 470 K]
could be attributed to temperature dependence. Differences in
the second and third peaks reflect a different intramolecular
distribution (bond and torsional angles), most likely due to the
sequence distribution, which is 100% syndiotactic for the
simulations and 80% syndiotactic for the experimental sample.

The self-intermediate structure factorS(q,t) describes the
mobility of atoms in the system. We obtain this directly from
the molecular dynamics trajectory,

whererji(t) is the distance vector of atomi at time t, andxi(t)
the x coordinate ofrji(t). To compare with DCS and HFBS
experiments in which the signal is dominated by hydrogen
atoms, we include only hydrogen atoms in the calculation of
S(q,t). Plotted in Figure 4 is theS(q,t) from simulation and DCS
and HFBS experiments at twoq values (0.9 Å-1 and 1.5 Å-1)

at 500 K. For the experimental data, a fit line is also given to
estimate the decay in the time gap between the two instruments.
Two things should be noted: the simulations are in reasonable
agreement with experiments and different molecular weight
samples yield almost identical DCS results. This indicates that
molecular weight has little effect on the local dynamics of
PMMA, and that the simulation model provides fair description
of dynamics of real PMMA samples. The fits indicated in this
figure are described below.

V. Local Dynamics

Above we provided evidence that the simulation model we
adopted is able to capture both structural and dynamic properties
of PMMA. We now use this model to analyze and separate the
local dynamics of PMMA at high temperatures: ester and
R-methyl group rotations, rotation of the entire ester side group
and main chain motion. Before going into the details of these
motions, it should be noted that in this paper we always calculate
neutron observables: the local dynamics are represented by the
self-intermediate scattering function calculated through eq 4 and
in our calculations only hydrogen motion is included. To isolate
rotation around a specific bond, translational motion of the
terminal atom of that bond must be removed. We thus calculate
S(q,t) using eq 4 but “virtually fixing” the terminal position of
the rotating group. Virtually fixing refers to removing contribu-
tions from translational motion by calculating hydrogen positions
relative to the position of the appropriate carbon atom. As
examples, in ester methyl group rotation the position of C2 [in
Figure 1] is fixed, whereas for rotation of the entire ester side
group, the position of C1 [in Figure 1] is fixed. Clearly, these
carbon atoms do move throughout the simulation: their position
is rendered fixed by calculating the hydrogen positions relative
to the position of the appropriate carbon atom.

A. R-Methyl and Ester Methyl Group Rotation. As
discussed in the Introduction, it is challenging to use QENS to
investigate ester CH3 group rotation at high temperatures; even
with selective deuteration, the position of atom C2 will translate
such that rotation cannot be isolated. The resulting motion would
be fit using a combination of translational and rotational models,

Figure 3. Comparison of the static structure factor of syndiotactic
PMMA calculated from simulations at temperatures of 470, 500, and
600 K with neutron diffraction experiments.30

gij(r) )
V

4πr2n2
〈∑

i
∑
j*i

δ(r - rij)〉 (3)

S(q,t) )
1

N 〈∑
i)1

N

exp[-iqb‚( rbi(t + t0) - rbi(t0))]〉 )

1

N 〈∑
i)1

N

cos(q‚|xi(t + t0) - xi(t0)|)〉 (4)

Figure 4. Comparison of the incoherent dynamic structure factors of
PMMA from simulations with DCS and HFBS measurements at 500
K at two q values: (a)q ) 0.9 Å-1; (b) q ) 1.5 Å-1.
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which require assigning a large number of fit parameters from
a small decay. Although experimental reports of ester CH3

rotation are available in the temperature range of 80-200 K,15

little information is available forR-methyl group rotation. Genix
et al.36 provide some simulation data forR-methyl and ester
methyl group rotation, but only at 400 K, which is close to the
Tg of PMMA. We separate both rotations from other motions,
and thus provide data for both methyl rotations at high
temperatures. As explained above we isolate rotation by fixing
the terminal position of the rotating group, the dynamics of
methyl group rotation are thus calculated from eq 4 by taking
the relative distance between hydrogen atoms and the carbon
atom positions they are bonded to. Figure 5 shows the rotational
S(q,t) for R- and ester CH3 groups at twoq values. It can be
seen from the graphs that two processes contribute. The short
time (<0.3 ps) process, which is more prominent for the ester
methyl, results from internal vibrations within molecules, and
is followed by decay due to the rotation of the ester methyl
group. At long times,S(q,t) decays to an almost constant value
for both methyl group rotations. The plateau inS(q,t) indicates
the presence of an elastic incoherent structure factor [EISF].
Physically this indicates motion over a restricted spatial area,
and theq dependence of the EISF characterizes the geometry
of that spatial area. In the case of CH3 rotation, a 3-fold
rotation37,38 is often used: the protons jump between three
equivalent sites. This results in a temperature-independent EISF
of the form:39

whererH-H ) 1.78 Å is the H-H distance.
Figure 6 compares the EISF calculated from 3-fold, as well

as 4-fold and 6-fold rotation models and that obtained from the
plateau value in the simulations. As can be seen from the figure,
the EISF obtained from the simulation is temperature indepen-
dent and consistent with the prediction from all three rotational
models atq values lower than 1.8 Å-1. At largerq, the simulated
data is more consistent with 4- and 6-fold rotation models.

QENS experimental data on the methyl group rotation of
polyisoprene appear to be consistent with 3-fold rotation,40 but
they are only available forq values lower than 2 Å-1 due to
instrumental limitations. Moreno and colleagues13,14found that
a 6-fold correction to the 3-fold potential was required to
describe rotation of the methyl group in PMMA and in glassy
toluene.

In any of the rotational jump models, it is presumed that the
rotating atoms jump between the designated number of sites,
with the residence time in each site being much larger than the
time required to change from site to site. In addition, rotational
models neglect librational motion within each site. These
requirements will clearly be satisfied at low temperatures. It is
possible that at high temperatures, the residence times will
become so small that the total amount of time a proton spends
in rotational sites is roughly equal to the time it spends jumping
from one site to another. This could result in an EISF that does
not reflect the true nature of the rotation. To address this issue,
we have calculated the torsional angle of a proton in each type
of methyl group at 500 K as a function of time. The results are
presented in Figure 7, where it is apparent that the torsional
angle of theR proton [H-C3-C1-C] undergoes librational
motion in each of three different sites [-120, 0, and 120°],
punctuated by quick jumps between sites, as expected. The

Figure 5. RotationalS(q,t) for R-methyl and ester CH3 groups at 500
K and twoq values: (a)q ) 0.9 Å-1; (b) q ) 1.5 Å-1. The KWW fits
are for the long-time decay (t > 0.3 ps).

Figure 6. q dependence of the simulated EISF compared to theoretical
predictions for CH3 rotation in 3-fold, 4-fold, and 6-fold models.

Figure 7. Dihedral angle as a function of time with the time interval
of 0.04 ps: (a)R-methyl group; (b) ester methyl group at 500 K.

EISF) 1
3[1 + 2

sin (qrH-H)

qrH-H
] (5)
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torsional angle of the ester proton [H-C2-O-C] also occupies
three sites, but as the jumps between them are far more frequent,
the proton spends more time transitioning between sites. As both
types of methyl groups present the same EISF, it does not appear
likely that more frequent transitions lead to deviations from
3-fold rotation. On the other hand, both methyl groups execute
librational motions approximately(30 degrees from the jump
site. This would have the effect of smearing out the apparent
shape of the motion from a triangle [3-fold rotation] to a
hexagon [6-fold rotation], as illustrated in Figure 8. The
reasonable agreement between our simulation data and the
predicted EISF for CH3 rotation validates both the utility of
the simulation and our method for isolating rotational motion.

In order to perform a quantitative analysis of CH3 rotation,
the portion of the decay curve attributed to this motion is fit
with:

whereA is the prefactor describing the first decay,τKWW the
relaxation time,â the distribution of relaxation times, and the
EISF is taken from the long time plateau of theS(q,t) decay
curve. All rotational times reported here are theτKWW resulting
directly from fitting with eq 6. As discussed in ref 15, the
stretched exponential function accounts for the existence of a
distribution of rotational frequencies instead of a single rotational
frequency, and provides more reasonable results than a single
exponential when applied to QENS measurements.

Times for rotation are expected to beq independent with an
Arrhenius temperature dependence. As seen in Figure 9a, the
relaxation times fit with eq 6 for bothR-methyl and ester methyl
group rotations at 500 K verify the independence of spatial scale,
with the ester rotation being much faster than theR rotation as
is known experimentally. Figure 9b shows thatâ values for
both methyl rotations are not sensitive toq.

The Arrhenius temperature dependence of rotation times is
illustrated in Figure 10. We also include neutron15 and NMR
data41 for comparison. As can be seen from the graph, both
rotations are Arrhenius in temperature

where Ea is the activation energy. The activation energy
calculated from eq 7 forR-methyl group rotation as shown in

Figure 10a is 36.6 kJ/mol, close to the value of 34 kJ/mol
derived by Higgins and Benoıˇt41 and the value of 32 kJ/mol
reported by Allen et al.42 As is clear from the figure, the
R-methyl rotational times are very consistent with those from
neutron scattering41 and its rotational behavior at high temper-
ature is obviously a continuation of that from NMR measure-
ments41 at low temperatures. For ester methyl group rotation
as shown in Figure 10b, the activation energy is 8.9 kJ/mol,
which is close to 10 kJ/mol reported from NMR experiments18

although further from the 5.4 kJ/mol obtained from QENS
measurements15 and 5.9 kJ/mol obtained from inelastic neutron
measurements14 at low temperatures. MD and NS15 relaxation
times in Figure 10c for the ester CH3 rotation fall on a smooth
curve, and a change in activation energy seems hinted by the
experimental data at around 160 K.

Plotted in Figure 10d are the stretching parameters for both
ester andR-methyl group rotations as a function of temperature.
In the case of the ester group, there is little difference with
temperature, while for theR-methyl, a slight increase with
increasing temperature is evident. The ester methyl rotation was
analyzed using a stretched exponential in ref 15, and we note
that the stretching parameter is observed to increase slightly
and level off around 0.6 at temperatures above 200 K. This is
consistent with our results.

Our results provide relaxation times ofR-methyl and ester
methyl group rotations at high temperatures. The main charac-
teristics of methyl rotations are observed:q independent
relaxation times, an EISF close to theoretical predictions, and
Arrhenius temperature dependence of relaxation times. The
range of our simulations is limited to temperatures well above
Tg. Over the investigated temperature range, the activation
energy for the ester methyl rotation is higher than that obtained
from neutron scattering experiments.15 Potential explanations
apart from a change in activation energy as mentioned above
are the different molecular weight or tacticity of the simulated
sample. Rotation of methyl groups is very local and should not
depend on molecular weight. Both rotation times and activation
energies depend on tacticity. However, the barrier for rotation
of isotactic PMMA is higher than that of syndiotactic PMMA43

so the higher activation energy in our simulated systems [100%

Figure 8. Schematic of a methyl rotation on a circle. Dashed lines
represent proton jumps between different energy levels. Solid lines
represent librational motion. The triangle indicates an ideal 3-fold jump
and the hexagon represents an approximated 6-fold jump.

S(q,t) ) A{EISF+ (1 - EISF) exp[-( t
τKWW

)â]} (6)

ln τ ) ln τ0 +
Ea

RT
(7)

Figure 9. q dependence of (a) rotation times and (b)â parameter for
both R-methyl and ester CH3 rotations at 500 K.
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syndiotactic] would be expected to be lower than the experi-
ments [predominantly syndiotactic].15

B. Entire Carboxyl Group Rotation. As discussed in the
Introduction, theâ-relaxation is prominent in the dielectric
spectra of PMMA, and it has been associated with hindered
rotation of the-COOCH3 group around the C-C bond linking
it to the main chain.10 By isolating this specific motion and
studying the resulting spectra, we tested this idea. This motion
is isolated by considering the motion of the ester hydrogens
relative to carbon C1 [see Figure 1]. TheS(q,t) for ester side
group rotation is thus calculated from the positions of the three
hydrogen atoms relative to this carbon atom. This calculation,
explicitly excludes rearrangement of the main chain, thereby
separating the structural relaxation from carboxyl group rotation.
Structural relaxation is addressed in section C. Figure 11 shows
the rotationalS(q,t) for the entire ester group at 600 K and at
three q values (0.6, 0.9, and 1.5 Å-1). As with CH3 group
rotation, fast vibrations appear at short times. The rotation of
the ester CH3 group also contributes. A plateau inS(q,t), i.e.,
the EISF, is again observed at longer times; however, in this
case, its value is much smaller than that for CH3 group rotation.

Because the rotating protons are separated from the point of
rotation by three bonds, we expect the rotation to occur not
through discrete jumps, but instead in a more continuous
manner. In addition, the area of rotation should be larger. To
test these ideas, we fit the EISF obtained from the plateau values
of S(q,t) to the prediction of the isotropic rotational diffusion
model, in which continuous small angle rotations occur and the
rotating molecule has no preferred spatial orientation.39

In the above equation,r represents the radius of the area of
rotation. As shown in Figure 12, simulation data agree well with
the isotropic rotational diffusion prediction withr ) 2.85 Å.
This suggests that ester methyl protons rotate around the C1-C
bond by randomly moving throughout a circle of radius 2.85
Å. Both the continuous nature of the motion and the size of the
circle are a result of the two intervening bonds. Intramolecular
packing in PMMA causes a broad second peak inS(q)
corresponding to length scales of approximately 3 to 4.5 Å. This
likely reflects the length scales involved in packing of adjacent

Figure 10. Temperature dependence of relaxation times and theâ parameter for CH3 group rotations atq ) 1.5 Å-1: (a) R-methyl rotation, and
its comparison with NMR and QENS results;41 (b) ester where the MD and neutron data15 are plotted on separate scales; (c) ester, with neutron and
MD data on a common scale; (d)â parameter for both methyl group rotations.

Figure 11. S(q,t) for the rotation of ester hydrogen atoms around C-C
bond connecting to the main chain at 600 K and at threeq values. The
KWW fits shown in this graph are only for the long time decay (t >
1 ps).

Figure 12. q dependence of the simulated EISF for rotation of the
entire ester group rotation at 600 K, compared to the isotropic rotational
diffusion model, wherer ) 2.85 Å-1.

EISF) (sin(qr)
qr )2

(8)
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ester groups. Thus, it is reasonable that the ester group is
confined to a circle of radius slightly less than 3 Å. To test this
idea, we show the pair distribution function [Figure 13] between
ester protons on the same chain. The peak at∼4 Å is consistent
with the spatial extent of rotation indicated by EISF.

Since rotation is slower for the entire ester group, the plateau
in S(q,t) can only be clearly ascertained within 6 ns for 600 K,
and thus other temperatures are not shown. We expect that the
EISF is independent of temperature, and have used the value
from 600 K, along with eq 6 to fit ester group rotation at all
temperatures. In Figure 14 we show the spatial dependence of
the relaxation times and stretching parameters obtained in the
fits. The relaxation times are only weaklyq dependent, as
expected for rotation. The stretching parameters cluster around
0.43, consistent with dielectric measurements of theâ-relaxation
for whichâ ) 0.45 at 475 K.44 Figure 15 shows the temperature
dependence of relaxation times andâ for the ester group rotation.
In Figure 15b, we plot the stretching parameter obtained from
fits of ester side group motion with that obtained from dielectric
spectroscopy [DS] data for theâ-relaxation44 at two q values
(0.6 and 1.5 Å-1). Our results show the same trend with
temperature over the range where DS data is available. The
activation energy calculated using eq 7 does not depend onq
and has a value of 77.4 kJ/mol, which is consistent with the
79.42 kJ/mol for theâ process at temperatures belowTg from
dielectric spectroscopy.44 Figure 15a compares the relaxation

times obtained from the above analysis of ester group rotation
and dielectric spectroscopy measurements of theâ-relaxation.
It is apparent that the slopes are co-incident but the values of
relaxation times are not in agreement. Because theTg of PMMA
is molecular weight and tacticity dependent, theTgs of the
simulated and measured (Mw 550 000,Tg 404 K) samples differ
by approximately 17 K. To test if this might have an influence,
we have shifted the DS data to account for this difference. While
one would expect that theâ-relaxation is a local process,
independent of effects from slowing of segmental motion at
Tg, it does appear that the actual times are more consistent with
experimental data if the latter are shifted. This is consistent with
the finding that ester group rotation is accompanied by main
chain rearrangement.10 It is interesting that even for temperatures
well below Tg, where main chain motion should be arrested,
the dielectric data must be shifted to be consistent with the high-
temperature simulation data where main chain motion is omitted
from the calculation. In the temperature range of our simulations,
the â-relaxation is merged with theR-relaxation in dielectric
measurements. The merged process has an activation energy
of 110 kJ/mol. For the simulation results, in this temperature
range, the rotation of the ester side group appears to be a high
temperature isolation of the local motion responsible for the
â-relaxation, and thus its activation energy is consistent with
that of theâ process measured via dielectric spectroscopy at
low temperatures, where its motion is not coupled with main
chain reorientation. This confirms that its origin is rotation of
the ester group, as has been suggested previously. In ref 10,
the â-relaxation is described as consisting of 180° side group
flips, accompanied by rotational readjustments of the main chain.
These adjustments are not included in the scattering function
calculated for the rotation of the ester group. However, if, as is
argued in ref 10, the ester group rotation only occurs with
corresponding main chain motion, then this is included implicitly
in the rates because the rotation would not occur in absence of
torsional rearrangement. At least with respect to the rotation of
the ester protons, 180° flips [2-site rotation] as suggested in ref
10, are not consistent with our data. As with rotation of the
methyl groups, we present in Figure 16 the torsional angle

Figure 13. Intramolecular pair distribution function between ester
protons at 500 K.

Figure 14. q dependence of relaxation times and stretching exponents
for rotation of the entire ester side group at 500 K.

Figure 15. Comparison of the temperature dependence of entire ester
side group rotation behavior to DSâ-relaxation:44 (a) τ vs 1000/T; (b)
â vs T.
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involving rotation of the ester oxygen around the C1-C bond
[O-C-C1-C3]. Although the sampling time is small compared
to the residence time in each site, two sites are visited, consistent
with a 180° flip. Moreover, librations within these sites lead to
torsional angle variations of(60°. As with methyl group
rotation, this variation smears out the apparent site such that
the shape visited by the ester oxygen more resembles a square
[4-fold rotation] as shown in Figure 17.

C. Main Chain Dynamics. TheR-relaxation is often associ-
ated with the chain backbone. To test this for PMMA, we
investigate the main chain dynamics by including only hydrogen
atoms on the main chain when computingS(q,t). The resulting
decay curves are shown in Figure 18. As expected, main chain
motion is highly temperature dependent. For the highest
temperatures,S(q,t) decays to zero at long times for allq values,
indicating there is no EISF as expected. We thus fit the main
chain decay with,

As with rotational times, all times reported for main chain
relaxation are theτKWW times resulting directly from fits to eq
9. Good agreement is found between our simulation data and
the DS data, as shown in Figure 19. They all suggest that the
R-relaxation is more strongly temperature dependent than the
â-relaxation, and that theR-relaxation is less stretched at high
temperatures. Theq dependence of relaxation times as shown
in Figure 19a, as well as all the other temperatures, followsτ
∝ q -2/â, which is often observed for theR-relaxation in
polymers.45 Our prior neutron measurements11 showed thatτ
∝ q-2/â is expected at temperatures within 40 K ofTg. The
temperature dependence of relaxation times, as shown in Figure
19b for twoq values, is obviously non-Arrhenius. These results
suggest that the motion of the chain backbone is the primary
contribution to theR-relaxation in PMMA. The time scale of
this motion is co-incident with that of ester group rotation in
the higher end of the temperature range, as can be seen in Figure
20. This is expected from the merging ofR- andâ-relaxations
in DS. At higher spatial scales, rotation of theR-methyl also
appears on the same time scales. We will return to this figure
below. The stretching parameter obtained from fits of main chain
motion is compared to that obtained from DS for theR-relax-
ation in Figure 19c. The comparison indicates again and
emphasizes the correlation between main chain motion and the
R-relaxation.

D. Comparison with Dielectric and Backscattering Mea-
surements.In addition to considering the four motions described
above on an individual basis, we have also calculated the

Figure 16. Torsional angle involving rotation of the ester oxygen
around the C-C1 bond (C3-C1-C-O) as a function of time with the
time interval of 2 ps at 500 K.

Figure 17. EISF from ester oxygen rotation compared to theoretical
predictions from 2-fold, 4-fold, and 6-fold models, whererO-O is
2.1 Å. Inset picture represents an approximated 4-fold jump.

Figure 18. Main chain relaxation processes at different temperatures
andq ) 1.5 Å-1.

Figure 19. Main chain motion dynamics: (a)q dependence of
relaxation times; (b)T dependence of relaxation times; (c)T dependence
of â parameter and its comparison to DS data.

S(q,t) ) A exp[-( t
τKWW

)â] (9)
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scattering functionS(q,t) including all hydrogens. This decay
is fit with eq 9, with both the simulation data and the fit lines
shown in Figure 4. This result would compare directly to the
neutron measurement in ref 11. Three of the individual motions
we address here have comparable time scales and should
contribute to this overall decay. The overall relaxation is thus
compared with ester group rotation, the main chain motion, and
R-CH3 group rotation in Figure 20. Experimental data, from
both QENS and DS, are also shown. The experimental data,
both QENS and DS, have been shifted to account for differences
in Tg. Figure 20a illustrates a spatial value,q ) 0.6 Å-1, larger
than the interchain spacing. Here the rotations do not contribute
as much (the EISF is 0.88 for methyl group rotation and 0.36
for ester group rotation), and thus theR-methyl rotation time
does not influence the decay of all protons to a large extent.
This can be seen by comparing the times for all proton motion,
main chain motion, andR-methyl group rotation in Figure 20a.
Although theR-methyl rotation times are quite different, they
do not contribute much to the decay calculated with all protons.
This is the reason that this spatial scale showsR-relaxation
character. This is also the spatial scale which most closely agrees
with relaxation times from DS, and accordingly these times are
also given. In Figure 20b, we illustrate a smaller spatial scale,
q ) 1.5 Å-1. Although DS data are more consistent with QENS
at q ) 0.6 Å-1, we also show this data here to facilitate
comparison with theâ-relaxation. Here the EISF for methyl
rotation is 0.4 and that for ester rotation is 0.05. As a result,
bothâ-relaxation [rotation of the ester side group] and rotation
of theR-CH3 group contribute more than atq ) 0.6 Å-1. Since
both are Arrhenius, the overall decay appears more skewed
toward theâ-relaxation. This is the reason the experimental
QENS data appears more consistent with theâ-relaxation at
largeq.

VI. Summary and Conclusion

Although a variety of experiments are available to explore
the dynamics of methyl group rotation, theâ-relaxation and the
R-relaxation in PMMA, it is difficult to retrieve specific local
motions using these techniques because the response in a
particular experiment includes all types of motion grouped

together. This is particularly true at temperatures aboveTg. Here
we have adopted molecular dynamics simulations to isolate
several motions in PMMA, which is both well studied and has
several important applications due to its high transparency in
visible light. We evaluate the performance of our EA model
for both static and dynamic observables using neutron scattering
data. The performance of this model is comparable and in
agreement with neutron diffraction for static properties. The
dynamics represented via QENS experiments are also in
reasonable agreement. We use the model to study four different
molecular motions in PMMA: main chain motion, rotation of
the ester side group, and rotation of both methyl groups. Our
main conclusions are summarized in the form of the Arrhenius
plots for the relaxation times of all four motions in Figure 21.
An Arrhenius temperature dependence is evident for all three
rotations: theR-methyl, the ester methyl and the entire ester
side group. The activation energies follow ester side> R-methyl
> ester methyl, consistent with available data. Further,R-methyl
and ester methyl activation energies approach values reported
in literature, and, as shown in Figure 10, both rotational times
agree well with experimental measurements. The activation
energy for the entire ester side group rotation is consistent with
the value reported for theâ-relaxation measured from dielectric
experiments. We confirm that theâ-relaxation originates from
rotation of the ester side group, as first suggested from NMR
experiments. This rotation contributes with the same activation
energy aboveTg. Finally motion of the main chain does not
show Arrhenius temperature dependence but rather diverges as
Tg is approached. The spatial dependence of main chain
relaxation times followτ ∝ q-2/â, indicative of translational
motion. Both of these observations support the idea that the
R-relaxation is associated with the motion of the main chain in
PMMA.
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Figure 20. Comparison of simulation data to dielectric44 and neutron
scattering11 results at: (a)q ) 0.6 Å-1; (b) q ) 1.5 Å-1.

Figure 21. Summary of temperature dependence of relaxation times
for different relaxations at: (a)q ) 0.6 Å-1; (b) q ) 1.5 Å-1.
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