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ABSTRACT: In this paper, we show that it is possible to predict the dielectric loss spectrum of methoxy groups

in amorphous poly(vinyl methyl ether) from their rotational energy profiles obtained by a simple quasistatic
technique described in our previous paper. Kramers’ transition rate theory is used with a slight modification to
account for the nonquadratic profiles encountered and short molecular dynamics runs are used to obtain the
moment of inertia and rotational frictional coefficient of a methoxy group. The predicted dielectric loss spectrum
and its temperature dependence are in good agreement with experimental observations with no adjustable parameters
other than those specified in the force field. It is found that the width of the dielectric loss spectrum is essentially
due to the spread of activation energies with a negligible contribution from the spread of relaxation time prefactors.

1. Introduction Energy

Relaxations in polymers in the glassy state generally occur 3 [\
far too slowly for direct simulation by molecular dynamics \ E”/'\ """" %\* e
techniques. We have shown in a previous publicattbat the o/ [ /
quasistatic technique may be used to determine the energy \ / | / \ /
profile for the rotation of methyl and methoxy groups in poly- S W T
(vinyl methyl ether) (PVME) and that the method gives good site2 1) site 2
agreement with the observed dielectric increment of PVME | //“
conventionally assigned to the rotation of the methoxy groups.
The average activation energy, however, was determined by an
ad hoc averaging procedure rather than by analyzing the shift
in dielectric loss with frequency as is done experimentally. In
this paper, we present a method for determining the frequency
dependence of the dielectric loss from the simulated rotation . . N . . ,
energy profiles of the methoxy groups and analyze the temper- Its energy profile, which is determined, in part, by the group’s
ature dependence of the loss process in a similar manner to théOcal environment.

experimentalists to generate an activation energy and ra'[et ?('Yer:r:.he energy ptrofélets ffOT“ o?r: p;ewogt_s pab(:urfgs:
prefactor for direct comparison with experimental results. ask in this paper Is o determin€ the transition rates between

The methoxy group rotational energy profiles are generally the two sit'es. This requ?res a Qetgiled investigatiop of transition
similar to that shown in Figure 1, with two minima in a complete rate t_h_eorles to determine which is most appropriate. Once the
rotation centered around® &ndﬁ: 18C°. Transitions between transition rates are calcgla_lt(_ad,_the frgquency and temperature
these minima can occur in either the ciockwise or anticlockwise depepdenc_e of the permittivity Is re.adlly obtained, T.he Sh.lft.m

o o ; . : the dielectric loss with temperature is then analyzed in a similar
direction with, in general, two different barriers. In our previous

. i ~ manner to the experimental studies to yield a mean activation
paper! we discussed the use of both two-site and three-site P y

models (where the 180minimum reached by a clockwise energy and a spread of activation energies for comparison with

rotation was treated as a different state to that reached by anexperlment.

anticlockwise rotation), but in this paper, we consider only the 2 Theory
two-site model. A further simplification is to neglect any local

field treatment because, as shown in our previous papely ; . .
a small fraction of the groups actually make a significant of the two-site model published by Hoffman and Pfeiffen

contribution to the dielectric response, and hence dipolar the problem considered here, four f[r.ansitions are poss[ble
. rpecause forward and backward transitions may be made in a

clockwise or anticlockwise direction. We denote the rates of
éhe transitions byipt2, V1b-2, Vap+1, @andwvgp—1. The first two
rates are the probabilities per unit of time to jump from site 1
to site 2 over the two different barriers, while the second two
are the probabilities per unit of time to jump from site 2 back
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Figure 1. Two-site model with two barriers.

2.1. Two-Site Model.The model used is a modified version

effectively dilute dipolar system. With these simplifications, each
rotating methoxy group can be considered as generating a singl
Debye relaxation with relaxation parameters that depend upon
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dN, The TST rate of escape is given by:
o (Va2 T U1 DNy + (Vapig T v IN, (1)
kBT EMax
sz ﬁ exmy — _T
Tt F(Vipi2 T V15 Ny = (V11 T 02 N, I Ks (6)
(2) TST Z(p
where N; and N are the fraction of groups in site 1 or 2, whereZ, is given by:
respectively. Normalization implies that:
z, = [ dgexd — =0} (7)
Ny +N,=1 3) v o O ke T
After a perturbation, the population differenc&N (= N; — andEwax is the energy of the barrier across which the system
N,) decays exponentially with a relaxation tinegiven by: escapesZ, is integrated between the two barriers delimiting

the well from which the system is escaping. Note that the

minimum energy of the well does not need to be subtracted

from the maximum energiuvax because it will be removed by

the normalizatior?,.

The change in dipole moment is driven by this population In the Gaussian approximation, eq 6 becomes an Arrhenius

difference and hence has the same relaxation time. Determina-equation:

tion of r thus requires the calculation of the transition rates from

the barrier profiles. _ % _Eb)
2.2. Calculation of Transition Rates.There is no general UrsT = KT

solution for the evaluation of the transition rates from the barrier ) )

profiles. The equations and theorems presented below have beeMherew, is the angular frequency of the system in the bottom

developed and published by several authors over the last century©f the well andEy; is the energy barrier (i.eEvax — Ewin).

as is well summarized byhﬁhﬂgh Talkner and Borkove%We 2.3.1. The Smoluchowski Limithe Smoluchowski escape

considered three different models: rate for a nonquadratic potential, within the steepest descent
1. Transition State Theory (TSTh its one-dimensional ~ @pproximation, is:

version? this is easy to apply. It can be solved exactly by _

integrating the energy profile, and approximations can be o *1:k?§_l_f“’“”2 dy ex @) Max2 4 F{ @)

1
o =V =V T V0 T Vg T VU5 4)

(8)

avoided with no need to fit the curvature of the well. It requires Min1 kgT | </ Maxt ke T
only the moment of inertia of the rotating group with no friction 9
coefficient.

2. Smoluchowski’s ModeThis is a little more complicated This is valid when friction is so strong that inertial effects can
than TST. The one-dimensional versiaran also be solved ~ P€ ignored. Equation 9 does not require a mass or moment of
exactly, but it requires a double integration over the energy mertla,_but .|t requires a friction coefficierit In the Gaussian
profile. Because it assumes high friction, it requires knowledge aPProximation, eq 9 becomes:
of the friction coefficient but not the moment of inertia. lonw E

3. Kramers’ Model for Intermediate-to-Strong Frictiohhis Ve = _07b exr(— _b) (10)
cannot be solved by integrations of the energy profile. The 2ng
standard solutiohassumes that the maxima and minima in the
energy profiles are quadratic within a range of several kT, and
it requires values for both the moment of inertia and friction
coefficient.

Exploratory studies of the methoxy groups’ librational
motions within their wells by molecular dynamics techniques
showed that their motion was not well-described by either the
low-friction or high-friction regime, and hence Kramers’ model
should be used. Unfortunately, the extrema in the rotational
energy profiles were not well fitted by a quadratic approxima-
tion, especially the Ominimum. We therefore developed an
alternative fitting protocol to derive the effective curvatures by
applying the TST and Smoluchowski models as described

wherew, is the angular frequency of the system in the bottom
of the well andwy, is the effective angular frequency of the
system at the top of the barrier if the sign of the curvature were
changed.

2.3.2. Kramers’ Intermediate and High Friction Limit.
Kramers’ model uses both a moment of inertia and a friction
coefficient and assumes that the extrema may be adequately
represented by quadratic representation over a range of several
KT in energy. The solution for the transition rate is then:

cV_ c|® [ B
TERORRE

v =
Kramer
2w 2wy

(11)
below.
2.3. Transition State Theory. The Hamiltonian for a  |n the limit of a negligible friction coefficient, Kramers’
methoxy group is assumed to be: expression becomes the TST expression, while for high friction,
) it becomes the Smoluchowski expression.
_L The parametere, andwy, are usually determined by fitting
H(L’(p)_ﬁ_}_ E(¢) ®) parabolas toE(¢) in the region of the extrema and then

computingw, andwy,. In our case, however, we found that the
The lettersp and L are the methoxy group’s dihedral angle potentials could not be adequately represented by a quadratic
and corresponding angular momenturis. its moment of inertia form over the necessary range of energies, and we therefore
andE(e) is the potential energy as a function of dihedral angle adopted an alternative approach to determigeand w, from
determined by QS simulations. E(¢). In the Gaussian approximation, we have the relation:
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Urtst ¢

gm0 2wy

12)

Kramers’ escape rate can be rewritten as a functiomsaf
andvrst only.

_ Vst |2
Ukramer — 21.)5 +1-
m

Instead of fitting the energy profile with quadratic polynomials,
we utilized the integrated versions of the TST and Smolu-
chowski rate equations (6 and 9) to determirg,, and vrst

UrsT
—v (13)
20gng ST
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The correlation functiong(t) were defined as null far< 0. In
that case, the Fourier transform of eq 16 gives a real and
imaginary part:

__ 1 v v
RelF1 2/272 v’ + (p — w)° i (p+ w)z}
(20)
__1 w—p _ w+p
miFT 2V2n {1/2 +(p— a))2 v+ (p+ w)z}(21)

wherev = 1/r. The complex Fourier transform of the correlation
function found by simulations was fitted with the two functions

by integration over the energy profile and thus free ourselves egs 20 and 21, and the moment of inertia and the friction

from the quadratic approximation.

2.3.3. Determination of the Moment of Inertia and Friction
Coefficient. The effective moment of inertia and effective
friction coefficient were determined by MD simulation. To

coefficient of the methoxy group were then obtained from eqs
17 and 18.

2.4, Calculation of Dielectric Relaxation Parameters\We
assume that any individual methoxy group in a glassy environ-

ensure simple analysis of the trajectories, a quadratic forcing ment undergoes simple Debye relaxation with a relaxation time

potential of 20 kcal mott rad 2 was added to the torsional angle

7 that differs from group to group. The permittivity for the whole

of the five most dielec.trically active groups. This forcing polymer is obtained by summation of the contributions from
potential had two effects: primarily, because it is quadratic and gach group. The real part of the permittivity is thus given by:

strong compared to the natural potential, it reduced the effects
of the nonquadratic potential and ensured that a simple analysis
could be performed; second, it also reduced the effects of the
friction (see eq 15), assuring that we were in an underdamped,

oscillating regime that allowed good fits to be obtained.

The dihedral angle autocorrelation function was analyzed by and the imaginary part by:

assuming that the moment of inertia and frictional coefficient

were constant and that the equation of rotational motion was

adequately represented by:

1o +¢p+2kp=0 (24)
whereg is the dihedral angld, is the moment of inertia; is
the friction coefficient, and &y is the restoring force from the
forcing potentialE = k(¢ — @min )2

The relative effects of friction and inertia can be described
by the parameteA.
gz

A=3gKk

(15)

If A <1, then the system is oscillatory and the autocorrelation
function has the form:

#(0) = ex{— 7] cos) (16)
The parameters andw are determined by fitting the autocor-
relation function. With the parametersw, andk known, the
moment of inertia,l, and the friction coefficient, can be
calculated from:

2k

| = 1 (17)
_[2
Akt
= 18
it (w)? (18)

An alternative fitting method based on the Fourier transform
was also used.

FT,(p) = % ¢(t) exp(ipt) dt (19)

1 +
vt

@=F At @) (22)
e€e\w) = Ei— €(00
Z 1+ (wr)?
wT;
"(w) =) Aeg—— (23)
o uz ‘ 1+ (o)

where w is the imposed angular frequency of measurement,
€() is the permittivity at high frequency,is a group index
(the summations are performed over all groups), anditthe
group is characterized by two parametAes andz;, which are
its dielectric increment and relaxation time, respectively. It is
these final two parameters that need to be determined from the
QS simulation data.

The dielectric increment resulting from a static analysis was
given in our previous papkas:

E(lui - %DZD

A6 = T TVe,

(24)

wherey; is the vector dipole moment of thigh group and the
angular brackets denote ensemble averaging.

In our previous static analysig; was simply taken as the
dipole moment at the minimum energy within a well. In this
analysis, however, because the relaxation time is determined
from integration over the energy profile, it is consistent to use
the average dipole moment within the well defined by:

= ot e ) dr

whereu is the dipole moment at a certain dihedral angland
the integration is performed over all the space between two
energy maxima (or barriers) defining the limits of the well.

In our previous papéer,we discussed whether the wells
reached by positive and negative rotations of °188ould be
considered the same site. If they are considered as different,
due to different changes occurring in the environment for
example, then wells accessed by further rotations should

(25)
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Figure 2. Total simulated dielectric relaxation strength as a function Time / fs

of the temperature. Figure 3. Example of a librational angle correlation function at 150

K. Solid line: data; dotted line: fit.
logically also be considered different. We do not have data for
rotations starting from these new states, and consequently, for
the dynamic analysis presented in this paper, we are forced to
assume that rotations &f180° or —180 from the initial well
access the same new well and that rotations from the new well
return to the original well. We thus consider only a two-site
model. All average site properties such as occupancy, mean
dipole moment, mean square dipole moment, etc., are then 0 Log(e] radls) 10

obtained by Boltzmann-weighted integrations similar to eq 25 Figure 4. € as a function of frequency at 138 K. Squares: experiment

taken over the appropriate well. . with a baseline loss of 0.00712 removed (see text below). Dotted line:
To perform the ensemble averages, a weight needs to besimulation. Continuous line: RRDM fit to simulation.

attributed to each site. This weight is the local partition function:

Table 1. Moments of Inertia, I, in kcal mol~* degree? fs?, Friction

Coefficients, &, in kcal mol~1 deg2 fs?, and Values of A Found for
_ [max2 E((P) Each of the Five Groups by the Two Different Fitting Methods
Z= ) dp expg— —= (26)
max kBT time correlation function Fourier transform
) minimum | z D | z D
We then have_ for each_dlpole four parametes; uiso the 0 5.48 0.25 161 549 025 158
two average dipoles defined by eq 25 afydandZ;go, the two ~180° 6.23 0.21 0.32 623 021 031
non-normalized occupancy probabilities attributed to the wells. ~0° 6.46 0.21 1.06 6.48 021 1.05
The two-site ensemble averages can then be performed in Ng: g-ig 8-%2 8-?3 g-;gl’ 8-%2 g-i?
accordance with: average 6.51 6.20 6.74 6.52 6.20 6.73
std deviation 1.01 0.03 0.59 1.01 0.03 0.58
Zofo + Zigdrso error 0.45 0.02 026 045 002 0.26
a 180 probability of observing a given dihedral angle. A typical
) angular autocorrelation function is shown in Figure 3.
wheref stands for any relevant value suchwag:?, or u — [4L) The moment of inertia and friction coefficients for each of
etc. the five groups were found by directly fitting the angular

L autocorrelation functions as described above. The same param-
3. Application and Results eters were also determined by fitting a discrete Fourier transform

The QS profiles used were those from the “limited” simula- of the correlation function with the appropriate normalization
tion in our previous papérThat is, the 30 most dielectrically  to obtain the Fourier transform as defined by eq 19. Both
active groups from each of the six cells whose energy profiles methods give similar results with similar errors as shown in
were reanalyzed under the least computationally restrictive Table 1. Note that the values Afconfirm that we are generally
minimization conditions. Application of the protocol described in the intermediate friction limit.
in Section 2.4 to calculate the overall relaxation strength from  The average values for the mass and the friction coefficients
these profiles yields the result shown in Figure 2. given in Table 1 were used for all units in the subsequent

The calculated value of the relaxation strength at 138 K is analysis. Unfortunately, we have not investigated if these values
0.093, which is slightly less than the value of 0.096 derived in depend upon the strength of the forcing potential used to obtain
our previous publicatioh, which was calculated from the them. Note, however, that highly accurate values are not required
properties at the well minima rather than averaging over the because an error of a factor of 2 in moment of inertia for
well profile. example will only change the logarithm of in eq 28 by 0.15,

To generate dynamic data, we need to know the moment of while Log 7o is 12.6 and the width of the relaxation peak is 4
inertia and friction coefficient for methoxy group rotation. These decades. An error of two standard deviations in moment of
data were obtained for the five most dielectrically active groups inertia would change Logo by only about 0.05.
from molecular dynamics simulations run at a temperature of  3.1. Reconstructed Loss Peak and RRDM FitFor each
150 K for 10 ps with the extra quadratic potential added to the group, the four escape rates were calculated using Kramers’
dihedral energy term as described above. Ten runs were donenodel for intermediate and strong frictions (eq 13). The
on each group, and the average angular correlation function forrelaxation time was determined from eq 4 and the relaxation
each group was calculated. No temperature control algorithm strength from eq 24. Then, summing the contributions from each
was used to avoid artificial changes in the motion of the atoms group (eq 23) yielded the dielectric loss curve associated with
brought about by the action of a thermostat The strength of the methoxy group rotation (dotted line in Figure 4). These data
forcing potential (set byk) was checked by runnina 2 ns were calculated at 138 K for comparison with the experimental
molecular dynamics in the same condition and analyzing the curve reported at this temperature.
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Table 2. Quantitative Comparison between Experiment and

Simulation
Ae Eokd/mol  ogkd/mol logo/s)
expt Cendoya et al. 0.120 21.70 4.90
expt Gomez et al. 0.086 21.23 4.25 12.59
simulation 0.085 19.29 4.01 12.62

The simulation result is not a smooth peak because it is
dominated by the contributions from a few units. Nevertheless,
the comparison with experiment is impressive, especially when
one considers that the simulation data come directly from the
force field with no arbitrarily adjustable parameters. The
simulated loss peak height and width are comparable with the

experimental data, and the error in the position of the loss peak

is substantially less than the peak width.

To make a quantitative comparison, we note that the
experimental data were analyzed using the rotational rate
distribution model (RRDM). In this model, the relaxation time,
7, is written as a function of the activation ener§yas a simple
Arrhenius expression:

7(E) = 7, " (28)

where the parametery is assumed constant. The relaxation
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parameters or even the degree of polynomial used. If their
background loss subtraction does not remove as much loss from
the data, then this would account for the different relaxation
strength found by them.

3.2. The Distribution of Relaxation Time Prefactors.The
RRDM assumes a constant prefactoy, for all groups. The
width of the distribution of relaxation times in this model thus
arises solely from the different activation energies of the groups.
It was felt to be important to check the validity of this
hypothesis. We therefore calculated the barrier crossing rates
for every group at 150 and 175 K and, assuming the validity of
eq 28, calculate& andzro for each group from these data. The
simple average value of logfs) was found to be 12.68, and
the distribution had a surprisingly small standard deviation of
0.17. This is not the whole story, however, because the simple
average activation energy is only 10.9 kJ/mol, which is far from
reality (~21 kJ/mol). As discussed in our previous pabitiis
necessary to take a weighted average where the weights reflect
the dielectric strength of each group to obtain something near
the observed activation energy. We therefore weighted the
calculation of logfy/s) with the same weights to obtain a
weighted average log{/s) of 12.86, while the standard deviation

strength is assumed to be a Gaussian function of the activationnarrowed to 0.10 or one-tenth of a decade. Because the width

energy such that the real and imaginary parts of the permittivity
can be written:

() —e,= Ae f+°°ex _(E_E0)2 « dE
Y 20 1+iwt(E)
(29)
wion_ Ae  pro (E-E)’| wi(E)dE
O = O 2 | T ien®
(30)

The model thus has four fitting parameterde, the total
dielectric incrementyy, the relaxation time prefactoEy, the
most probable activation energy, ang, which describes the
width of the distribution of activation energies. These cannot

of a single Debye process is 1.12 decades, the assumption of a
constant prefactor is well justified by our simulation data.

In passing, we note that the variation in log§) that does
occur tends to be correlated with the activation energy. Writing

Log(ry/s) = —(aE+ b) (32)

an unweighted fit yields. = 0.020 (kJ/mol)* andb = 12.46,
while a weighted fit yieldst = 0.010 (kJ/moly* andb = 12.66.

4, Conclusion

The dielectric loss associated with theelaxation in PVME
can be predicted by combining QS determination of rotational

all be determined from data at a single temperature, hence theenergy profiles of methoxy groups with MD simulations to

loss curve was fitted at 138 and 248 K with the same four
parameters. The results are summarized in Table 2.

It can be seen that experimental and simulated data, all
analyzed by the RRDM method, yield results that are in

excellent agreement. The mean activation energy of 19.3 kJ/

mol from RRDM analysis is an improvement on our previous
simply weighted result of 18.3 kJ/mol, bringing us closer to

obtain their moment of inertia and friction coefficient. The final
dielectric loss spectrum has no adjustable parameters, other than
those in the forcefield itself, and is in excellent agreement with
experiment.

The rotational rate distribution model, applied to both
experimental and simulated data, gives similar values for the

the observed values of 21.2 and 21.7 kJ/mol. There is obviously relaxation time prefactor, activation energy, and spread of

a discrepancy in the quoted experimental relaxation strength,

but we are in close (certainly somewhat fortuitous) agreement
with the Gome? result while we differ somewhat from the
Cendoyd result. Our width parameteng, also agrees better
with the Gome?% result.

The relaxation strength for the data of Gomez étvahs not
quoted in their publication. We have therefore refitted their data
at 138 K with the RRDM expression plus an additional flat

background loss as described by them. For comparison with

our simulation, their experimental data shown in Figure 4 have

activation energies, while the simulation data justify the inherent
assumption of a constant relaxation time prefactor in the RRDM.
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