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Abstract

Results of recent molecular dynamics simulations and quasielastic neutron scattering experiments performed on several
glass-forming materials are discussed and analyzed to show that they are in agreement with the fundamental laws of
relaxation proposed by the coupling model. Specifically, these results exhibit the existence of a temperature independent
time, at which the correlation function crosses over from an exponential form, exp ~ (¢/7;), which holds for 1<t t0a
stretched exponential correlation funcnon, exp — (/7 *)'™", which holds for ¢ > ¢,. Continuity of the correlation func:hon at
t=t, leads to the important relation: 7* = [#;"r,]'/* =" which has been formerly applied to explain many aspects of the
dynamics of glass-forming materials, The characteristics of 7, indicate that it is the relaxation time of an independently

relaxing species in accordance with the model.

1. Introduction

The glass transition is one of the oldest problems
in physical science that has still not been resolved.
One can date the first study of the glass transition to
prehistoric times, when Babylonians and Egyptians
made glass from desert sand. Over the course of time
many different kinds of glass-forming materials have
been found. Today we have glasses formed from
inorganic, organic, metallic and polymeric materials.
The study of the dynamics of glass-forming liquids
and the search for a basic understanding of the glass
transition phenomenon have not abated. In fact re-
cently there is renewed interest from the physics
community in this problem, as evidenced by the
applications of microscopic probe experiments in-
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cluding quasielastic neutron scattering [1-6] and
molecular dynamics simulations [7~9]. We have also
witnessed a surge in theoretical efforts to interpret
these experiments [10-12]. Quasielastic neutron scat-
tering (QENS) experiments and molecular dynamics
simulations (MDS) can both monitor the dynamics
of glass-forming liquids in the short time regime
defined (approximately 107'* <¢<107% s). This
ability is to be contrasted with the much longer
timescale (typically 10? s) associated with the con-
ventional glass transition temperature, 7. In spite of
this disparity in timescales, QENS and MDS are
crucial as microscopic probes that can critically test
any microscopic theory or model of the glass transi-
tion.

QENS and MDS data have been published in the
literature. The principal experimental results for dif-
fusive motion of the atoms are contained in (i) the
van Hove self-correlation function defined by
G(r, 1) = (8[{r(8) = r (0} = r]), or (i) equiva-
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lently the intermediate scattering function defined by
F{Q, 1) = (exp{—iQ[r,(z) — r(O)]}), which is the
spatial Fourier transform of G.(r, t), or (iii) the
dynamic structure factor, S(Q, w), given by the
temporal Fourier transform of F(Q, ) or (iv) the
susceptibility, x"(Q, @), which is the product
S,(Q, w). Experimental data represented by any of
these functions contain contributions not only from
the diffusive motion of the atoms but also from their
vibrations (i.e., phonons). Thus, in comparing exper-
iment with theory, it is of paramount importance to
take into account the contribution of phonons to the
relaxation data. There is evidence that relaxational
and vibrafional scattering are statistically indepen-
dent processes, which justifies writing the intermedi-
ate scattering function as a product F(Q, t) =
Fraar(Q, DF000,{Q, 1) and the dynamic structure
factor as a convolution S,(Q, ®)=S,,.(Q, w)®
Soponson{@> @). This paper describes comparisons of
experimental data with a theory of relaxation in
complex correlated systems now generally referred
to as the coupling model [13,14]. These comparisons
show the Q and ¢ dependences of F, (0, t) are in
accord with the predictions of the coupling model.
Parameters characterizing the relaxation process ex-
tracted from F,(Q, t) are found to have the physical
meaning required by the coupling model.

2. The coupling model

The coupling model since its introduction in 1979
has repeatedly offered an accurate description of
cooperative relaxation processes in dense packed
correlated systems such as glass forming liquids [14].
It proposes the existence of a temperature insensitive
crossover time, f,, separating two time regimes in
which the dynamics of relaxation differ. While the
existence of ¢, is suggested by theoretical considera-
tions [13], its exact magnitude is not known a priori.
Order of magnitude estimates of ¢, obtained from
comparing experimental data with the predictions of
the coupling model locate it within the range 1072
<t <107 s for local segmental relaxation in
polymers and translational and rotational motions in
small molecular van der Waal liquids. An estimate
roughly of 10712 s has been suggested for ion
motion in alkali borate glasses [15].

At short times, for ¢ <¢,, the units relax indepen-
dently, as if the intermolecular interaction had no
effect, with a rate W, =1/7,. However, for ¢> ¢,
intermolecular interaction or constraints take hold,
and on the average slow the independent relaxation
rate. The result is that the effective relaxation rate
obtained by averaging over all units has the time-de-
pendent form W(#) o W (z/t,)", where n (0 <n <
1) is the coupling parameter indicating the degree of
intermolecular cooperativity. As far as the normal-
ized correlation function, C(¢), for translational or
rotational motion is concerned, the immediate conse-
quence are

C(t) =exp(—t/7y) fore<t; (D)

C(t)=exp—(t/7*)' ™" fort>t¢,. (2)

The important relation between 7* and 7, given by
¥ —n (1-n)

T = [tc 7-0]1/ ' (3)

is a consequence of the requirement that the two
forms (1) and (2) of the correlation function should
be continuous at the crossover time, #,. In many
occasions in the past we have written a similar
relation 7* =[(1 — n)wlr, ]/ ™" where the recip-
rocal of w, is the time at which the relaxation rate
defined by —(1/C(#)) dC(#)/d¢ are equal for the
two correlation functions (Egs. (1) and (2)). It can be
easily shown that ¢, =(1 —n)~'/"w;!. Hence this
relation and Eq. (3) are identical. The coupling pa-
rameter, n, through Eqs. (2) and (3) describes the
effect that intermolecular interactions (or constraint
dynamics) have in slowing the relaxation process.

The fractional exponential function given by Eq.
(2) is identical to the relaxation function,
exp[ — (¢/7)P), first proposed by Kohlrausch [16] in
1847 to describe his electrical and mechanical relax-
ation data. Compilation of data taken over the past
hundred and fifty years indicates that the Kohlrausch
functions describe many relaxation processes in vari-
ous families of materials rather well. Currently in the
research community there are many efforts to ex-
plain the origin of the Kohlrausch function and
meaning of the fractional exponent 3. These efforts
other than the coupling model include the mode—
mode coupling theory of Gétze and Sjogren [10,17],
and the constraint theory of Phillips [18].
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The three coupled relations given by Egs. (1)-(3),
were first proposed more than fourteen years ago and
have remained unmodified [13,14]. They look decep-
tively simple but, in reality, when used together
explain a host of important and often critical experi-
mental fact concerning the viscoelastic response of
amorphous polymers and small molecule glasses,
and the diffusion of ions in glassy ionic conductors
[14]. Most effective is the relation (3) between 7*
and 7,, through which many previously puzzling
properties have been explained (for a very recent
review, see Ref. [14]). In these applications the
experimental data had been obtained in the long time
regime (¢>> 1), which precludes direct observation
of the crossover at ¢, from exponential relaxation (1)
to stretched exponential relaxation (2). Nevertheless,
with the assumption of a temperature-insensitive ¢,
the two coupled predictions (2) and (3) have been
successful in explaining experimental data, Natu-
rally, in view of this good agreement, it is desirable
to directly verify the coupling model in its entirety
(i.e., the existence of a temperature-independent ¢,
and the result in Egs. (1)—(3)) either by rigorous
theoretical proof or by performing experiments in
time windows that span f.. Recent attempts on the
theoretical front based on the dynamics of chaotic
Hamiltonians have produced encouraging results [13],
although there is still a long way to go before the
problem can be considered solved. On the other hand
direct, experimental tests of the coupling model can
be performed using QENS and MDS, which monitor
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the dynamics in the time window of 107" <t <
1077 s, where the expected crossover of relaxation
dynamics at ¢, can be observed directly.

3. Quasielastic neutron scattering

The quasielastic neutron scattering measurements
were made by Colmenero and co-workers [5,6] using
the TOF spectrometer ING at the Institut Laue—Lan-
gevin, Grenoble, France. The incoherent scattering
function, S(Q, w), was obtained for various scatter-
ing wavevectors, 0, in the range 0.2<Q <2 A™!
and energy transfer, #iw, up to 5 meV at constant
temperatures in the range 7,-8 <T<T, +100 K.
The poly(vinylchloride) (PVC) sample studied has a
glass temperature 7, =358 K and a number-aver-
aged molecular weight M, = 4.55 X 10%. The relax-
ation contribution, $*'**(Q, w), to the scattering was
isolated after removal of the harmonic vibrational
contribution from the measured S(Q, ), taking into
account the instrument resolution. Fourier transform
of §™™*(Q, w) gives the normalized intermediate
scattering function I(Q, t)=F,,, (0, t). The re-
sults are reproduced in Fig, 1(a) for different temper-
atures at a constant O value of 1.5 AL It can be
seen that, independent of T and (, all the intermedi-
ate scattering functions exhibit a break in curvature
at a time of about 1.7 ps, signifying a crossover of
I,(Q, t) from one regime at short times (¢ < 1.7 ps)
to another at long times (¢ > 1.7 ps). This crossover
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Fig. 1. (2) Normalized intermediate scattering function for PVC at Q = 1.5 A~ at different temperatures 5], (b) Mean square displacement
obtained from data in (a). For 450 X, data from different values of @ are plotted together [5].
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between two different dynamic regimes is more
clearly seen in the mean squared displacement of the
scattering centers, {r2(¢)}, which can be obtained
from the I,(Q, ) data by solving the equation
1,Q, 1) = exp[—Q*(r*(t))/6]. The values of
{r*(t)) so obtained [5,6] at different temperatures
are plotted against time in Fig. 1(b), and the exis-
tence over a considerably large temperature range of
a T-independent crossover time (approximately equal
to 1.7 ps) is clear. In the short time regime of + < 1.7
ps, {r2(¢)) is proportional to ¢, while for ¢> 1.7 ps,
(r2(e)) ect'™" with n=0.77. This sublinear time
dependence of {r*(¢)) was found previously using a
Jonger time window of 107! < ¢ < 107% s [19,20].
It has been shown to originate from the local seg-
mental (alpha) relaxation of PVC, with a stretched
exponential form, exp[—(t/7*(Q, T)'~"], for the
intermediate scattering function.

To see if this crossover corresponds to the one
proposed by the coupling model, the intermediate
scattering function data in the short time regime was
fitted by [5,6]

I(Q, t) =exp—(t/7,(Q, T)) for t<1.7 ps
(4)

and the data in the long time regime by the stretched
exponential (see Fig. 1(a))

I(Q. 1) =exp = [1/77(Q, )]
for > 1.7 ps (5)

with the exponent 1 —n taken to be that obtained
from {r2()) '™ (le., 1 —n=0.23 for T =430
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and 450 K (see Fig. 1(b))). While fits to Eq. (4)
(solid curve in Fig. 1(a)) in the short time regime
have been carried out successfully in the entire tem-
perature range, fits to Eq. (5) in the long time regime
can be carried out with confidence at only the two
highest temperatures, 430 and 450 K, where the
I,(Q, T) data decrease significantly with time, be-
fore being cut off by the long time edge of the time
window. These fits, shown as dashed curves in Fig.
1(a), describe well the experimental I,(Q, T) at
T =430 and 450 K.

From these fits of the experimental data in the
two separate time regimes using Egs. (4) and (5), 7,
and 7" were obtained as a function of Q and 7. For
7o it was found that

7o(Q, T) Q7% exp[(5.8 keal /mol) /RT].  (6)

The Q™% dependence indicates simple diffusion of
the scattering centers, consistent with independent
relaxation of local segments without the intermolecu-
lar interaction expected for ¢ <t¢,. The Arrhenius
temperature dependence is valid over a temperature
range and has an activation enthalpy of about 6
kcal /mol. This enthalpy is comparable to the con-
formational energy barrier of a PVC chain deduced
before from different measuremenis [21]. Such a
temperature dependence provides additional support
for the coupling model interpretation of the short
time (¢ <t,) dynamics. On the other hand, for 7,
combining the current TOF neutron scattering data
with the previously published neutron backscattering
data, we find 7" o« Q~7, similar to earlier results
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Fig. 2. (a) O-dependences of T, and 7* [S]. (b) T-dependences of 7, and 7™ [5].
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[19,20] based on backscattering data alone. Substitut-
ing 7,(Q, T) given by Eq. (6) into Eq. (3), recalling
the fact that ¢, is independent of O and T and
n=0.77, the coupling model predicts

(0, T) Q-2/a-07)
X exp{25 (kecal/mol) /RT}. (7)

These predicted temperature and O dependencies of
7, and T° are summarized and illustrated respec-
tively in Figs. 2(a) and (b). The predictions are in
good agreement with the experimental data. Similar
results have been obtained for other polymers includ-
ing poly(vinylmethylether), polybutadiene and poly-
isoprene [22]. Thus, we conclude that neutron scat-
tering data directly corroborate the coupling model.

Questions can be raised on the plausibility of the
observation of diffusive motion (consistent with the
Q™2 dependence of 7, in Eq. (6)) in the short time
regime of 3 X 107" <¢<¢,. In fact, the existence
of a multitude of high frequency vibrational (bond
bending and stretching) modes provides the fast vari-
ables (i.e., heat bath) that enable ‘diffusion’ of the
hydrogen as seen by the neutrons. In the next section
we discuss molecular dynamics simulation of small
molecule liquids and polymers. In these simulations
[7-9], the same crossover phenomenon seen by inco-
herent neutron scattering are obtained, with similar ¢,
for both F(g, ) and the reorientational time correla-
tion function, M, (£) = (P,[cos B(£)]), where P,(x)
is the Legendre polynomial of order k, and 6(¢) is
the reorientation angle of a vector at time, ¢. For
reorientational motion, the rotational diffusion relax-
ation time does not have any Q-dependence, and it is
obvious that rotational diffusion can occur on
timescales of the order of a picosecond.

4. Molecular dynamics simulations

In recent years improvement in the technique has
made molecular dynamics simulation (MDS) a pow-
erful tool to investigate the dynamics of molten salts
[7], glass-forming small molecule liquids [8] and
polymers [9]. Realistic potentials have been used to
represent the interactions between the molecular
units, making the results of computer experiments as
quantitatively accurate as actual experiments. In ad-

dition, information extracted from MDS are often
richer than that from real cxperiments. Thus, these
MDS data provide additional tests of the theoretical
basis of the coupling model. In this section we
analyze one set of MDS data [9] and show that the
results confirm the coupling model’s description of
the dynamics.

Roe [9] has performed MDS of polyethylene (PE).
The intermolecular interactions are of the short range
van der Waals kind, represented by Lennard—Jones
potentials. F(Q, T) = {exp(—~ig - [r,(t) — r (O],
where r,(¢) is the position of the /th segment at time,
t, has been evaluated for different temperatures and
several values of the wavevector, ¢. Results for
Q =138 A™! are shown in Ref. [9]. At temperatures
< 108 K there is an initial decay of F,(Q, T) which
can be ascribed to harmonic phonons, with no addi-
tional relaxation process observed in the time win-
dow. The assignment of the initial decay to harmonic
phonons is consistent with the plateau value, F(O, T
— large), being well described by the Debye—Waller
factor, exp(-—-WQZT), where W is a constant inde-
pendent of Q and T [23]. A semilog plot of the
Debye—Waller factor obtained from the low tempera-
ture F,(Q, T) data yields a straight line which can be
used to extrapolate the phonon contribution to higher
temperatures. This extrapolation clearly indicates that
the contribution of phonons to F(Q, T) has to be
taken into consideration at all temperatures. At tem-
peratures > 132 K, additional relaxation processes
appear in the time window of Fig. 3, making it
difficult to isolate the individual components, We
can account for the harmonic phonon contribution to
F(Q, T) at higher temperatures by Fourier transfor-
mation of the F(Q, T) data at low temperatures (say
T < 108 K), where only the harmonic phonons con-
tribute, followed by scaling of the resultant dynamic
structure factor, S(Q, w), by the Bose factor and the
Debye~Waller factors [23]. The inverse Fourier
transform of the scaled S(Q, w) yields FP(Q, 1),
the density—density correlation function from
phonons at higher temperatures. Assuming that scat-
tering by harmonic phonons and relaxation are statis-
tically independent processes, we write the interme-
diate scattering function as a product FJ(Q, ¢) =
Frhonon(a () F™(Q ¢). Eq. (3) can be solved for
F™=(Q, t) at any T. The results can be compared
with the predictions of the coupling model in a
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similar manner as done previously by Colmenero
and co-workers [5,6] using their QENS data.

In this paper we model the phonons contributing
t0 Firononl@s ; T) at temperature, T, by a Debye
spectrum with density of normal modes, gp(®),
represented in the form of gp(w)=(3/27?)
(0?/c)=Kw* for w<wp and gp(w)=0 for
w > wp. Although the Debye spectrum is only a
gross approximation, we use it because of simplicity
and to avoid the possibility of biasing the final
results. Using a well known expression [24],

Epononl@, 5 T) is calculated for a Debye spectrum
of phonons gp(w) accordmg to the formula
(Q, t; T) = exp(— Q*W(¢, T)) at T, where

phonon

W(t, T) =Kr2j0 *gp(w)[1-cos( wt)] ™!

X[2/(exp(fw/kT) — 1) + 1] dw.
(8)
The parameters K and wp, are adjusted to fit the

experimental F(Q, t; T) obtained at the lowest tem-
peratures, where F, .(Q, t; T)=1 throughout the

experimental range of time. For the data of Roe [9] at
Q=138 A™!, we find wp=5x10" rad/s and
K=683x107%". The Fy,..(Q, #; T) at all tem-
peratures for which Roe has made his simulations
are displayed in Fig. 3. We can now assess the
coupling model by examining whether the experi-
mental F(Q, t; T) can be represented at each tem-
perature by

ES(Q7 L T) =th0n0n(Q> £ T)
exp — (¢/7,(T)) for t <1, .
exp— (t/7°(T)) ™" forr>1, ®)

for a temperature-independent ¢, such that the conti-
nuity condition, exp — (¢/7,(T)) = exp — (¢/7"-
(TH'™", is satisfied always at £=t,. We start by
first choosing a ¢, and then for each temperature find
two independent parameters, 7, and n (the third
parameter 7* is automatically fixed by Eq. (3)),
such that the products on the right hand side of Eq.
(9) give a good fit to the experimental F(Q, t; T).
In carrying out this, we find that for good fits at all
temperatures can only be obtained for values of ¢,
limited to a narrow range around 2 ps.

The results of the best fits for ¢, = 2 ps are shown
in Fig. 4. The F,,.(Q, t; T) used to obtain these fits
are displayed in Fig. 5. At each temperature,

F...(0, 1; T) is comprised of two pieces: exp —
(t/7o(T)) for t<t, and exp — (¢/7 (TN ~"D for
t>1t.. The relaxation times, 7, and 77, and the
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Fig. 4. Theoretical fits (solid curves) to experimental data (dotted
curves) F(Q, 1;T) of polyethylene.
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coupling parameter, n, are plotted as a function of
temperature in Fig. 6 and Fig. 7, respectively. The
temperature dependence of 7, is approximately Ar-
rhenius with an activation enthalpy of about E, = 2.4
kecal /mol. It is apparent that the temperature depen-
dence of 7, becomes milder at high temperatures
> 252 K, which makes the overall activation energy
to appear smaller. Excluding the three highest tem-
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peratures, the activation enthalpy is close to 3
kcal /mol.

The coupling parameter has the value of 0.40 and
exhibits a decrease at high temperatures. This de-
crease of n at high temperatures may be correlated
with the corresponding milder temperature depen-
dence of 7, seen there. The value for £, is roughly
what is expected for the activation energy of the
conformational energy barrier for a single polyethy-
lene chain. As modelled by Roe, this is about 3
kcal/mol [9]. This is a striking agreement for the
microscopic activation energy which governs local
segmental motion of a single chain, The stretch
exponent, 8 =1 — #, determined for polyethylene is
close to that expected from the empirical correlation
between [ and the steepness of the polymer’s coop-
erative plot [25]. The coupling parameter n = 0.40
for polyethylene is smaller than that of all other
polymers with bulkier monomer structure. The much
larger coupling parameter (n=0.77) found for
polyvinylchloride (PVC) from QENS as well as di-
electric and mechanical measurements, arises from
its larger intermolecular interaction due to the polar
nature of the PVC backbone. The disparity of the
values of n in PVC and PE is directly responsible
for the different appearance of the F,, (Q, £; T)s
obtained for these two polymers (see Fig. 1(a) and
Fig. 5). In PVC we sce clearly a break in the
F....(Q, t; T) at the crossover time, ¢,. For PE, the
break at the crossover is less obvious (Fig. 5) due to
the smaller n. Nevertheless, in PE the initial exp —
(¢/7,(T)) decay for t < t, is necessary to explain the
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departure of F(Q, t; T) from the phonen contribu-
tion Fiyon0a(@, £ T) at short times.

Finally we calculate from F(Q, #; T) by tempo-
ral Fourier transform the functions S{(Q, w; T) and
x"(Q, w; T). The results for y"(w) are shown in
Fig. 8. The resemblance of these results to those
obtained by depolarized light scattering on
[Ca(NO,), ], JKNO, ], and salol [26] merits futher
discussion, but is beyond the scope of the present

paper.

5. Conclusion

Quasielastic neutron scattering and molecular dy-
namics simulation data provide critical tests of the
basic premise of the coupling model. From the anal-
yses of the data given above for two polymers and
other glass-forming materials (including the molten
salt [Ca(NO,), ], [K(NO);]; ¢ [7] and ortho-terphenyl
[8]) not discussed here, we conclude that these exper-
imental data are in agreement with the fundamental
laws of relaxation (specifically, Egs. (1)—(3) with a
temperature-independent ¢,) for interacting systems
as postulated by the model. In addition to this sim-
plicity, the model has the virtue of being applicable
to different materials and phenomena. By means of
Eq. (3), many observed anomalies can be explained.
Some examples that support these claims can be
found in a recent review [14].
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