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Molecular dynamics simulation of the fragile glass former orthoterphenyl:
A flexible molecule model. II. Collective dynamics
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We present a molecular dynamics study of the collective dynamics of a model for the fragile glass former
orthoterphenyl. In this model, introduced by Mossa, Di Leonardo, Ruocco, and Sampoli@Phys. Rev. E62, 612
~2000!#, the intramolecular interaction among the three rigid phenyl rings is described by a set of force
constants whose value has been fixed in order to obtain a realistic isolated molecule spectrum. The interaction
between different molecules is described by a Lennard Jones site-site potential. We study the behavior of the
coherent scattering functionsFt(q,t), considering the density fluctuations of both molecular and phenyl-ring
centers of mass; moreover we directly simulate the neutron scattering spectra taking into account both the
contributions due to carbon and hydrogens atoms. We compare our results with the main predictions of the
mode-coupling theory and with the available coherent neutron scattering experimental data.
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I. INTRODUCTION

The understanding of the supercooled liquid and gla
phases in molecular systems is, nowadays, one of the m
tasks of the physics of disordered materials~see@1,2# and
references therein for a general review!. Two main theories
provide us a description of the glass transition, respectiv
from a thermodynamical and dynamical point of view.

The first one~see@3# and references therein! is based on
first-principles computation of theequilibrium thermody-
namics of glasses and considers the glass transition as a
thermodynamic transition. In this context, the onset of
glassy state is associated with an entropy crisis, i.e., the
ishing of theconfigurationalentropy of the thermodynami
cally relevant states.

The second approach is the mode-coupling theory~MCT!
@4,5#, which studies the long-time structural dynamics and
relation with the glass transition; in this context this tran
tion has to be considered not as a regular thermodynam
phase transition involving singularities of some observab
but as a kinetically induced transition from an ergodic to
nonergodic behavior. The structural dynamics becomes
‘‘slow’’ that the system of interest appeared frozen on t
experimental time scales.

On the experimental side, the collective dynamics o
huge variety of molecular systems has been investigated
means of several experimental techniques; colloids@6,7# and
ortho-terphenyl~OTP! @8–11# are the most widely studied
fragile @1# supercooled liquids. They are only examples of
enormous experimental work~the interested reader is re
ferred to Ref.@2# for an accurate comprehensive review!.
Moreover, in the last ten years the analysis of experime
results has been flanked by extensive use of numerical t
niques, mainly molecular dynamics~MD! and Monte Carlo
simulations. The almost exponential growth of compu
tional capabilities allows us to reach simulation times of
1063-651X/2001/64~2!/021511~10!/$20.00 64 0215
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order of microseconds for simple monoatomics systems
of several tens of nanoseconds in the case of complex
lecular systems; such performances definitely permit co
parisons of numerical results with the structural very-lon
time properties of the real systems. We remember, am
many others, the results concerning the structural dynam
of two molecular liquids like simple point charge extend
~SPC/E! water@12# and OTP@13,14#. We emphasize here th
fact that the models involved in these studies aremolecular
andrigid in the sense that they have a structure and take
account the orientational properties of the molecules,
they disregard the role played by internal degrees of freed
on the overall dynamical behavior of the system.

In a recent paper@15# we have introduced a new mode
for the intramolecular dynamics of orthoterphenyl (Tm
5329 K, Tc.290 K, Tg5243 K), one of the most deeply
studied substances in the liquid, supercooled, and gla
state. The introduction of such a flexible model allows us
understand the role of internal degrees of freedom in
short-time~fast! dynamics@16# taking place on the time scal
of a few picoseconds and to study their possible coupl
with the long-time center of mass dynamics@17#. Moreover,
it would allow us to emphasize once more the universality
the MCT approach for supercooled liquids and, in particu
of its molecular version in the case of complex molecu
liquids. In Ref.@15# we introduced in detail the intermolecu
lar model and we showed some results based on MD ca
lations; the self-~one-particle! dynamical properties of a sys
tem composed of 108 molecules have been studied in de
and we have found good agreement with the main pre
tions of the MCT and with the experimental results related
the self-intermediate-scattering function@18,19# and the self-
diffusion @20,21#. In the present paper we complete the p
ture considering the collective highly cooperative structu
dynamics controlling the rearrangement of big portions
the system. We describe the dynamics of the molecules a
level of the molecular center of mass and at the level of
©2001 The American Physical Society11-1
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phenyl-ring center of mass. Moreover, we calculate the n
tron coherent scattering function taking into account both
contributions due to carbon and hydrogen atoms in orde
make a direct comparison with the experimental results.

The paper is organized as follows. In Sec. II we summ
rize the main predictions of the MCT and we give a sch
matic introduction to the molecular mode-coupling theo
~MMCT!. In Sec. III we briefly describe the model and w
recall some computational details. In Sec. IV we study
temperature and momentum dependence of the collective
namics of the molecular and of the phenyl-ring centers
mass. In Sec. V we make a deep comparison between
experimental results of neutron scattering and the simula
neutron spectra calculated taking into account the inte
tions with both carbon and hydrogen atoms. Finally, Sec.
contains a discussion of the results obtained and some
clusions.

II. MODE-COUPLING AND MOLECULAR MODE-
COUPLING THEORY

As we have already stressed in Sec. I, two main theor
one intrinsically thermodynamical@3# and the other purely
dynamical@4,5#, have been developed up to now to descr
the phenomenology observed in the glass transition. In
paper we will make a comparison of our numerical resu
with the main predictions of MCT about the center of ma
structural relaxation dynamics. The reason for this is tw
fold: first of all this is, indeed, the theory taking into accou
the states actually accessible by the system on the time s
of a typical simulation. Moreover, even if some experimen
results, like the presence of the so-called knee characteri
the low-frequency behavior of the light scattering susce
bility @22,23# or the presence of a cusp in the nonergodic
parameter@24#, seem to contradict some of its prediction
such a theory has been verified to hold for different exp
mental data on a very wide time region. Finally, in the la
two years successful efforts have been made in order to
eralize the theory to liquids ofrigid molecules ofarbitrary
shape@25# ~see also Ref.@26# for the particular case of a
liquid of linear rigid molecules! taking into account both
translational and rotational dynamics.

In Ref. @15# we have summarized the main predictions
the so-calledideal MCT so that here we recall only the fun
damental equations of the theory, concerning thecollective
intermediate scattering functionthat we will use in the fol-
lowing sections. MCT interprets the glass formation as
dynamical transitionfrom an ergodic to nonergodic behavio
at a crossover temperatureTc ; the theory is written as a
self-consistent dynamical treatment@4# of the intermediate
scattering function, i.e., the time correlation of the dens
fluctuations of momentumq.

This theoretical scheme can be considered as the m
ematical description of the physical picture of thecage ef-
fect. Following the dynamics of a tagged particle it is po
sible to recognize two main dynamical regions. On a sm
time scale of the order of some picoseconds~the b region!,
the dynamics of the particle is confined into a limited regi
~the cage! built up by the nearest neighbors. In this regime
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is possible to write the intermediate scattering function a

F~q,t !5 f ~q!1h~q!AuT2Tcu
Tc

G6~ t/ts! ~1!

where f (q) is thenonergodicity parameter~also referred to
as theDebye-Waller factor!, h(q) is an amplitude indepen
dent of temperature and time and the6 in G6 corresponds
to time larger or smaller with respect tots , a parameter tha
fixes the time scale of theb process. At this stage, the tim
dependence of the correlation functions is all embedded
theq-independentfunctionG6 . G6(t) is asymptotically ex-
pressed by two power laws, respectively, thecritical decay

G1~ t/ts!5~ t/ts!2a, t0!t!ts ~2!

and thevon Schweidler law,

G2~ t/ts!52~ t/ts!b, ts!t!ta ; ~3!

characterized by the temperature- and momentum
independentexponentsa and b; here ta is the structural
relaxation time.

At time scales of order ofta the cages start to break dow
and the particle starts to diffuse approaching pure brown
motion. This long-time part of the dynamics is the so-call
a region and is well described by a stretched exponen
function

F~q,t !. f ~q!expH 2S t

ta
D baJ , ~4!

which verifies thetime-temperature superposition principl
~TTSP!. Thea time scaleta depends on temperature troug
a power law of the form

ta}~T2Tc!
2g. ~5!

The momentum dependence of the dynamical parame
in the collective dynamics case is not trivial as in the sing
particle case. When looking at the structural collective d
namics, studying different values of the momentumq means
studying the highly cooperative time evolution of cages
average dimension 2p/q; it is clear that such time evolution
is strongly coupled to the static topological structure of t
system. More precisely, MCT predicts that the parame
f (q), h21(q), ba , and ta(q) oscillate in phasewith the
static structure factorS(q).

The result concerning the momentum dependence of
collective relaxation time is quite general and is well know
as de Gennes narrowing@27#. A general relation@28# holds
among the one-particlets and the collectivetc relaxation
times, namely,tc(q).S(q)ts(q); if the diffusion limit is
appropriate forFs(q,t), i.e., for values ofq close to the first
peak of the static structure factor, we obtain

tc~q,T!.
1

D~T!

S~q!

q2
~6!
1-2
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MOLECULAR DYNAMIC S . . . . II. . . . PHYSICAL REVIEW E 64 021511
whereD(T) is the diffusion coefficient at temperatureT and
S(q) is supposed to be nearly temperature independent.

In summary, the momentum dependence of the collec
dynamics is nontrivially driven by the static structure of t
system. In particular, formolecularsystems, the small lengt
scale structure is determined by orientational properties
the single molecules; a pure molecular translational dyn
ics will, obviously, loose all the dynamical features co
trolled by the high momentum part of the static structu
factor.

An important step toward a correct explanation of t
dynamics of molecular systems is to write down a MMC
@25,26# taking into account both translational and rotation
degrees of freedom. If we consider a system ofN identical
rigid molecules of arbitrary shape described by their cen
of mass positionsr̄ j (t) and by the Euler anglesV j (t)
5„f j (t),u j (t),x j (t)… we can write the time-dependent m
croscopic one-particle density as

r~ r̄ ,V,t !5 (
n51

N

d@ r̄ 2 r̄ n~ t !#d@V,Vn~ t !#. ~7!

Expanding with respect to the complete set of functio
given by the plane waves and the Wigner matricesDmn

l (V),
we have thetensorialdensity modes

r lmn~ q̄,t !5 i l~2l 11!1/2(
n51

N

eiq̄• r̄ n(t)Dmn
l* @Vn~ t !#. ~8!

Then, the generalization of the intermediate scattering fu
tion to the molecular case is the tensorial quantity

Slmn; l 8m8n8~ q̄,t !5
1

N
^dr lmn* ~ q̄,t !dr l 8m8n8

* ~ q̄!&. ~9!

These correlators are directly related to experimental qua
ties @26#; for l 5 l 850, they describe the dynamics of tran
lational degrees of freedom that can be measured by neu
scattering when looking at the center of mass low-freque
part of the spectrum; if the molecules possess a perma
dipolar moment, the correlators withl 5 l 851 give informa-
tion related to dielectric measurements andl 5 l 852 is fi-
nally related to the orientational contribution to light scatt
ing. At this stage, provided the static angular correlat
Slmn; l 8m8n8(q̄,0) and the number density, it is possible to gi
a closed set of equations for the matrixS that completely
solve the problem of a liquid of rigid molecules.

The problem is that MMCT seems to be not enough fo
high structured molecular system like OTP; we will see t
it is not possible to explain some features of the momen
dependence of the structural dynamics without taking i
account the internal degrees of freedom~i.e., rotations of the
side rings with respect to the central one! that turn out to be
strongly coupled to the long-time behavior of the dens
fluctuations.
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III. MODEL AND COMPUTATIONAL DETAILS

In this section we give a brief description of the mod
and we refer the reader to Ref.@15# for details.

In our model, the OTP molecule is constituted by thr
rigid hexagonal rings of sideLa50.139 nm representing th
phenyl rings; two adjacent vertices of the central ring a
bonded to one vertex of the two lateral rings by bonds
equilibrium lengthLb50.15 nm. In the isolated molecul
equilibrium position, the two lateral rings lie in planes th
form an angle of about 54° with respect to the central rin
plane. In the model the two lateral rings are free to rot
along the molecular bonds, to stretch along the bonds, an
tilt out of the plane identified by the central ring. The in
tramolecular potential is then written as a sum of harmo
and anharmonic terms, each one controlling one of th
features. Every term is multiplied by a coupling consta
whose actual value is determined in order to have a real
isolated molecule vibrational spectrum. The intermolecu
interaction is of the site-site Lennard-Jones type; each
these sites corresponds to a vertex of a hexagon and is o
pied by a fictious atom of massMCH513 amu representing a
carbon-hydrogen pair. The actual values of the parame
sLJ andeLJ have been fixed in order to have the first ma
mum of the static structure factorS(q) in the experimentally
determined position@29# and to obtain the correct diffusiona
properties@20,21#; the cutoff has been fixed to the valuer c
51.6 nm21. It is worth noting here that obviously the pa
rametrization of the potential cannot be perfect; in our cas
is possible to reproduce quite well the experimental res
on the whole investigated temperature range shifting the
thermodynamical points at temperatures of 20 K above th
true values. The MD simulated system is composed of 1
molecules~324 phenyl rings for a total of 1944 Lennard
Jones interaction sites!; at each time step the intramolecul
and intermolecular interaction forces are calculated and
equation of motion for the rings are solved for the trans
tional and rotational parts separately.

Wide temperature and momentum ranges have been
vestigated for values of temperature 380<T<440 K and
momentum 2<q<30 nm21 ~the runs details are shown i
Table III of Ref. @15#! and the total simulation time is o
almost a hundred nanoseconds.

IV. MOLECULES AND PHENYL RINGS

The collectivedensity fluctuations dynamics is embedd
in the coherent intermediate scattering functionin general
defined as

Ft~q,t !5
1

NS~q! K (
i 51

N

(
j 51

N

exp2 i q̄•@ x̄i~ t !2 x̄ j~0!#L
~10!

whereN is the number of molecules involved andS(q) the
static structure factor. In the present case the position v
ablesxk(t) can be identified with different quantities; he
1-3
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S. MOSSA, G. RUOCCO, AND M. SAMPOLI PHYSICAL REVIEW E64 021511
we are interested in the dynamics of the molecular a
phenyl-ring centers of mass so that we will consider the
lowing scattering functions

Ft
(M )~q,t !5

1

NMS(M )~q!

3K (
j8j9

exp2 i q̄•@M̄ j8~ t !2M̄ j9~0!#L ,

~11!

Ft
(R)~q,t !5

1

NRS(R)~q!

3K (
i j

(
j8j9

exp2 i q̄•@R̄i j8~ t !2R̄j j9~0!#L .

~12!

Here M̄ j8(t) is the position of the center of mass of th
moleculej8 at time t (j851, . . . ,NM), R̄i j8(t) is the posi-
tion of the center of mass of the phenyl ringi ( i
51, . . . ,3) pertaining to the moleculej8; the functions are
renormalized to the corresponding static structure fact
From now on, the superscripts (R) and (M ) will refer to
rings and molecular quantities, respectively.

As in the case of the incoherent scattering function,
every temperature investigated we have reconstructed
whole curve, even on very-short-time scales, by means
two sets of system configurations campionated with differ
frequencies~see Table III of Ref.@15#!. At every investigated
temperature, we considered the momentum valuesq1
514 nm21 andq2519 nm21 corresponding to the first an
second peak of the experimental static structure factor, a
aging on the values ofq falling in the intervalq6Dq with
Dq50.2 nm21. Moreover, the momentum dependence
the principal dynamical parameters has been investigate
T5280, 300, and 330 K for values of momenta ranging fro
2 to 30 nm21.

We made a long-time analysis in terms of the us
stretched exponential form of Eq.~4! determining the tem-
perature and momentum dependence of the fitting param
ta , ba , and f q and verifying the TTSP.

In Fig. 1 we showFt
(R)(q,t) calculated atq1 for the tem-

peraturesT5280, 300, 320, 350, 370, 390, 410, and 430
~from top to bottom!; as in the case of the self-dynamic
every curve decays to zero in the considered time wind
and the two-step decaying pattern is clearly visible. T
long-time part of theseFt

(R) have been fitted to Eq.~4! and
the parametersta , ba , and f q are determined by a leas
squares fitting routine. In the inset we plot the same cur
as a function of the rescaled timet̄ 5t/ta

(R) ; all the curves
collapse pretty well on a single master curve as predicted
the TTSP. The temperature dependence of the nonergod
parameterf q

(R) ~top panel! and of the stretching paramete
ba

(R) ~bottom panel! are shown in Fig. 2; they are temper
ture independent—in the limit of our error bars—as p
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dicted by MCT. The mean valuesf q
(R)50.78 and ba

(R)

50.83 ~dashed line! have to be compared with the value
determined in the case of the self-dynamicsf q.0.7 andba
.0.8 @15#. The two values ofba are equal in the limit of the
error bars; at variance, the value forf q

(R) in the collective
case is greater than the value found in the one-particle c

In Fig. 3 we plot the structural relaxation times atq1 and
q2 for molecules~triangles and diamonds! and phenyl rings
~circles and squares! in order to test if bothta

(M ) and ta
(R)

follow the same power law, which is supposed to be mom
tum independent. Both sets of data have found to be con
tent with a power law of the form of Eq.~5! with parameters

FIG. 1. Intermediate coherent scattering functionsFt
(R)(q,t) cal-

culated on phenyl rings atq514 nm21 for the temperaturesT
5280, 300, 320, 350, 370, 390, 410, and 430 K~from top to bot-
tom!; in the inset we show the same curves rescaled as a functio
t/ta

(R) .

FIG. 2. Temperature dependence of the stretched expone
parameters calculated fromFt

(R)(q,t) together with the correspond
ing mean values~dashed lines!. Top: nonergodicity paramete
f q

(R)(T). Bottom: stretching parameterba
(R)(T).
1-4
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MOLECULAR DYNAMIC S . . . . II. . . . PHYSICAL REVIEW E 64 021511
Tc.268, g.2.3; these values have to be compared with
results concerning the one-particle dynamicsTc527667 K
and g52.060.4 @15#. The inset show the data plotted as
function of T̄5T2Tc , in order to stress the power law de
pendence, and rescaled by an arbitrary factor in orde
maximize the overlap.

We now consider the momentum dependence of the
lective dynamics at few selected temperaturesT5280, 300,
and 330 K, spanning the momentum region in the inter
2 –30 nm21. We test the long-time dynamics in terms of th
stretched exponential function and we verify the MCT p
dictions on the von Schweidler time region, characterized
the power exponentb.

In Fig. 4 we show the stretched exponential fits~solid
lines! to Ft

(R) at some selected values ofq; they work pretty
well at least for time values greater than 5 ps. From t
figure, it is qualitatively clear that the relaxation time d
pends non trivially on the momentum values. As we
minded in Sec. II, it is a general property that in the colle
tive case, at fixed temperature, the relaxation times osci
in phase with the static structure factor, i.e., they are stron
coupled to the static structure of the system.

In Fig. 5 we plot the momentum dependence of the c
lective relaxation times for molecules (A) and rings (B) at
T5280, 300, and 330 K~circles, squares, and triangles, r
spectively! multiplied by the corresponding diffusion coeffi
cients from Ref.@15#; Eq. ~6!, which is valid for values ofq
close to the first maximum of the static structure factor, p
dicts that these products are temperature independent. In
case the data collapse is not perfect, showing a system
shift of the data with the temperature. This result is not u
expected due to the fact that Eq.~6! is verified for mono-

FIG. 3. Temperature dependence of the structural relaxa
times atq1514 nm21 and q2519 nm21 calculated both on ring
~circles and squares, respectively! and molecule~triangles and dia-
monds, respectively! centers of mass. In the inset the date a
shown in a double-log scale as a function of the rescaled temp
ture (T2Tc); the points have been shifted in order to maximize
mutual overlap and to stress the power law behavior. The power
of exponentg52.3 is also shown~dashed line!; the value forTc is
268 K.
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atomic liquids@28#, while for molecular systems some dis
crepancies have been observed@14#.

In the two lower panels of Fig. 5 we plot the correspon
ing static structure factors divided byq2 @~c! and ~d! for

n

ra-

w

FIG. 4. Intermediate coherent scattering functionsFt
(R)(q,t) cal-

culated at fixed temperatureT5300 K for different values of mo-
mentumq; the corresponding long-time stretched exponential
are also shown~solid lines!.

FIG. 5. ~a! Structural relaxation timesta
(M )(q) for molecules at

temperaturesT5280, 300, and 330 K~circles, squares, and tri
angles, respectively! multiplied by the correspondent diffusion co
efficientsD(T); this product is supposed to be temperature in
pendent.~b! As panel ~a! but for ta

(R) calculated on phenyl-ring
centers of masses.~c! Structure factor calculated on molecular ce
ters of masses divided byq2. ~d! Structure factor calculated on rin
centers of masses divided byq2.
1-5
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molecules and phenyl rings, respectively#. The correlation
among the relaxation times and the respective structure
tors of molecules and phenyl rings is evident; it is also e
dent that, at variance with the temperature dependence
momentum dependence of the relaxation times is comple
different in the two cases.

In the molecular case@Fig. 5~a!# only a maximum atq
.9 nm21 corresponding to intermolecular correlations
present~a small shoulder atq.14 nm21, related to correla-
tions between rings pertaining to different molecules, can
also identified!. In the case of the phenyl rings@Fig. 5~b!# the
momentum dependence is much more structured and t
main features are present:~i! a maximum atq.9 nm21 re-
lated to correlations between molecular centers of mass~ii !
a shoulder atq.14 nm21 ~well developed in a maximum a
the lowest temperature,T5280 K) related to correlations be
tween rings belonging to different molecules;~iii ! a maxi-
mum at q.22 nm21 related to correlations between ring
pertaining to the same molecules; this is the most impor
features related mainly to the orientation of the lateral rin
with respect to the central ring.

It is clear from this result that in complex molecular gla
formers there are intramolecular rotational and vibratio
degrees of freedom that couple to the translational long-t
modes as already stressed in Ref.@10#; a theory not taking
into account these degrees of freedom cannot explain
whole momentum dependence of the centers of mass dyn
ics.

In Fig. 6~a! we plot the momentum dependence of t
stretching parameterba

(R) at the three selected temperatur
T5280, 300, and 330 K~circles, squares, and triangles, r
spectively! while in panel ~b! we show the nonergodicity
parameterf q

(R) . Also in this case a correlation between t
oscillations of these parameters and those ofS(R)(q)/q2 @Fig.
6~e!# is somehow clear.

We have seen in Sec. II that the long-time limit of theb
region can be described by the von Schweidler power
equations~1!, ~2!, and~3!. The exponentb is expected to be
momentum independent and to assume the same value o
self-dynamics case, namely,b50.52 @18#; on the contrary,
the amplitudeh(q) is expected to be momentum depende
and to oscillate out of phase with the static structure fac
We then calculated a power law fit in the formFt

(R)(q,t)

5 f q
(R)2c2

(R)(q)tb(R)
for all values of momentum considere

in a time window depending on the particularq value but
always included in the interval 2 –30 ps; moreover, we c
sidered the three parameters free as in the case of the
dynamics. All the observations done in the previous wo
concerning the great uncertainties on the estimated value
the fitting parameters hold in the present case. In Fig. 6~c! we
plot the power exponentb(R)(q) that is supposed to be mo
mentum independent; some smooth oscillations are neve
less present but this can be due to the interplay during
fitting procedure with the other oscillating parameters.

In Fig. 6~d! we finally plot the quantity 1/c2
(R)(q); in this

case some oscillations can be recognized but the noise
vents us from reaching any conclusion. It is worth noting t
the values of the nonergodicity parameterf q

(R) calculated by
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the von Schweidler law is consistent with the one reported
panel~b!. The value of the plateau, indeed, must be the sa
if determined as the small-time limit of thea region or the
long-time limit of theb process.

V. NEUTRON SCATTERING

Neutron scattering is one of the most powerful tools us
in the study of supercooled liquids and glasses in theq re-
gion covered by the MD simulations. Experimentally th
scattering functionFt(q,t) of Eq. ~10! can be determined@9#
by neutron scattering experiments either directly on neut
spin echo instruments, or by Fourier transforming the d
namical structure factorS(q,v),

S~q,v!

S~q!
5

1

2p\E dte2 ivtFt~q,t ! ~13!

calculated by means of triple axis backscattering or time-

FIG. 6. Momentum dependence of the stretching parame
ba

(R) ~a! and f q
(R) ~b! as calculated by the stretching exponential

Also shown are the momentum dependencies of the fitting par
eters for theb regionb(R)(q) ~c! and 1/c2

(R)(q) ~d!. Oscillations in
phase with the structure factor~e! are somehow evident.
1-6
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flight spectroscopy. The experimental neutron scatter
cross section (ds/dVdE) is generally composed of acoher-
ent and anincoherentpart

ds/dVdE.^b&2Scoh~q,v!1@^b2&2^b&2#Sincoh~q,v!
~14!

whereb is the scattering length and the symbol^& denotes an
average over the distribution of nuclear spins and isotop
The isotopic composition of the sample allows us to stu
selectively the collective motion via coherent scattering fr
deuterated samples~the scattering lengths ofD andC atoms
are basically coincident! and the one-particle motion via in
coherent scattering from protonated samples.

The interaction of neutrons with a bulk sample of OT
can be simulated numerically taking into account the int
actions of neutrons with both carbon~C! and deuterium~D!
atoms. H atoms are not considered in our dynamics but
a reasonable approximation to put them in fixed positions
the line extending from the center of the ring through a c
bon atom at the fixed C-H distancedC-H50.107 nm; so that,
knowing the coordinates of the rings, it is trivial to reco
struct their own positions. We then define a neutron~N! co-
herent scattering functionFt

(N)(q,t) as

Ft
(N)~q,t !5

1

NAS(N)~q!

3K (
l8l9

(
i j

(
j8j9

bl8bl9

3exp2 i q̄•@ r̄ l8 i j8~ t !2 r̄ l9 j j9~0!#L
~15!

whereNA5NC1NH ~3456 in this case! is the total number
of atoms,r̄ l8 i j8(t) is the position of the atoml8 pertaining
to the ring i in the moleculej8, and S(N)(q) is the static
structure factor of Fig. 11 of Ref.@15#. The number of hy-
drogen atoms is four for each central ring and five for ea
lateral ring. The scattering lengthsbl are, in principle, dif-
ferent for the carbon and deuterium atoms but, as we
served in Ref.@15#, they are both positive and of the sam
magnitude, so that is a good approximation to consider
productbl8bl9 an ineffective positive constant. The functio
Ft

(N)(q,t) is the quantity directly comparable with the e
perimental data.

In the present section we present a comparison betw
the temperature and momentum dependencies of the MD
experimental spectra of Ref.@11# calculated from perdeuter
ated C18D14 by means of coherent neutron time-of-flight a
backscattering spectroscopy.

At this stage few observations must be made on the
mentum dependence of the MD and experimental sets
data. All these data are supposed to depend on the stru
of the systems so that, in general, some differences are
pected~experimental and MD structures are slightly differe
@15#!. Anyway, two observations about the experimental
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sults must be made. First of all, as reported in Ref.@11#,
some reservation is necessary for the experimental data a
smallest momenta,q<6 nm21, where f q tends toward 1.
Indeed, in this region one expects significant backgrou
from incoherent scattering, which contributes about 15%
the total cross section, and from multiple scattering. Mo
over the technique used to determine the values of the
namical parameters from the experimental data are quite
ferent with respect to the MD computation. Indeed, due
the limited dynamical window of the available spectrom
eters, in the experimental case a direct fit of the data to
stretched exponential function with three independent
rameters is not possible. Based on the observations
t(q)}h(T)/T @h(T) is the viscosity at temperatureT# and
that the line shape is independent of temperature, at fi
momentumq the spectra at different temperatures are r
caled in time tot̄ 5t/ts where the scaling time is given b
ts5th(T)/th (T5290K) andth5h(T)/T. In this way the
data converge toward a temperature-independent long-
asymptote; this is the curve actually fitted to the stretch
exponential.

In Fig. 7 we show the temperature dependence of

FIG. 7. Comparison among the temperature dependencies o
stretched exponential parameters as calculated by MD simul
neutron spectra~open symbols! and experimental neutron scatterin
~full symbols! at q514 nm21. ~a! Relaxation timeta

(N) ; in the inset
the MD data have been shifted by 20 K as explained in the text.~b!
Nonergodicity parameterf q

(N) . ~C! stretching parameterba
(N) .
1-7
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stretched exponential fitting parameters for thea region of
both MD ~open circles! and experimental~solid circles! data
determined atq514 nm21. In panel~a! we show the struc-
tural relaxation times; the inset shows the same data bu
MD points have been shifted by 20 K as already explained
Ref. @15#. We stress, indeed, that a nonperfect parametr
tion of the diffusive behavior of the model system controll
by the value ofeLJ , has shifted the MD thermodynamica
point about 20 K above the corresponding experimental t
perature. From the figure it is clear that the agreement am
the two sets of data is very good on a very wide time regi
In panel ~b! we show our results for the nonergodicity p
rameterf q and also in this case the agreement is very go
among the two sets of data; in panel~c! we plot the stretch-
ing parametersba . In this case the MD points are system
atically above the experimentally determined data. This
fect can be due to the observations made before; moreo
for the determination of theba parameter, the very long-tim
points are crucial and they seem to lack in the experime
data analysis.

With Fig. 8 we start the comparison of the momentu
dependence of the two sets of data. In the top panel of Fi
we plot the simulated scattering functionsFt

(N)(q,t) ~sym-
bols! at T5290 K at the indicatedq together with the
stretched exponential long-time fits~solid lines!. In this case
f q

(N) is expected to be momentum dependent so that, in o
to have a master plot~bottom panel of Fig. 8!, we have to

FIG. 8. Top: Simulated neutron coherent scattering funct
Ft

(N)(q,t) at T5290 K as a function of momentum. Bottom
Ft

(N)(q,t)/ f q
(N) plotted as a function of the rescaled timet/ta

(N) . All
the curves collapse on a master curve as expected~in this casef q

(N)

depends onq).
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showF̄ t
(N)(q,t)5Ft

(N)(q,t)/ f q
(N) as a function of the rescale

time t̄ 5t/ta
(N) . The rescaled curves collapse quite well on

master curve as expected. In Fig. 9 we show the compar
for the momentum dependence of the MD data at the th
temperaturesT5280, 290, and 300 K and the experimen
data atT5313, 320, and 330 K; the two sets of temperatu
should be comparable due to the 20-K shift of the MD da
In Fig. 9 we show the MD~left panels! and experimental
~right panels! results together with the corresponding sta
structure factors renormalized toq2 @panel ~g! for MD and
~h! for experimental results#. Striking similarities are clear in
the case of the structural relaxation times@panels~a! and~b!#
even if maxima on MD results correspond to bumps of e
perimental results. The clearest difference is the decreas
ta

(N) at small values ofq that appears to be completely abse
in the experimental case. This could be due to the incohe
background on the experimental data stressed above; m
over, it is well known that sometimes MD is not able
determine the correct values oft at small value ofq but
usually tends to overestimate its correct value, at varia
with this case. Anyway, the agreement among the two set
data at the higher values ofq corresponding to the intramo
lecular correlations is surprising; rigid model could ha
done that.

In Figs. 9~c! and 9~d! we show the results concerning th
nonergodicity parameterf q

(N) . The different curves are tem
perature independent as expected; both sets of data sh

n
FIG. 9. Comparison among the values of the dynamical par

eters calculated by the MD simulations~left panels! and the experi-
mental ones~right panels! together with the appropriate structur
factors divided byq2 @respectively, panels~g! and ~h!#. Structural
relaxation timesta

(N) ~a! and ~b!, nonergodicity parametersf q
(N) ~c!

and ~d!, and stretching factorsba
(N) ~e! and ~f!.
1-8
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MOLECULAR DYNAMIC S . . . . II. . . . PHYSICAL REVIEW E 64 021511
maximum at q.14 nm21, while the maximum atq
.9 nm21 for the MD data correspond to a little shoulder
the experimental case. Also in this case a decreasing pa
small q is present in the MD data at variance with the e
perimental results. But according to Fig. 7 of Ref.@10# the
calculation of the nonergodicity parameter fitting theb re-
gion gives a plateau atq.6 nm21 at variance with the in-
creasing behavior of thea2 region analysis. However, a
already stressed in Sec. IV, these data are supposed to
cide. Concluding, also in this case, the experimental dat
small q seem to be not reliable.

In Figs. 9~e! and 9~f! we finally show the stretching pa
rametersba

(N) . MD data are very noisy, nevertheless it
possible to recognize an oscillatory behavior; moreover,
points at the smallest available value ofq seem to catch the
decreasing behavior of the experimental data.

VI. SUMMARY AND CONCLUSIONS

In this paper we have concluded the analysis of the lo
time center of mass dynamics of the intramolecular mo
for OTP introduced in Ref.@15#; there we found good agree
ment among the diffusion properties of the simulated and
real system as well as among the two single-particle dyn
ics. Moreover in Ref.@15# we found a very good agreeme
with the main predictions of MCT. In the present paper
definitely confirm such an agreement.

We have studied the collective density fluctuations o
large temperature and momentum range, considering
the fluctuations related to molecular and phenyl-ring cen
of mass. With respect to the temperature dependence
found the usual double-step decaying pattern and we c
firmed the main predictions of the MCT about the behav
of the stretched exponential parameters; in particular, the
laxation times obey the same power law. The moment
dependence of the stretching parameters appears really
esting; MCT predicts that the behavior in the moment
space of the structural relaxation time, at variance with
trivial square law of the one-particle case, is driven by
structure, namely, it is proportional toS(q)/q2. In both
cases, molecules and phenyl rings, this prediction is c
pletely fulfilled. The phenyl-ring behavior is particularly in
teresting; every feature of the quantityS(q)/q2 is mirrored
on theta

(R)(q) curve at the three investigated temperatu
T5280, 300, and 330 K up to a value of momentumq
.30 nm21. In particular, the maximum atq.22 nm21 is
related to fluctuations taking place on molecular len
scales; the long-time structural dynamics appears, ind
coupled to the dynamics of internal molecular degrees
freedom. Similar oscillations are present for the oth
stretched parameters, and also the correct behavior for
short-timeb region is found.

The next step has been a comparison among the ex
mental and simulated neutron scattering spectra calcul
considering both the scattering from carbon and deuter
atoms. The temperature dependences of the relaxation t
in both cases are well described by the same power law
almost three decades; a good agreement is also found fo
other stretching parameters. The momentum dependen
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qualitatively very similar in both cases although some diff
ent features not clear are present.

At this point some conclusions can be drawn about
capability of our model to describe the long-time dynam
of the real system. All the center of mass time scales ca
lated by molecular dynamics have been found to be con
tent with a power law, although some discrepancies w
present for the actual value of the power exponent ma
due to uncertainties on the fitting procedure. Moreover it h
been shown that our actual MD thermodynamical point
shifted by about 20 K with respect to the corresponding
perimental point. Taking into account all these informatio
we plot in Fig. 10 all the time scales related to the centers
mass dynamics considered up to now, both experimental
numerical, as a function of the rescaled temperatureT̃5T
2Tc whereTc5290 K @18# for the experimental points an
Tc5270 K for the MD results. In particular,tV-F(T)
~circles! is the time scale related to theshear viscosityhs of
Ref. @30#, ta(T) ~left triangles! is the neutron scattering
structural relaxation time of Ref.@11# at q514 nm21, and
the inverse of the experimental diffusion coefficie
~squares! is from Refs.@20,21#. The MD one-particle relax-
ation time calculated on phenyl ringsts

(R)(T) ~diamonds! and
self-diffusion coefficient~up triangles! are from Ref.@15#;
finally, ta

(R)(T) ~down triangles! is the structural relaxation
time of Fig. 3 calculated atq514 nm21 on phenyl rings and
ta

(N)(T) is the simulated neutron scattering relaxation time
Fig. 7. All the data collapse pretty well~although we con-
sider only one decade in temperature! on the same straigh
line corresponding, on a double-log scale, to a power law
the form of Eq.~5! of exponentg52.55 @18#.

FIG. 10. Master plot of all the time scales related to the cen
of mass dynamics of the system, calculated by means of molec
dynamics and measured experimentally: experimental visco
~circles!, neutron scattering collective experimental relaxation tim
~left triangles!, and inverse of the experimental diffusion coefficie
~squares!, MD one particle~diamonds! and structural relaxation
time ~triangles down! calculated on phenyl rings, MD neutron spe
tra relaxation time~right triangles!, and inverse of the MD diffusion
coefficients~triangles up!. The data have been rescaled by arbitra
constants in order to maximize the overlap with the viscosity
perimental results. All these time scales follow the same M
power law with exponentsTc5290 K andg52.55.
1-9
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Concluding, our model has been found to be a very s
cessful model for the centers of mass dynamics of the
system, showing acritical behavior consistent with the ex
perimental results in a wide time window. The implemen
tion of an intramolecular dynamics is relevant to such
extent; in particular, the internal degrees of freedom app
to be strongly coupled to the long-time structural dynam
as is also clear from the study of the rotational properties
the system@31#. The next step will be the understanding
t-
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the role played by the internal degrees of freedom in the
relaxations observed experimentally@17#.
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