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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 SdRipgdi. Rev. B62, 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 functiorts(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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[. INTRODUCTION order of microseconds for simple monoatomics systems and

of several tens of nanoseconds in the case of complex mo-

The understanding of the supercooled liquid and glassyecular systems; such performances definitely permit com-
phases in molecular systems is, nowadays, one of the maparisons of numerical results with the structural very-long-

tasks of the physics of disordered materiédse[1,2] and  time properties of the real systems. We remember, among

references therein for a general revied@wo main theories Many others, the results concerning the structural dynamics
provide us a description of the glass transition, respectively?f two molecular liquids like simple point charge extended

from a thermodynamical and dynamical point of view. (SPC/B water[12] and OTF{13,14. We emphasize here the

The first one(see[3] and references thersiis based on fact that the models involved in these studies rm@ecular
first-principles computation of thequilibrium thermody- andrigid in the sense that they haye a structure and take into
geount the orientational properties of the molecules, but

namics of glasses and considers the glass transition as a trﬁ]ey disregard the role played by internal degrees of freedom

thermodynamic transition. In this context, the onset of theon the overall dynamical behavior of the system.

_gla_ssy state is as_socia'Fed with an entropy crisis, i.e., the_van- In a recent papef15] we have introduced a new model
ishing of theconfigurationalentropy of the thermodynami- for the intramolecular dynamics of orthoterphenyT
cally relevant states. _ =329 K, T,=290 K, T,=243K), one of the most deeply
The second approach is the mode-coupling théMgT) g gied substances in the liquid, supercooled, and glassy
[4,5], which studies the long-time structural dynamics and itSgtate The introduction of such a flexible model allows us to
relation with the glass transition; in this context this transi-\,nqerstand the role of internal degrees of freedom in the
tion has to be considered not as a regular thermodynamicahort-time(fast dynamicq 16] taking place on the time scale
phase transition inVOlVing Singularities of some Observable%f a few picoseconds and to Study their possib|e Coup”ng
but as a kinetically induced transition from an ergodic to awith the long-time center of mass dynam[d¥]. Moreover,
nonergodic behavior. The structural dynamics becomes si@would allow us to emphasize once more the universality of
“slow” that the system of interest appeared frozen on thethe MCT approach for supercooled liquids and, in particular,
experimental time scales. of its molecular version in the case of complex molecular
On the experimental side, the collective dynamics of aiquids. In Ref.[15] we introduced in detail the intermolecu-
huge variety of molecular systems has been investigated bgr model and we showed some results based on MD calcu-
means of several experimental techniques; collp§jg] and lations; the self{one-particl¢ dynamical properties of a sys-
ortho-terphenyl(OTP) [8—11] are the most widely studied tem composed of 108 molecules have been studied in details
fragile [1] supercooled liquids. They are only examples of anand we have found good agreement with the main predic-
enormous experimental workhe interested reader is re- tions of the MCT and with the experimental results related to
ferred to Ref.[2] for an accurate comprehensive revjew the self-intermediate-scattering functidk8,19 and the self-
Moreover, in the last ten years the analysis of experimentadiffusion [20,21]. In the present paper we complete the pic-
results has been flanked by extensive use of numerical tecldre considering the collective highly cooperative structural
niques, mainly molecular dynami¢&D) and Monte Carlo dynamics controlling the rearrangement of big portions of
simulations. The almost exponential growth of computa-the system. We describe the dynamics of the molecules at the
tional capabilities allows us to reach simulation times of thelevel of the molecular center of mass and at the level of the
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phenyl-ring center of mass. Moreover, we calculate the neuis possible to write the intermediate scattering function as

tron coherent scattering function taking into account both the

contributions due to carbon and hydrogen atoms in order to |T—T

make a direct comparison with the experimental results. F(g,t)="f(q)+h(q) T Ga(t7,) 1)
The paper is organized as follows. In Sec. Il we summa- ¢

rize the main predictions of the MCT and we give a scheyyheref(q) is the nonergodicity parametefalso referred to

matic introduction to the molecular mode-coupling theory ¢ theDebye-Waller factor, h(q) is an amplitude indepen-

(MMCT). In Sec. Il we briefly describe the model and we yont of temperature and time and thein G.. corresponds

recall some computational details. In Sec. IV we study the[0 time larger or smaller with respect tq, a parameter that

temperature and momentum dependence of the collective d xes the time scale of thg process. At this stage, the time
namics of the molecular and of the phenyl-ring centers o

In Sec. V K d . b ependence of the correlation functions is all embedded in
mass. In Sec. V.we make a deep comparison between tﬁeq-independemnctionGi. G.(t) is asymptotically ex-

experimental results of neutron scattering and the smulate ressed by two power laws, respectively, thitical decay
neutron spectra calculated taking into account the interac-

tions \_Nith bo_th cart_)on and hydrogen atoms. Finally, Sec. VI G, (tIr)=(tIr,)"2 ro<t<r, @)
contains a discussion of the results obtained and some con-

clusions. and thevon Schweidler law

_ b e
Il. MODE-COUPLING AND MOLECULAR MODE- C (7)) ==(U7,)° 7,<U<7,; ©)

COUPLING THEORY .
characterized by the temperature- and momentum-

As we have already stressed in Sec. |, two main theoriesndependentexponentsa and b; here 7, is the structural
one intrinsically thermodynamicdB] and the other purely relaxation time
dynamical[4,5], have been developed up to now to describe At time scales of order of,, the cages start to break down
the phenomenology observed in the glass transition. In thiand the particle starts to diffuse approaching pure brownian
paper we will make a comparison of our numerical resultsmotion. This long-time part of the dynamics is the so-called
with the main predictions of MCT about the center of massa region and is well described by a stretched exponential
structural relaxation dynamics. The reason for this is two{function
fold: first of all this is, indeed, the theory taking into account
the states actually accessible by the system on the time scale Ba
of a typical simulation. Moreover, even if some experimental F(q,t)zf(q)exp[ - (7) ] ' 4
results, like the presence of the so-called knee characterizing “
the low-frequency behavior of the light scattering suscepliyyhich verifies thetime-temperature superposition principle

bility [22,23 or the presence of a cusp in the nonergodicity(TTSB_ The « time scaler, depends on temperature trough
parametef24], seem to contradict some of its predictions, 5 power law of the form

such a theory has been verified to hold for different experi-

mental data on a very wide time region. Finally, in the last 7, (T—To) 7. (5)
two years successful efforts have been made in order to gen- “
eralize the theory to liquids afigid molecules ofarbitrary The momentum dependence of the dynamical parameters

shape[25] (see also Ref{26] for the particular case of a i, the collective dynamics case is not trivial as in the single-
liquid of linear rigid molecules taking into account both particle case. When looking at the structural collective dy-
translational and rotational dynamics. . o namics, studying different values of the momentgmeans

In Ref.[15] we have summarized the main predictions of sy qying the highly cooperative time evolution of cages of
the so-calleddeal MCT so that here we recall only the fun- ayerage dimensionz/q; it is clear that such time evolution
damental equations of the theory, concerning dbBective s strongly coupled to the static topological structure of the
intermediate scattering functiothat we will use in the fol- system. More precisely, MCT predicts that the parameters
lowing sections. MCT interprets the glass formation as &(q), h~%(q), B,, and 7,(q) oscillatein phasewith the
dynamical transitiorfrom an ergodic to nonergodic behavior giatic structure factos(q).
at a crossover temperatufie; the theory is written s a  The result concerning the momentum dependence of the
self-consistent dynamical treatmef] of the intermediate ¢ojjective relaxation time is quite general and is well known
scattering function, i.e., the time correlation of the density,5ge Gennes narrowinf27]. A general relatiorf28] holds
fluctuations of momenturq. , among the one-particles and the collectiver, relaxation

This theoretical scheme can be considered as the matlmes ™ namely,r.(q)=S(q) 7(q); if the diffusion limit is
ematical description of the physical picture of tbage ef-  5nnropriate foiF (g t), i.e., for values of close to the first

fect Following the dynamics of a tagged particle it is pos- Peak of the static structure factor, we obtain

sible to recognize two main dynamical regions. On a smal
time scale of the order of some picosecofitie 3 region, 1 s(q)
the dynamics of the particle is confined into a limited region 7e(Q,T) = —— >l (6)
(the cageg built up by the nearest neighbors. In this regime it D(T) ¢?
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whereD(T) is the diffusion coefficient at temperatufeand Ill. MODEL AND COMPUTATIONAL DETAILS
S(q) is supposed to be nearly temperature independent. . In this section we give a brief description of the model
In summary, the momentum dependence of the collective ;

S o . . and we refer the reader to R¢fL5] for details.

dynamics is nontrivially driven by the static structure of the : .
. In our model, the OTP molecule is constituted by three
system. In particular, fomolecularsystems, the small length . . . o .
. . X . ; rigid hexagonal rings of side,=0.139 nm representing the

scale structure is determined by orientational properties o

the single molecules; a pure molecular translational dynamphenyl rings; two adjacent vertices of the central ring are

. . . . bonded to one vertex of the two lateral rings by bonds of
ics will, obviously, loose all the dynamical features con-

trolled by the high momentum part of the static structureequ!l!br!um Iengt.hLb=0.15 nm. In the |sqla§ed molecule
factor. equilibrium position, the two lateral rings lie in planes that

An important step toward a correct explanation of theform an angle of about 54° with respect to the central ring’s

dynamics of molecular systems is to write down a MMCT plane. In the model the two lateral rings are free to rotate
[25,26 taking into account both translational and rotationalé.llong the molecular t.)onds_,. fo stretch along the, hands, a!"d to
degrees of freedom. If we consider a systemNoilentical tilt out of the plane identified by the central ring. The in-

rigid molecules of arbitrary shape described by their Centel,ramolecular pqtenUaI Is then written as a sum of harmonic
= and anharmonic terms, each one controlling one of these
of mass positionsr;(t) and by the Euler angle€);(t)  featyres. Every term is multiplied by a coupling constant

=(¢j(1),6;(1).x;(t)) we can write the time-dependent mi- \yhose actual value is determined in order to have a realistic
croscopic one-particle density as isolated molecule vibrational spectrum. The intermolecular
interaction is of the site-site Lennard-Jones type; each of
o N these sites corresponds to a vertex of a hexagon and is occu-
p(r, Q)= S[r—ry(H)18[Q,Q.(D)]. (7)  pied by a fictious atom of madd ;= 13 amu representing a
n=1 carbon-hydrogen pair. The actual values of the parameters
o3 and e ; have been fixed in order to have the first maxi-
Expanding with respect to the complete set of functionsmum of the static structure fact®&q) in the experimentally
given by the plane waves and the Wigner matribés(Q2),  determined positiofi29] and to obtain the correct diffusional

we have theensorialdensity modes properties[20,21]; the cutoff has been fixed to the valug
=1.6nm 1. It is worth noting here that obviously the pa-
N rametrization of the potential cannot be perfect; in our case it

pimn(a, D) =i'(21+1)12> gid-ra(Opl* [Q,(t)]. (8 Iis possible to reproduce quite well the experimental results
n=1 mn on the whole investigated temperature range shifting the MD
thermodynamical points at temperatures of 20 K above their

Then, the generalization of the intermediate scattering func’U€ values. The MD simulated system is composed of 108

tion to the molecular case is the tensorial quantity molecules(324 phenyl rings for a total of 1944 Lennard-
Jones interaction sitgsat each time step the intramolecular

and intermolecular interaction forces are calculated and the
equation of motion for the rings are solved for the transla-
tional and rotational parts separately.

Wide temperature and momentum ranges have been in-

These correlators are directly related to experimental quan'u\fesug""te‘j for values of temperature 88D<440K and

ties[26]; for I =1"=0, they describe the dynamics of trans- momentum 2<q<30 nm * (the runs d'eta|ls'are .shov'vn n
lational degrees of freedom that can be measured by neutro ble Il of Ref.[15]) and the total simulation time is of
scattering when looking at the center of mass Iow—frequenc? most a hundred nanoseconds.

part of the spectrum; if the molecules possess a permanent
dipolar moment, the correlators witk=1"=1 give informa-

tion related to dielectric measurements dndl’'=2 is fi-

nally related to the orientational contribution to light scatter-  The collectivedensity fluctuations dynamics is embedded
ing. At this stage, provided the static angular correlatorsn the coherent intermediate scattering functiam general
Simn:1'mn(0,0) and the number density, it is possible to give defined as

a closed set of equations for the matfxthat completely

solve the problem of a liquid of rigid molecules.

_ 1 _ _
SImn;I’m'n’(Qit): N<5pl*mn(qat)5p|*rmrnr(q)>- 9

IV. MOLECULES AND PHENYL RINGS

The problem is that MMCT seems to be not enough for a 1 — — —
high structured molecular system like OTP; we will see that Fa.t)= NS(q) 21 Jz::l exp=iq-[xi(t) =x;(0)]
it is not possible to explain some features of the momentum (10)

dependence of the structural dynamics without taking into

account the internal degrees of freed@ra., rotations of the

side rings with respect to the central grieat turn out to be  whereN is the number of molecules involved asdq) the
strongly coupled to the long-time behavior of the densitystatic structure factor. In the present case the position vari-
fluctuations. ablesx(t) can be identified with different quantities; here
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we are interested in the dynamics of the molecular and 1.0 ' R
phenyl-ring centers of mass so that we will consider the fol- 0o | q=14[nm "]
lowing scattering functions 0s |
07 |
F @t = —— zos )
NMS(M)(q) ,.S 0.5 |
o _ ELoa
x( > eXp—iQ~[Mgr(t)—Mg/r(0)]>, “ 03 ll
K 0.2 |f
(11 0.1
0.0 Lo . . :
1 10° 10 10’ 10' 10° 10’
(R) - - tips]
Fio(a.t) NLSR(q)

FIG. 1. Intermediate coherent scattering functi®® (q,t) cal-
> culated on phenyl rings aj=14 nm* for the temperatured

X < > 2 exp-ig-[Rig () —Rje(0)] =280, 300, 320, 350, 370, 390, 410, and 43aftom top to bot-

Ve tom); in the inset we show the same curves rescaled as a function of
12 o,
Here M (t) is the position of the center of mass of the dicted by MCT. The mean value${?=0.78 and (¥
moleculeé’ at timet (§'=1,... Ny), Riz(t) is the posi- =0.83 (dashed ling have to be compared with the values
tion of the center of mass of the phenyl ring (i determined in the case of the self-dynamigs=0.7 andg,,
=1,...,3)pertaining to the molecul¢’; the functions are =0.8[15]. The two values of3, are equal in the limit of the

renormalized to the corresponding static structure factorserror bars; at variance, the value fbgR) in the collective
From now on, the superscriptfR) and (M) will refer to  case is greater than the value found in the one-particle case.
rings and molecular quantities, respectively. In Fig. 3 we plot the structural relaxation timescgtand

As in the case of the incoherent scattering function, ag, for molecules(triangles and diamondsnd phenyl rings
every temperature investigated we have reconstructed theircles and squargsn order to test if bothr) and 7{®
whole curve, even on very-short-time scales, by means dbllow the same power law, which is supposed to be momen-
two sets of system configurations campionated with differentum independent. Both sets of data have found to be consis-
frequenciegsee Table 11l of Ref[15]). At every investigated tent with a power law of the form of E@5) with parameters
temperature, we considered the momentum valags

=14 nm ! andq,=19 nm ! corresponding to the first and 10 . :
second peak of the experimental static structure factor, aver- q=14[nm™']
aging on the values df falling in the intervalg= Aq with 0.9 r
Aq=0.2 nm. Moreover, the momentum dependence of o o
the principal dynamical parameters has been investigated at 98 f-——25 Q- O-—-O-nm QOO
T=280, 300, and 330 K for values of momenta ranging from % _ o o o
210 30 nm . 07
We made a long-time analysis in terms of the usual 0.6 - e M 08
stretched exponential form of E¢4) determining the tem- ' o f:“‘)(})
perature and momentum dependence of the fitting parameters 0.5 , .
7o, Bo, andf, and verifying the TTSP. -
In Fig. 1 we showr{®(q,t) calculated aty; for the tem- 09 | o
peraturesT =280, 300, 320, 350, 370, 390, 410, and 430 K S ?___D_ _______
(from top to bottony; as in the case of the self-dynamics, 08 o ofo 4 o ]
every curve decays to zero in the considered time window £
and the two-step decaying pattern is clearly visible. The = 071
long-time part of thes&(® have been fitted to Eq4) and 0c | B — 03
the parameters,,, 8,, andf, are determined by a least- ) O Bc;(R'(IF_) ’
squares fitting routine. In the inset we plot the same curves 05 . . .

275 300 325 350 375 400 425 450

as a function of the rescaled time=t/7{®; all the curves
Temperature [ K |

collapse pretty well on a single master curve as predicted by
the TTSP. -{FE‘)e temperature dependence of the nonergodicity £, 2. Temperature dependence of the stretched exponential
paéameteﬁq (top panel and Qf the stretching parameter parameters calculated frof{?(q,t) together with the correspond-
,B(Q) (bottom panel are shown in Fig. 2; they are tempera- ing mean values(dashed lines Top: nonergodicity parameter
ture independent—in the limit of our error bars—as pre-f{?(T). Bottom: stretching parametg(T).
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10’ . : . : : : 1.0 . .
Q 10° 5 I qlnm™']
<& 04
A y 8 5 08 F 26
2 < s \\\ Q o8
10° o4 ° AN % 3 ~ 0.6 vl
o b 10"} “Mea : e © 16
— A =23 <
2 O o0 N @% ~
e o < '11'10 T3 Z- 0.4
10 ¢ . < 6 6 (T-T,) E
Ac ™M (g0 © 8 A 02 T=300[K]
o 1
T . (q,) O o> 6 6 6 =
OTC,. (ql) O O <>
o Lo, (q,) 0 o © < 0.0 b5 S :
10 O () O ooogj 10 10 10 10
[ 2
- . ! . - tlps
275 300 325 350 375 400 425 450 (ps]
Temperature [K ] FIG. 4. Intermediate coherent scattering functi&®® (q,t) cal-

culated at fixed temperatufe=300 K for different values of mo-

_ FIG. 3. Tempe[elture dependenc_el of the structural relaxatio,enymg: the corresponding long-time stretched exponential fits
times atgq;=14 nm - and g,=19 nnm ~ calculated both on ring are also showsolid lines.

(circles and squares, respectiveind moleculgtriangles and dia-
monds, respectivelycenters of mass. In the inset the date are
shown in a fjouble-!og scale as a fun_ctlon_ of the rescalec_i tgmper ‘repancies have been obserjad].
ture (T—T,); the points have been shifted in order to maximize the In the two lower panels of Fig. 5 we plot the correspond-
mutual overlap and to stress the power law behavior. The power law : .2

of exponenty=2.3 is also showridashed ling the value forT, is ~ 'Nd Static structure factors divided hy” [(c) and (d) for

268 K.

atomic liquids[28], while for molecular systems some dis-

Molecules i

T.~268, y=2.3; these values have to be compared with the 10" F Egl 1t 52%5 Rings 410’
results concerning the one-particle dynamigs=276+7 K %@ A s
and y=2.0+0.4 [15]. The inset show the data plotted as a __ S @o -
function of T=T—T,, in order to stress the power law de- Z ;4 | g%b Ila o 1102
pendence, and rescaled by an arbitrary factor in order tE @ 3%0 =
maximize the overlap. o & AN o

We now consider the momentum dependence of the col-= Aj@;o A Eg =
lective dynamics at few selected temperatufes280, 300, 10t it A {108
and 330 K, spanning the momentum region in the interval OT=280[K] O o
2-30 nm1 L. We test the long-time dynamics in terms of the 0T =300
stretched exponential function and we verify the MCT pre- AT=330 (A) (B) o
dictions on the von Schweidler time region, characterized by 10’ : : : : : = 10°

the power exponertt.
In Fig. 4 we show the stretched exponential fis®lid
lines) to FER) at some selected values gfthey work pretty
well at least for time values greater than 5 ps. From this &
figure, it is qualitatively clear that the relaxation time de- = Lo
pends non trivially on the momentum values. As we re- =~
minded in Sec. I, it is a general property that in the collec- 5@
tive case, at fixed temperature, the relaxation times oscillate_ 0.5
in phase with the static structure factor, i.e., they are strongly ™
coupled to the static structure of the system. 0.0
In Fig. 5 we plot the momentum dependence of the col-
lective relaxation times for molecule#\] and rings B) at
T:28_0’ 300, a_nd_ 330 Kcircles, Square_S, an_d t”_angles’ r_e- FIG. 5. (a) Structural relaxation timesEXM)(q) for molecules at
spectively multiplied by the corresponding diffusion coeffi- temperaturesT =280, 300, and 330 Kcircles, squares, and tri-

cients from Ref[15]; Eq. (6), which is valid for values off  angles, respectivelymultiplied by the correspondent diffusion co-
C|OS€ to the fIrSt maximum Of the static structure faCtOI’, pre'eff|c|entsD(T)’ this product is Supposed to be temperature inde-

dicts that these products are temperature independent. In Ogéndent.(b) As panel(a) but for #® calculated on phenyl-ring
case the data collapse is not perfect, showing a systematienters of masseéc) Structure factor calculated on molecular cen-
shift of the data with the temperature. This result is not un-ers of masses divided ty?. (d) Structure factor calculated on ring
expected due to the fact that E@) is verified for mono-  centers of masses divided ly.

1.5
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molecules and phenyl rings, respectivielfhe correlation 0.9 - - -
among the relaxation times and the respective structure fac- AA A
tors of molecules and phenyl rings is evident; it is also evi- = 07 1 6? 450 .
dent that, at variance with the temperature dependence, the o~ %DE‘D
momentum dependence of the relaxation times is completely £ 057 OT=280[K] .
different in the two cases. =y Zifggg (A)
In the molecular casgFig. 5a)] only a maximum atfg 0.3 = . :
=9 nm ! corresponding to intermolecular correlations is 08 | éﬁg% .
present(a small shoulder aj=14 nm !, related to correla- %
tions between rings pertaining to different molecules, can be ” 0.6 T 9':' % |
also identifiedl. In the case of the phenyl ringBig. 5(b)] the :f 04 | i
momentum dependence is much more structured and three ' (B) %@
main features are presertt) a maximum ag=9 nm ! re- 0.2 t t A:
lated to correlations between molecular centers of m@ss; 0.6 L 556:' .
a shoulder atj=14 nm ! (well developed in a maximum at PN o
the lowest temperatur@= 280 K) related to correlations be- Z04 A OC@D'
tween rings belonging to different moleculggi) a maxi- = A A )
mum atq=22 nm ! related to correlations between rings =020 (C) A
pertaining to the same molecules; this is the most important 0.0 : : :
features related mainly to the orientation of the lateral rings )
with respect to the central ring. T nl
; ) . =10
It is clear from this result that in complex molecular glass -
formers there are intramolecular rotational and vibrational ~ 1
degrees of freedom that couple to the translational long-time s'10
modes as already stressed in Ra]; a theory not taking - 0
into account these degrees of freedom cannot explain the ~ 10
whole momentum dependence of the centers of mass dynam- Z o8
ics. = 0.6
In Fig. 6(@) we plot the momentum dependence of the ~ 04
stretching parameteﬁ(f) at the three selected temperatures £ 02
T=280, 300, and 330 Kcircles, squares, and triangles, re- NG 0.0
- 0.
v

spectively while in panel(b) we show the nonergodicity

parameterf(R) . Also in this case a correlation between the

OSCi||ati0nSq0f these parameters and thOSS(B)‘(q)/qz [Fig. FIG. 6. Momentum dependence of the stretching parameters
B (@ andfP (b) as calculated by the stretching exponential fit.

6(e)] is somehow clear. ‘Also sh th fum d dencies of the fiti
We have seen in Sec. If that the longtime limit of e A\S° Shown ate (he mamentum deperdencies of he fting param-
region can be described by the von Schweidler power law g d 2 (9) (0.

equationg(1), (2), and(3). The exponenb is expected to be phase with the structure fact¢g) are somehow evident.
momentum independent and to assume the same value of the . . . . .
self-dynamics case, namely=0.52 [18]; on the contrary, the von Schweidler law is consistent with the one reported in
the amplitudeh(q) is expected to be momentum dependentpam‘l(b)'.The value of the pl_ateag, |_ndeed, mugt be the same
and to oscillate out of phase with the static structure factorJf detgrmln_ed_ as the small-time limit of the region or the

We then calculated a power law fit in the forﬁ{R)(q,t) fong-time limit of the 8 process.

=f{0- cP(q)t*™ for all values of momentum considered,

in a time window depending on the particulgrvalue but V. NEUTRON SCATTERING
a_Iévaysdmr(]:Iudhed in the |ntervalf2—30 PS,; rﬂoreover, }Neh CON- Neutron scattering is one of the most powerful tools used
sidered the three parameters free as in the case of the self; the study of supercooled liquids and glasses ingtre-
dynamics. All the observations done in the previous worKa

a th L h . 4 val jon covered by the MD simulations. Experimentally the
concerning the great uncertainties on the estimated values attering functiorF,(q,t) of Eq. (10) can be determinef®]
the fitting parameters hold in the present case. In Rig).\8e

ot th S hat dtob by neutron scattering experiments either directly on neutron
plot the power expone (q) that is Supposed to be mo- spin echo instruments, or by Fourier transforming the dy-
mentum independent; some smooth oscillations are neverthﬂémical structure factoB(q, o)

less present but this can be due to the interplay during the
fitting procedure with the other oscillating parameters. 1
In Fig. 6(d) we finally plot the quantity 47 (q); in this S(q,) _f dte” 1t (q,1) (13
. . . . WM
case some oscillations can be recognized but the noise pre- S(a) 2mh
vents us from reaching any conclusion. It is worth noting that
the values of the nonergodicity paramet@rf) calculated by calculated by means of triple axis backscattering or time-of-
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flight spectroscopy. The experimental neutron scattering 1¢°

cross sectiondo/dQ dE) is generally composed of@her- o Y 10 00'
entand anincoherentpart O ® w0 [ 080 ]
—10° } O o .. e 3
da/deE:<b>28C0h(q’w)+[<b2>_<b>2]sincoh(qvw) = O o T O.O.O ;
= ®Expt. O @l . .90
z 1 290 340 390 440
whereb is the scattering length and the sym@pdenotes an ~ &° 1o p OMD © e o' ;
average over the distribution of nuclear spins and isotopes o o
The isotopic composition of the sample allows us to study 0 (A) 0~Yoo
selectively the collective motion via coherent scattering from 10 ‘ ’ ’ ’ ’
deuterated sampldthe scattering lengths @ andC atoms 09 | o O o O ]
are basically coincidehtand the one-particle motion via in- <[ a4=14[nm ']
coherent scattering from protonated samples. 08 | o) 1
The interaction of neutrons with a bulk sample of OTP 2 00 o
can be simulated numerically taking into account the inter- L= 0.7 } 0 QY NeC® ce 1

actions of neutrons with both carb@@) and deuteriumD)
atoms. H atoms are not considered in our dynamics but it is 06 | i

a reasonable approximation to put them in fixed positions on 05 (B) : : : : :
the line extending from the center of the ring through a car- )
bon atom at the fixed C-H distande-,=0.107 nm; so that, 09 | ]
knowing the coordinates of the rings, it is trivial to recon-
struct their own positions. We then define a neutfidi co- _ 08 O O ]
. - (N) z O O o
herent scattering functioR;"’(q,t) as * o7 00 'S
a VT O O ]
00 e0®e o o O
F'(:N)(q t):— 0.6 B (C) . m
' (N)
NAS (Q) 0.5 L L ) ) )
270 300 330 360 390 420 450
X E E z by by Temperature [ K ]
N xf/gf//

FIG. 7. Comparison among the temperature dependencies of the
stretched exponential parameters as calculated by MD simulated
neutron spectréopen symbolsand experimental neutron scattering
(full symbolg atq=14 nnmi *. (a) Relaxation timer) ; in the inset
the MD data have been shifted by 20 K as explained in the ¢ext.
Nonergodicity parametefi{¥ . (C) stretching parametgs" .

X exp=iq-[Fyig (1) = ye(0)]
(15

whereN,=Nc+ Ny (3456 in this caseis the total number
of atoms,r, i, (t) is the position of the atom’ pertaining sults must be made. First of all, as reported in Réf],
to the ringi in the molecule¢’, and SN(q) is the static Some reservation is necessary for the experimental data at the
structure factor of Fig. 11 of Refl5]. The number of hy- smallest momentag<6 nm™*, where f, tends toward 1.
drogen atoms is four for each central ring and five for eacHndeed, in this region one expects significant background
lateral ring. The scattering length are, in principle, dif-  from incoherent scattering, which contributes about 15% of
ferent for the carbon and deuterium atoms but, as we obthe total cross section, and from multiple scattering. More-
served in Ref[15], they are both positive and of the same over the technique used to determine the values of the dy-
magnitude, so that is a good approximation to consider theamical parameters from the experimental data are quite dif-
productb, /b, » an ineffective positive constant. The function ferent with respect to the MD computation. Indeed, due to
FﬁN)(q,t) is the quantity directly comparable with the ex- the limited dynamical window of the available spectrom-
perimental data. eters, in the experimental case a direct fit of the data to the
In the present section we present a Comparison betweeﬁ"retChed eXponential function with three independent pa-
the temperature and momentum dependencies of the MD ari@meters is not possible. Based on the observations that
experimental spectra of Refl1] calculated from perdeuter- 7(d)=7(T)/T [5(T) is the viscosity at temperatuE] and
ated GgDy4 by means of coherent neutron time-of-flight andthat the line shape is independent of temperature, at fixed
backscattering spectroscopy. momentumq the_ spectra at different temperatures are res-
At this stage few observations must be made on the moealed in time tot=t/tg where the scaling time is given by
mentum dependence of the MD and experimental sets df=r,(T)/7, (T=29) and7,=»(T)/T. In this way the
data. All these data are supposed to depend on the structudata converge toward a temperature-independent long-time
of the systems so that, in general, some differences are ersymptote; this is the curve actually fitted to the stretched
pected(experimental and MD structures are slightly different exponential.
[15]). Anyway, two observations about the experimental re- In Fig. 7 we show the temperature dependence of the
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F4
Z_03 Aq=140
o [0a=155 0.8

" <qq=16.5

0.1 '>q=17.5

0.0 - A . :

10° 10' 10° 10’
tlps]
12
7N

1.0 ? ._>‘ 2
- .08} SRR
r..\.. OT=313[K]
~ 0.6 | ~ OT =320 1 3.0
<o = 0.6 | AT=330 )
= Z [ OT=280[K 120
Z 04| ~ 04
z T=290[K] £ o2l OT =290 i 110
vm‘ 02 | Nw 0-0 A,T=,30,0(G,) , (H) 0.0

0.0 . . . " =773 69121518213 6 9 12151821

10 10~ 10" 10° 10" q[nm™'] gq[nm™']

t/t, ™

FIG. 9. Comparison among the values of the dynamical param-
FIG. 8. Top: Simulated neutron coherent scattering functioneters calculated by the MD simulatiofisft panel$ and the experi-
FﬁN)(q,t) at T=290 K as a function of momentum. Bottom: mental onedright panel$ together with the appropriate structure

FM(q,t)/f{" plotted as a function of the rescaled timie{}” . All  factors divided byg® [respectively, panelg) and (h)]. Structural
the curves collapse on a master curve as expetetis casef (") relaxation timesr|,” (a) and (b), nonergodicity parameter§" (c)
depends o). and(d), and stretching factorg{V) (e) and (f).

stretched exponential fitting parameters for theegion of ~ showF{"(q,t)=F{"(q,t)/f{"¥ as a function of the rescaled

both MD (open circleg and experimentalsolid circles data timeT:t/TgN). The rescaled curves collapse quite well on a
determined atj=14 nm 1. In panel(a) we show the struc- master curve as expected. In Fig. 9 we show the comparison
tural relaxation times; the inset shows the same data but thier the momentum dependence of the MD data at the three
MD points have been shifted by 20 K as already explained inemperature§ =280, 290, and 300 K and the experimental
Ref. [15]. We stress, indeed, that a nonperfect parametrizadata afl =313, 320, and 330 K; the two sets of temperatures
tion of the diffusive behavior of the model system controlledshould be comparable due to the 20-K shift of the MD data.
by the value ofe_;, has shifted the MD thermodynamical In Fig. 9 we show the MD(left panel$ and experimental
point about 20 K above the corresponding experimental teméright panel$ results together with the corresponding static
perature. From the figure it is clear that the agreement amongtructure factors renormalized & [panel(g) for MD and
the two sets of data is very good on a very wide time region(h) for experimental resulis Striking similarities are clear in
In panel(b) we show our results for the nonergodicity pa- the case of the structural relaxation tinipanels(a) and(b)]
rameterf, and also in this case the agreement is very goodven if maxima on MD results correspond to bumps of ex-
among the two sets of data; in parie] we plot the stretch- perimental results. The clearest difference is the decrease of
ing parameterg, . In this case the MD points are system- ) at small values of| that appears to be completely absent
atically above the experimentally determined data. This efin the experimental case. This could be due to the incoherent
fect can be due to the observations made before; moreovesackground on the experimental data stressed above; more-
for the determination of thg,, parameter, the very long-time over, it is well known that sometimes MD is not able to
points are crucial and they seem to lack in the experimentajetermine the correct values ef at small value ofqg but
data analysis. usually tends to overestimate its correct value, at variance
With Fig. 8 we start the comparison of the momentumwith this case. Anyway, the agreement among the two sets of
dependence of the two sets of data. In the top panel of Fig. 8ata at the higher values gfcorresponding to the intramo-

we plot the simulated scattering functioﬁé’\')(q,t) (sym-  lecular correlations is surprising; rigid model could have
bolg at T=290K at the indicatedg together with the done that.
stretched exponential long-time fitsolid lineg. In this case In Figs. 9c) and 9d) we show the results concerning the

ng) is expected to be momentum dependent so that, in ordetonergodicity paramete‘rgN). The different curves are tem-
to have a master pldbottom panel of Fig. B we have to  perature independent as expected; both sets of data show a
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maximum at q=14 nm !, while the maximum atq

3
=9 nm ! for the MD data correspond to a little shoulder in 10 © g N
the experimental case. Also in this case a decreasing part at , < .
small g is present in the MD data at variance with the ex- = E@D N
perimental results. But according to Fig. 7 of REf0] the (?“: 10° L
calculation of the nonergodicity parameter fitting tBere- E Oty _p (Expt.)
gion gives a plateau ai=6 nm ! at variance with the in- = <1, (Expt.)
creasing behavior of the— region analysis. However, as < , DD'; (Expt.)
already stressed in Sec. IV, these data are supposed to coin- g 10" <>Ts((k’)(MD)
cide. Concluding, also in this case, the experimental data at & Vi, ., (MD)
small g seem to be not reliable. B>t, ~(MD)

In Figs. 9e) and 9f) we finally show the stretching pa- 10° AD " (MD) ,
rametersB). MD data are very noisy, nevertheless it is 10' 10°
possible to recognize an oscillatory behavior; moreover, the (T-T,)[K]
points at the smallest available valuegfeem to catch the
decreasing behavior of the experimenta| data. FIG. 10. Master p|0t of all the time scales related to the center

of mass dynamics of the system, calculated by means of molecular
dynamics and measured experimentally: experimental viscosity
(circles, neutron scattering collective experimental relaxation time

In this paper we have concluded the analysis of the |0ng(left triangles, and inver§e of 'Fhe experimental diffusion coef‘fipient
time center of mass dynamics of the intramolecular modefSduares MD one particle(diamond$ and structural relaxation
for OTP introduced in Ref.15]; there we found good agree- tlme(tnangles _dow_m calcglated on ph(_anyl rings, MD neutr.on spec-
ment among the diffusion properties of the simulated and th&@ relaxation timetright triangles, and inverse of the MD diffusion
real system as well as among the two single-particle dynam(zoeﬁc'c'ems.(trlangles up. The .data have been r(.escaled t.)y art.)'trary
ics. Moreover in Ref[15] we found a very good agreement con_stants in order to maximize the overlap with the viscosity ex-
with the main predictions of MCT. In the present paper Wepenmental n_asults. All these time scales follow the same MCT
definitely confirm such an agreement. power law with exponents;=290 K andy=2.55.

We have studied the collective density fluctuations ona . L :
large temperature and momentum range, considering bofualitatively very similar in both cases although some differ-
the fluctuations related to molecular and phenyl-ring Centergn'x‘ezﬁgres _not clear are plres_ent. be d b h
of mass. With respect to the temperature dependence we t this point some conclusions can be drawn about the

found the usual double-step decaying pattern and we Corg:_apability of our model to describe the long-time dynamics

firmed the main predictions of the MCT about the behaviorOf the real system. All the center of mass time scales calcu-

of the stretched exponential parameters; in particular, the régted b_y molecular dynamics have been fpund to b? consis-
laxation times obey the same power law. The momentun{et with a power law, although some discrepancies were
dependence of the stretching parameters appears really int resent for thg aptual valug (.)f the power exponent m.a'”'y
esting; MCT predicts that the behavior in the momentum ue to uncertainties on the fitting procedure. Moreover it has

space of the structural relaxation time, at variance with thé)een shown that our actual MD thermodynamical point is

trivial square law of the one-particle case, is driven by theShifted by about 20 K with respect to the corresponding ex-

structure, namely, it is proportional t8(q)/g2. In both perimental point. Taking into account all these informations,

cases, molecules and phenyl rings, this prediction is comWve plotin Fig. 10 all the time scales related to the centers of

pletely fulfilled. The phenyl-ring behavior is particularly in- mass <'jynam|cs conS|c'iered up to now, both experlrfental and
teresting; every feature of the quantq)/q? is mirrored ~ numerical, as a function of the rescaled temperafreT

on the #P(q) curve at the three investigated temperatures_ Tc WhereT.=290 K [18] for the experimental points and
T=280, 300, and 330 K up to a value of momentam Tc_:270_ K for_ the MD results. In parthular,TV_F(T)
=30 nm %, In particular, the maximum ag=22 nm * is (circles is the time scalg related.to tislear viscosityys of
related to fluctuations taking place on molecular lengthRef. [30], 7.(T) (left triangleg is the neutron scattering
scales; the long-time structural dynamics appears, indeedtructural relaxation time of Refll] at =14 nm *, and
coupled to the dynamics of internal molecular degrees ofhe inverse of the experimental diffusion coefficient
freedom. Similar oscillations are present for the other(Squaresis from Refs.[20,21. The MD one-particle relax-
stretched parameters, and also the correct behavior for trion time calculated on phenyl ring§¥(T) (diamonds and
short-time region is found. self-diffusion coefficient(up triangle$ are from Ref.[15];

The next step has been a comparison among the expefinally, 7/(T) (down triangle¥ is the structural relaxation
mental and simulated neutron scattering spectra calculateime of Fig. 3 calculated aj=14 nm * on phenyl rings and
considering both the scattering from carbon and deuterium&N)(T) is the simulated neutron scattering relaxation time of
atoms. The temperature dependences of the relaxation tim&sg. 7. All the data collapse pretty welalthough we con-
in both cases are well described by the same power law fasider only one decade in temperatuos the same straight
almost three decades; a good agreement is also found for ttiee corresponding, on a double-log scale, to a power law of
other stretching parameters. The momentum dependence tise form of Eq.(5) of exponenty=2.55[18].

VI. SUMMARY AND CONCLUSIONS
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Concluding, our model has been found to be a very sucthe role played by the internal degrees of freedom in the fast
cessful model for the centers of mass dynamics of the reaklaxations observed experimentaly7].
system, showing aritical behavior consistent with the ex-
perimental results in a wide time window. The implementa-
tion of an intramolecular dynamics is relevant to such an ACKNOWLEDGMENTS
extent; in particular, the internal degrees of freedom appear
to be strongly coupled to the long-time structural dynamics The authors wish to thank F. Sciortino for very useful
as is also clear from the study of the rotational properties ofliscussions, J. Wuttke for the raw experimental data of Ref.
the systen{31]. The next step will be the understanding of [11], and L. A. N. Amaral for very useful suggestions.
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