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Slow dynamics of a confined supercooled binary mixture: Direct space analysis

P. Gallof R. Pellarin, and M. Rovere
Dipartimento di Fisica, UniversitdRoma Tre,” Instituto Nazionale per la Fisica della Materia, Uniti Ricerca Roma Tre,
INFM, Democritos National Simulation Center, Via della Vasca Navale 84, 00146 Roma, Italy
(Received 17 October 2002; published 15 April 2p03

Dynamical properties of a Lennard-Jones binary mixture embedded in an off-lattice matrix of soft spheres
are studied in the direct space upon supercooling by molecular dynamics simulations. On lowering the tem-
perature, the smaller particles tend to avoid the soft sphere interfaces and correspondingly their mobility
decreases below one of the larger particles. The system displays a dynamic behavior, consistent with the mode
coupling predictions. A decrease in the mode coupling crossover temperature with respect to the bulk is found.
We however find that the range of validity of the theory shrinks with respect to the bulk. This is due to the
change in the smaller particle mobility and to a substantial enhancement of hopping processes well above the
crossover temperature upon confinement.
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I. INTRODUCTION framework where, starting from the classical equation of mo-
tion for the density correlatogp,(t), a retarded memory
Liquids under confinement represent a field of growingfunction is introduced. In the idealized version of the MCT,
interest in science due to the connection with relevant techbopping processes are neglected and the retarded nonlinear
nological and biophysical problenfig]. In this field, modifi- ~ Set of integrodifferential equations can be solved analytically
cations of both the phase diagram and dynamics of the corf® the leading order ire=(T—Tc)/Tc, deriving universal
fined liquid with respect to the bulk represent a key point, inresylts for the density correlator. With these approximations,
particular, as far as the possibility of supercooling is con-Tc is the temperature of structural arrest of the ideal system.
cerned[2]. Experiments exhibit a very diversified phenom- The success of this theor)_/ is due to the fact that on approac.h—
enology for supercooled confined liquids. In particular, thel"@ Tc from above, hopping processes can be neglected in
calorimetric glass transition temperatiffg can increasg], many liquids and the predictions of the idealized version of
decreas¢4,5] or be unaffected6] with respect to the bulk the MCT hold. _ _ o .
value depending on the liquid, the confining geometry, and Moleqular_ dynamics studies of model _I|qU|q§ in restricted
the nature of the substrate. geometries intended to assess the applicability of the MCT
Phenomenological arguments predict the existence of ddkan give an important contribution to the characterization of
mains of cooperative dynamics in the supercooled ligdid the glass transition scenario in confinement. In th_ls fle!d,
The size of these domains is expected to grow upon supef€Cent progresses have been made for water confined in a
cooling. The existence of an upper bound for the domain siz&llica nanoporg9,10] and for confined thin polymer films

in confined media implies a decrease Tof upon confine- )
ment. In fact, if this size remains small on supercooling, then . e performed a molecular dynamiesID) study of the

the probability of a cooperative motion, and therefore of aSingle-particle dynamical properties of a Lennard-Jones bi-
structural relaxation, is large, and dynamics is faster. nary mixture(LJBM) embedded in an off-lattice matrix of
The mode coupling theoMCT) of glass transitiofi] is soft spheres. The model considered represents a situation of
able to describe the dynamics of bulk liquids in the superStrong confinement analogous to real silica xerofft2s-14.
cooled region on approaching a crossover temperakgre The bulk phase .of the chosen mixture is known to test most
At T, the system passes from a regime where ergodicity iof the MCT predicted featurd45]. A brief report on some of
attained through structural relaxations to a regime where thi€U" findings has been recently publisié®].
mechanism is frozen and only activated processes permit the W& Present in this paper direct space quantities evaluated
exploration of the configurational spadg, can be estimated from MD trajectories in order to define the range of vahdny
through experiments and computer simulations or predicte§’ MCT with respect to the bulk phase. In the following
by theory. section, we describe the model adopted and the details of the
Above T~ . the relaxation mechanism of the supercooledMD simulations. In Sec. Ill, we illustrate the radial pair dis-
liquid can bce, described as mastered by the cage effect. Nedfibution functions and the coordination numbers of the sys-

est neighbors surround and trap the tagged particle forming tgn;] S(;a_ction IVis qer:/oted to the StUdg_ ofldynamic qua;]ntities
cage around it. When the cage relaxes, due to cooperatiyB (€ direct space: the mean square displaceitté8D), the

motions, the particle moves. The MCT translates this pheyan Hove self-correlation function, and the non-Gaussian pa-
nomenological description into a precise mathematical@Meter. Section V contains the concluding remarks.

II. MODEL AND MOLECULAR DYNAMICS

* Author to whom correspondence should be addressed; email ad- The confining medium consists of a rigid disordered array
dress: gallop@fis.uniroma3.it of soft spheres. The simulation box contains 16 soft spheres
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TABLE |. Parameters of the Lennard-Jones and soft sphereg,,/kg, length in units o, and time in units of
potentials as defined in Eql). In the table,A and B refer to the [mo'iA/(48€AA)]1/2_ The box length i4. =12.6. The simula-
particle of the binary mixture, whil®/ refers to the confining soft  tjon box of the system is represented in Fig. 1. As it can be
spheres. Values are expressed in Lennard-Jones units. seen from the figure, the LIBM is in a strongly confined
environment as only few layers of particles can accommo-

o € 7 date among the soft spheres. Figure 2 shows a cell built of
AA 10 10 1 four simulation boxes. Only equipotential surfaces of the soft
BB 0 é8 0'5 1 spheres are displayed in order to _offer a c!earer image of the
AB : 1. 1 disordered porous structure hosting the liquid and to high-
08 S light the analogies with silica xerogels.
MA 3.0 0.32 0 We have conducted MD simulations of this system in the
MB 2.94 0.22 0

NVE ensemble. The equations of motion were solved by the
velocity Verlet algorithm. The system was equilibrated at dif-
ferent reduced temperatures via a velocity rescaling proce-
dure. The temperatures investigated dre5.0, 2.0, 0.8,
0.58, 0.538, 0.48, 0.465, 0.43, 0.41, 0.39. The time step used
: : : d : : . for T=1 was 0.01 and folf<1 was 0.02. For the lowest
ggre\e?;ﬂ?ﬁ?n pair potential can be written in the fOIIOngtemperature investigated,=0.37, a production run of 14
' x 10 time steps was performed. We verified that the results
T v 12 T v 6 obtained do not depend on the specific choice of the disor-
(T) - ﬂ#y( r ) ) (1) dered matrix by running MD simulations for two other dif-
ferent configurations of the disordered matrix of soft spheres.

where indicesu, » run on the particle types,B,M. The Both thermodynami_cs anq dynamics_ appeared the same for
parameters for the three components are listed in Table I. TH&® three systems, in particular, deviations among the diffu-
parameters of the LJBM have been chosen as in R&]. sion coefficients extracted at given temperatures from the
The shifted potential technique has been used with a cutoff’SD of different configurations are within 2%. .

of 2.5, Periodic boundary conditions are applied. In the  Values of thermodynamical quantities of the equilibrated
following, Lennard-Jones units will be used, therefore en-SyStems are shown in Fig 3. Averaged pressure, potential

ergy will be given in units ofe,,, temperature in units of €Nergy, and total energy per particle of the mixture behave
similar to the bulk. A stability of the system throughout all

the isochore explored is evident from the smoothness of the
curves.

labeled in the following with the lettavl. The interspaces of
this structure host a liquid LIBM of 1000 particles, com-
posed of 800 particles of typk and 200 particles of typB.

V,(r)=4€,,

FIG. 1. Graphic representation of the model studied. Small light
gray particles are oA type, small dark gray particles are Bftype. FIG. 2. Graphic representation of the confining disordered struc-
The soft spheres that form the confining system appear in the figurire. The 16 spheres of the matrix contained in the simulation box
as large dark gray spheres. The cube in which the system is embedf Fig. 1 have been repeated to obtain a box of height ®idth
ded is the simulation box. The radii of the three types of particle2L, and depth_. The surface that appears in the figure is equipo-
are purely representative. Tlevalues are listed in Table I. tential.
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FIG. 3. Thermodynamics of the confined Lennard-Jones binary
mixture: pressurécircles, total energy per particlésquareys and
potential energy per particigiamond$ versus the inverse of tem-
perature.

Due to the soft spheres potential, the free volume acces-
sible for the mixture strongly depends on temperature. In
Fig. 4, we give an estimate of the free volume foandB
particles in our confined system as a function of temperature.
This estimate has been carried out through the Voronoi tes-
sellation. This procedure has been applied only to noninter-
facial particles. The free volume has been calculated by av-
eraging over 160 configurations of the system for each
temperature.

Ill. RADIAL PAIR CORRELATION FUNCTIONS

The radial pair correlation functiorg,,(r) are shown in
Fig. 5. For all the temperatures investigated, the system is in
the liquid phase as no abrupt sharpening of the peaks is evi-
dent. No indications of phase separation appear upon super-
cooling either. The latter phenomenon would in fact result in
a substantial decrease of area of the first padk, of the
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FIG. 5. Radial distribution functions calculated at different tem-
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gag(r), which we do not observe in our system. On loweringperatures for the system. From top to bottok#, BB, AB, MA,

the temperature, the peaks sharpen and enhance more tharailMB. Lower temperatures are progressively shifted upward. For
the AA function, the shift is 0.2, foAB, 0.3; while for the remain-

BB, MA, andMB itis 0.1. The labeling of the peaks is used in

the text and in Fig. 6.
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FIG. 4. Specific volumes of the Voronoi cells frand B par-

the bulk due to the strong packing induced by the soft
spheres. A clear element of distinction with respect to the
bulk is the enhancement of intensity of the figgis(r) peak,

bb,, as supercooling progresses. Instead, the same peak ap-
peared reduced to a small shoulder for supercooled tempera-
tures in the bulk.

The functionsgya(r) and gyg(r) are characteristic of
this confined system and are representative of the interaction
between the confining soft spheres and the particles of the
mixture. We note the gradual disappearance of the first peak,
mb,, of the gyg(r) that begins af=2.0 while the second
peak,mb,, enlarges its area. Correspondingly, the first peak
of thegua(r) shifts to larger. For lower temperatures, i.e.,
T<0.8, the structure of the mixture stabilizes so thaA

ticles. Particles in contact with the soft confining spheres have beeand M B peaks alternate in space.

excluded. The bulk considered is that of Ref5].

In order to quantify the above considerations for the radial
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FIG. 6. Coordination numbers of the shells defined by the peaks

of the radial distribution functions as labeled in Fig. 5. See(Bg.

distribution functions, we calculated the coordination num
ber defined as

r2
NMV(rl,r2)=47rprf rg,.,(r)dr, 2

M

wherep is the total number densitf/V, whereN=1016,
V=L3, andx, is the relative fraction of the’ species. The
quantity of Eq.(2), evaluated for each peak of tg ,(r), is
shown in Fig. 6. The number @& particles around the soft

sphere in the first shell lowers upon decreasing the temper

ture in favor of an enhancement in the second shell. Corr
spondingly, the number oA particles in the first shell en-
hances.

e

FIG. 7. Tomographic snapshots of the system at the lowest te
perature investigated=0.37. In order to obtain this figure, the
system has been divided in slices of heightol.#rom top to bot-

tom and from left to right, every representation displays the conten

of each slice. Empty circles afetype particles, filled circles a®
type. Crosses mark the volume of the soft spheres. No phase se
ration is evident. At this temperaturB, particles avoid the interfa-
cial region.

e_
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FIG. 8. Log-log plot of the mean square displacementsAof
particles andB particles for all the temperatures investigated, i.e.,
T=5.0, 2.0, 0.8, 0.58, 0.538, 0.48, 0.465, 0.43, 0.41, 0.39.

The above considerations on the radial distribution func-
%ons and the coordination numbers lead to the conclusion
that B particles avoid the interface with soft spheres for low
temperatures. In Fig. 7, a snapshot of the systemTfor
=0.37 gives evidence for this behavior. The fluctuations of
the error bars in Fig. 4 also confirm this phenomenon. In
fact, since interfacial particles have been excluded from the
calculation of the free volume, a larger fluctuation corre-
sponds to a frequent exchange of particles with the interface.

IV. DYNAMIC QUANTITIES

In the following, we shall describe the temperature varia-
tions of the time dependent direct space quantities analyzed
for our confined system upon supercooling, namely, the
MSD, the van Hove self-correlation function and the non-
Gaussian parameter.

The asymptotic behavior of the MSD can be used as a test
of an MCT prediction. The MSD is in fact expected, as su-
percooling progresses, to develop a plateau at intermediate
time scale, corresponding to the rattling of the particle in the
cage. After the initial short-time ballistic motion, the particle
enters the plateau whose extension in time enhances upon
lowering the temperature. After leaving the plateau region,
the Brownian behavior predicted for a simple liquid in a
stable state is restored. From the slope of the late MSD, the
diffusion constantD can be extracted through the Einstein
{elation<r2(t)>:6Dt. The temperature behavior of diffu-
sion coefficients can give an estimate of the mode coupling
pgaossover temperature through the MCT power law behavior

D~(T—Tc)”. )
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FIG. 9. Diffusion coefficients folA and B particles(symbols. 6 4
Continuous lines correspond to the fit to E&). The values of the 5t
parameters extracted from the fit afg=0.356 for both species g 3
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In Fig. 8, we show the MSD calculated for bofhand B 00.10.203040506 0 05 1 15
particles as a function of time for all the temperatures inves- r (o) r (o)
tigated. It can be seen that also in this confined system the
binary mixture displays the typical features of a glass former. FIG. 10. 4mr2Gg(r,t)dr versusr. (a)—(c) representations refer
From the height of the plateau, the cage radius can be exe particle A for T=5.0, 0.5, and 0.48, respectively. Data are
tracted and the value obtained for bathand B particles is  sampled at fixed times. The times chosen follow the progredsion
r§:0.04, analogous to the bulk res{i5]. =2". In the representatior(d)—(f), the correlators are shown f&r
The lowest temperature reached in our study Tis particles(dashed lines together with the correlators fax type for
=0.370 againsT=0.466 for the bulk. The elongation of the & Compafisor(qon_tinuous I_in¢ Th_e curves _chosen for a compari-
plateau of the MSD for our lowest temperature is Comparabléon are those indicated with a thicker line in the graphs on the left.
to that of the lowest temperature of the bulk. The diffusion . ) ) )
coefficients extracted from the slopes are reported in Fig. g00Usly to bulk liquids, as we will see in more detail when we
At higher temperature$> 1.0, the larger particles diffuse |!Iustrate the behavior of the van Hove self-correlation func-
slower tharB particles, while they move faster at lower tem- tion (VHSCP. _ ) .
peratures. As shown in the preceding section, in the confined The VHSCF is defined for a system of N particles as

case for lower temperatureB, particles tend to avoid the 1/ N
interface of the soft spheres. As a consequence they remain _ - Tr(0)—r-
confined in the inner part of the channels, surrounded\by Gs(rit) N .21 Ar+r(0)=riv]). @

particles, and this diminishes the accessible free volume low-
ering the mobility of theB particles below the mobility of the 47r2Gg(r,t)dr is the probability of finding a particle at a
A particles; see also Fig. 4. distancer after a timet if the same particle was at the origin

In Fig. 9, the fit to the MCT power law of Eq3) is also  r=0 at the initial timet=0.
reported. The estimate of the crossover temperature given by In Fig. 10, we show 4r2Gg(r,t)dr at fixed times for
the fit is Tc=0.356 for bothA and B particles. The expo- three different temperatures. On this scale, the correlators of
nents arey=1.86 and 1.89 forA and B particles, respec- A andB particles do not differ substantially. At high tempera-
tively. We do observe deviation from a power law both atture, the VHSCF decays regularly as time increases as ex-
high and low temperatures. The temperatures used for the fitected for a simple liquid. As supercooling progresses, the
are in the range 0.4¥T=<0.58, corresponding to 0.153 system begins to display a new feature that is best evident for
<€<0.631. The range of validity of MCT reported for the the lowest temperature. This feature consists of the clustering
bulk is much wider, 0.0% e<1.30. The upper limit is gen- of the curves at intermediate times, which is the signature of
erally due, in bulk, to the nonvalidity of the asymptotic ex- the caging of the particles. The zone where the peak value
pansion for too large values ef Here we infer that a further clusters isr=0.15-0.25 and corresponds to the zone in
decrease of this limit is due to the progress®earticles  which the MSD flattens. For the lowest temperature investi-
avoiding the soft sphere interfaces upon supercooling. Fogated, the maximum and minimum times for the clustering
the temperatures below the upper limit, the peakg(oj for  are 2.6st<82.0. These values define the so-cal@delax-
MA andMB have in fact already stabilized, see Fig. 5. Theation temporal region. In a comparison between the VHSCF
deviation observed at the two lowest temperatures is to bef A andB particles, the crossing between the velocity of the
connected to the presence of hopping mechanisms, analtwo species can be observed. At high temperatures, in fact,

041202-5



GALLO, PELLARIN, AND ROVERE PHYSICAL REVIEW E67, 041202 (2003

06 6 T T T T
5 [ A particles ]
0.4 4 -
a J
O3 -
0.2 Zr 1
2 - -
EEE IR ——— T
g | B particl 0 T T T T
i particles
EF j 1-2.56 5| B particles
0.4 \\ , =82 i
\"‘ Wy ’ 4
W o
. ! O3
! pd
2
1
(1)o° 100 10° 10* 10* 10°
FIG. 11. Enlargement of the # 2Gg(r,t)dr versusr for T t

=0.37 for different times foA (top graph and B (bottom graph

particles. Evidence is put on the region in which the peaks related to  F|G. 12. Non-Gaussian parameter calculatedAdtop) and B

the presence of hopping appear. (bottom) particles for all the temperatures investigated. In both
graphs, curves on the top correspond to lower temperatures.

the VHSCF ofB particles extends further than one of the ) )
particles for long times, while for low temperatures behay-0Tresponds to the first peak of tiggg(r). Hopping phe-
iors are swapped. nomena are ponnected with .thef existence Qf dynamical het-
A behavior not present in the bulk can be observed for th&09eneities in supercooled liquids]. In confinement, they
lower temperatures by observing the peak of the VHSCF fofPPear to have above: a more important role than in the
times longer than the plateau region. In this temporal range?4'%- i .
the peak of the VHSCF is expected, in the framework of Dyn.am.|cal hetero_gengtles are also known to cause a non-
MCT, to shift to largen for large times. The absence of this Gaussianity of atomic displacements. We evaluated the first
shift in our confined mixture, as we shall see in the nexton-Gaussian paramet@dGP) that works as a quantifier of
figure, must be connected with an important hopping phetn€ degree of non-Gaussianity. This parameter is defibéd
nomenon able to restore diffusive motions when the cage i thrée dimensions as
not yet dissolved. 4
In Fig. 11, we show an enlargement of the tails of the a,(t) = 3(r'(v)) _ (5)
curves of Fig. 10. Besides the previously cited cage peak, we 2 5(r2(t))? '
note the presence of a hopping peak arourdl.0. This
peak enhances for late time and it is more pronouncedfor This quantity calculated for our system is reported in Fig. 12.
particles than forB. In the bulk on approachind. from  Also for this parameter we have marked differences with
above, a hopping peak appears onlyBqgparticles. From the respect to the bulk that reflect the different weight of the
MSD, it is evident that our hopping phenomena cannot bénopping processes in the two cases. In the bulk, the NGP of
neglected at the two lowest temperatures, i.€T,=aD.37 and A andB particles were different and never exceeded the val-
0.39. As a consequence, these temperatures cannot be aes of 2 forA particles(no hopping abov@ ) and 3.2 forB
counted for a test of the MCT in the region around the cageparticles. Here, instead, we have similar NGPsAoand B
relaxation timegq relaxation region. Nevertheless, these tem-particles and the value grows enormously as we supercool.
peratures can be used to test the theory indtene region.  For the last temperature investigated, the peak is around 5.
In fact, see also Ref15], hopping peaks do not affect curves We found no relation between the peak positions and the
in the time range of the clustering region. MCT power law of Eq.(3) as it was found, for example, in
For A particle, a second broader peak is visible in Fig. 11.bulk water[19] and the curves of the confined NGP do not
This peak is also connected with the presence of hoppingappear to follow a master curve before the maximum, as
The two hopping peaks correspond to the first and seconfibund in bulk liquids[15,19. The trend of the NGP of bulk
peaks of thegaa(r), see Fig. 6, meaning that there are someand confined mixtures depicts a scenario in which the MCT
privileged positions for the atoms to be reached and thabehavior causes a mild deviation from Gaussianity. The peak
those atoms that reached these positions have traveled masearound 2 when close 6 [15,19, its position shifts sub-
than the average. Similarly, the hopping peakBo¥ HSCF  stantially upon supercooling and the NGP follows a master
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curve in the temporal region before the peaks. Hopping apspecies, and/=1.86 for A particles andy=1.89 forB par-

pears to cause a marked deviation from Gaussianity insteaflges in agreement with MCT that states that these quantities
leading to a disappearance both of the MCT master curvenoyld be the same for bohandB particles. The values of

and of the shift of the peaks upon supercooling. the bulk extracted fromD in literature arg15] T=0.435 for
both species, ang=2.0 for A particles andy=1.7 for B
V. SUMMARY AND CONCLUSIONS particles. The exponentg appear similar, while we have a

We presented an MD study of an LIBM confined in areduction of Tc upon confinement. A complete test of the

disordered array of soft spheres. The direct space quantiti&)rrel"ﬂorS in theQ space will be presented in a subsequent

have been analyzed upon supercooling for a test of the MC?aper[Zl]. . L .
behavior. Acceleration of dynamics in presence of repulsive con-

Two main differences with respect to the bulk mixture finement is expect.eﬂll] based_ on th? fact that in confine-
appear due to confinemeng(r) give evidence that the ment'the cooperative rearranging region cannqtgrpw beypnd
smaller B particles tend to avoid interfaces at low T and th_e size of th_e system. In the case of an attractive Interaction,
correspondingly their diffusion coefficient becomes Iowerth's effect might superpose to the often severe slowing down

than that of theA particles. Hopping processes are presen aused by the substrate to the closest layers of the liquid
also forA particles above - as shown in the VHSCF. 9.10.

. : In the present work, we have considered a much more
Not obviously, these differences do not prevent the MCT '
asymptotic predictions from holding for this mixture, also in complex system than the bulk. Therefore, the fact the MCT

this kind of confinement. The range of validity of the MCT pou!d be used in this context as unifying theoretical approach
in the region of thea relaxation is however much more IS hl_ghly relevant as a guideline for t_he systematic S“.de. of
limited. The range of the bulki5] is 0.07< e< 1.30 against the important phenomenology of confined and interfacial lig-

the 0.153€<0.631 found in our confined model. Distur- uids.
bances in the dynamical behavior of the bulk introduced by a
different type of confinement are also reported to lead to a ACKNOWLEDGMENTS
complete disappearance of the MC20].
Power law fit to the diffusion coefficient extracted from  P.G. wishes to thank J. Baschnagel, Wit£&o and F. Var-
the slope of the MSD give an estimateTaf=0.356 for both  nik for very useful discussions.
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