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Effective forces between macroions: The cases of asymmetric macroions and added salt
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The distance-resolved effective forces between two spherical, highly charged colloidal macroions are cal-
culated by computer simulation within the primitive model of strongly asymmetric electrolytes. In particular
we consider the case of two asymmetric macroions, i.e., two particles with different charges and different radii,
as well as the case of added salt ions. Different parameter sets corresponding to typical experimental samples
are investigated. The results are compared with the predictions of traditional linear screening theory of Der-
jaguin and LandafiActa Physicochim. URS34, 633(1941)] and of Verwey and OverbedR heory of the
Stability of Lyophobic Colloid$Elsevier, Amsterdam, 1948 For moderate charge asymmetries we find a
semiquantitative agreement and verify different scaling laws obtained from Derjaguin-Landau-Verwey-
Overbeek(DLVO) theory justifying the DLVO description of binary mixtures and of charge- and size-
polydisperse macroion samples. However for very large asymmetry, particularly for the mixture of charged and
uncharged colloid particles, we obtain a nonzero repulsive interaction contrarily to DLVO theory.
[S1063-651X%98)11805-9

PACS numbsds): 82.70.Dd, 61.20.Ja

[. INTRODUCTION ing size correction; see, e.20]. Also, well-defined binary
mixtures of low-charge and high-charge colloidal macroions

The interactions between two highly charged colloidalcan be preparetsee, e.g.[18,21]) and reveal many interest-
particles (“macroions”) [1-3] in a polar solvent are fre- ing effects not known from one-component systems. These
guently modeled by the traditional linear screening theory obinary mixtures were also described theoretically by DLVO
Derjaguin, Landau, Verwey, and Overbelek5]. Basically, theory[18,22-235.
this interaction consists of a pairwise screened Coul¢onb The aim of the present paper is to check the validity of the
Yukawg interparticle potential with a “renormalized DLVO picture for asymmetric macroions on the basis of
charge” taking into account the finite core of the macroions.“exact” computer simulation data of the “primitive” model
This Yukawa form was tested within theories that are beyonaf strongly asymmetric electrolytes involving all charged
the linear screening levdb,7] and it was found that the species including the macroions as well as the microscopic
interaction is indeed well described by a Yukawa potentialcounterions and salt ions. Comparing the effective forces be-
but the actual values of the screening length and the renotween two macroions confined in a box, we find that DLVO
malized charge eventually have to be modified. Further inditheory provides indeed a semiquantitative description of the
rect tests of the Derjaguin-Landau-Verwey-Overbeekinteractions if the charge asymmetry is not too large. All the
(DLVO) picture have been done on different levels of nu-scaling laws inherent in DLVO theory are also in excellent
merical and theoretical sophisticatigsee, e.9.[8—13 and  agreement with our simulation data. Hence the use of DLVO
references therejn Except for a few cases, most of thesetheory is justified from a more microscopic background. At
tests were performed, however, fealt-free solutions of the same time, our results for the interaction between
identical macroions beingnonodispersen charge and ra- charged and uncharged colloids show the failure of DLVO
dius. In fact, the case with symmetrical macroions and salt isheory. The latter predicts a zero interaction between such
much more frequently studiedee, e.g.[14—16,7) than the particles. However, as it will be shown below, the linear
case of asymmetric macroions where no such nonlineascreening theory does not take properly into account the ex-
screening theories have been considered as far as we aided volume of the neighboring particle, which leads to a
aware. nonzero value of the interaction.

True experimental samples, however, are polydisperse in We also performed computer simulations of the primitive
charge and sizEL7] and this has important consequences onmodel with added salt, which is relevant for any experiment.
the static structure factor for small wave vect¢t8] and If the salt content is not too high, we again can justify the
also shifts the freezing transition towards higher concentrabLVO approach in this case. For large separations between
tions[19]. To deal with polydisperse systems theoretically,the macroions, an effective attraction between the two mac-
one frequently invokes the DLVO picture with a correspond-roions is also detected. However, it stems from the confining

walls and is thus also relevant for strongly confined macro-
ion pairs. The technique we are using has setup similar to
*Permanent address: Institute for High Temperatures, Russiathat described in Refl26], where the case of symmetric
Academy of Sciences, Izhorskaya Street 13/19, 127412 Moscownacroions in salt-free solutions was studied.

Russia. Our paper is organized as follows. In Sec. Il we give the
TAlso at Institut fir Festkaperforschung, Forschungszentruim Ju definition of the effective force gained from statistical me-
lich, D-52425 Jlich, Germany. chanics. We then briefly describe our simulation technique in
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Sec. lll. The results are presented in Sec. IV. Section V icore for small particles and macroions, respectively. For a

finally devoted to a discussion and an outlook. fixed number of macroiond,=2, in general, we understand
that Z(M=2, and o{V=0¢, if the first macroion is consid-
IIl. DEFINITION OF THE FORCES ered anZP=7, ando{?)= o, if the second is considered.

In Eqg. (4) N is the total number of counterionigcluding
also likely charged salt iopsThen the number of oppositely
charged salt iondl; is fixed by the global charge neutrality

The effective distance-resolved force between two macro:
ions can be obtained from the effective potentd,28

Uer(r)=Uq(r)+Uy(r), N 19c/ (No—= Ng) =Z,+ Z,.

wherer is the distance between the macroion centres. Th

direct partU,(r) of the interaction has the Coulomb form Hlere we assumed for simplicity that the salt ions have the

same valence as the counterions.
One obtains the following form for the effective force

Z,Z
Uy(r)=— 2 ¢, 2 F%(r) [29] acting onto the first macroion:
wheree is the elementary charg&; andZ, correspond to Fait (1) =—V:Uy(r)—V:Uy(r), (7
the macroion charge numbers, ani$ the dielectric constant
of the solvent(s =81 for water at room temperatoravith-  With
out loss of generality we choos®g >0 andZ,>0. The in- A 2,2,€°
direct partU,(r) in Eqg. (1) can be written as —V:U ()= 7 . (8)

U,(r)=—kgT IN(CZc9). 3
(1) B (CZco) @ From Eq.(6) we obtain two contributions to the indirect

HerekgT is the thermal energy; is some irrelevant additive  forces
constant, andZ.g is the canonical sum for the system of I
counterions plus salt ions, —ViU,(r)=F+FQ), 9

Ny where the electrical part is
Zes= | 11 11 d®ri expl=B(Ueet Uem+ Usst Usm

i=c,s k=1 R Z.e2 N R ai
F=-=2 Vi = (10)
+Uco}, (4) o e E 121 RO -Ry|
where and the contact forcB (%), stemming from the excluded vol-
Ny N ume can be expressed as an integral over the surface of par-
Vi ([P0 =), ticle 1 of the contact equilibrium density of the microscopic

E = ions,
N 2

=3 S vI(r-RY), ) Fion= — kT df :E s (12)
=131

with B=1/kgT being the inverse thermal energy. The pairWwhere the surface vectdrpoints outside the sphere. Here
potentialsV;; andV{) occurring in Eq.(5) are taken within

L | )

the framework of the primitive model p<')(F)=< 21 S(F— F}'))> (12)

=
oF qj o+ T
e for r> L= = . .
_ 2 and r=R;—R, is the separation distance between macro-
Vij(r)= o+ o ions. Furthermore, angular brackets denote a canonical aver-
o for r<——, age over the small ions. For dfi{"}-dependent quantit,

(6) the average is defined via

qlzg'l!'l) 2 f O-I + 0- 1 N|
> A A
0 er ¢ ort 2 <A({FJ(I)})>: - f H H dsr(kl) eXp{_B(Ucc+Ucm
Vim(r)= 0 Zes ) i=cs k=1
o for r<0i+(rm -
2 +Usst Usmt Ued FA(FY}).
wherem denotes macroions,andj denote the kind of spe- The two termg10) and(11) were discussed previously in the
cies,i,j=c (counteriony ands (salt coion$. In Egs.(4) and  context of planar geometiB0-33.
(5) () is the position of the small ion numbkrof species In the absence of any system boundary, the force acting

with chargeq; . R, andR, are the positions of the two mac- on second macroiof §)(r) has the same magnitude, but an
roions. The parameters; and o) are the diameters of the opposite sign due to symmetry reasons, i.€&(r)
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=—l5§f2(r). Calculated values offfelfg(r) can be compared
with the predictions of DLVO theory where one has the ex-
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IV. SIMULATION RESULTS

The simulation parameters were chosen to be typical for

pression charged colloidal suspensionsT=293 K, =81, n,,=3.3
X102 cm3, 0,=1.11x10"° cm, and the charge of the
05 =r counterion and salt coiog;= = 1. The diameter of the first
) Zeexpg 5 5 Z,€ ex 2Ry M Ry macroions; and the parametdf,=e? o were used as the
FoLvo(r)= - p or dimensionless measure for the distance and effective force.
1+2—1 1+2—2 In these units, the length of the cubic cell determined as
Ro Ro (L/o)3=2In,07 takes the value 7.64. We choose, o
1 1\ F =103%X 0.
X\ T+ ¢ (13 The following setsA—M of parameters have been exam-
D ined:
The screening lengtRy is given by
P A 7,=280, Z,=280, o,=o;, ng=0;
. ekgT y B: Z,=280, Z,=280, o,=cy/2, ng=0;
D—m, (14 C:. 2zZ,=310, Z,=250, oy=07, n,=0;
D: 212310, 22:250, 0'2:(7'1/2, nS:O,
where n; (i=c,s) is the concentration of small ions; E £,=360, Z,=200, o,=01,  Ns=0;
=N, /V, with V the system volume. F: Z,=360, Z,=200, o0,=04/2, ns=0;
G: Zl:410! 22:150, 02=01, nS:O,
IIl. SIMULATION DETAILS Ko 2,=410, Z,=150, op=0u/2,  ne=0;
L: Z,=560, Z,=0, a,=a;, ng=0;
We consider a pair of charged macroions surrounded by a  M: Zz,=280, Z,=280, o,=0;, nNg=n/3;
cloud of counterions and added salt ions. The system is con- - Z,=280, Z,=280, o,=0y, N=n/2.

fined in a cubic box of volum&/, whose center is taken as
the origin of our coordinate frame. The two macroions are ) ] ] )
placed symmetrically along the room diagonal of the cube Run A was performed if29] with a slightly different

such that the center of the cube coincides with the center gJéometry for the macroions. Rurs-L take into account
charge of the two particles: both the charge and size polydispersity for macroions. Runs

A—L were done withN.=560 particles and ruM was car-
Z, Z, ried out for N.+Ng=1120 particles. RumMN took the most
(15  simulation time and involved a total number f +Ng
=1680 microscopic ions.
The equilibrium state of the system was checked during
Herer; (i=1,2) is the distance between the location of thethe simulation time for every run. This was done by a per-
macroion and the center of the box. The boundary conditionfhanent monitoring of the temperature, average velocity, dis-
for small particles on the faces of the cube were chosen astgbution function of velocities, and total potential energy of
rigid wall, which imposes restrictions to the separation disthe system. On average it took from 2000 MD stéfis
tance between macroions due to the wall effects. Thereforgalt-free runsto 10 000 MD stepgsalt-added runsto get
to get results free from any artificial wall effects the follow- the system into equilibrium. Then during 20 000—50 000
ing conditions are necessary(a) the Debye spheres around time steps we gather the statistics to perform canonical av-
the macroions should not penetrate the walls @ndall the  erages.
distances between macroions and walls must be larger than As it was mentioned in Sec. Ill, we are restricted to sepa-
the separation distance. We remark that, in general, ration distances between macroions. For rArd. the De-
F&(r)#—F)(r) due to the presence of the walls. bye sphere of macroions becomes comparable to the wall
We performed a standard molecular-dynamigdD)  distance for a separation distarce 3o, . For runsM andN
simulation[28]. The collision between small particles and this is the case far~5¢, and 6.5, respectively. For large
the walls was modeled as reflection from the rigid surfacedistances spurious wall effects also contribute to the total
The value of the MD time step was adjusted in such a wayorce. In order to separate them from the effective macroion-
that the displacement of the small particles was not greategnacroion force we have performed reference runs with a
than small percent of the macroion radius. The finite microsingle macroion in the box, surrounded only by its own
scopic core of the oppositely charged small particles preeounterions and salt ions. For parameter/seind particle 1,
vents them from collapsing into dipolar pairs. the resulting wall-induced forc&,,=F,,-F/r is shown in
Direct evaluation of Eq(11), where the contact densities Fig. 1. Clearly, for symmetry reasons,, =0 if the particle
enter, is difficult since these densities pile up near the mags centered in the cubic box € 0). The quantity=,, is nega-
roionic surfaces. However, the contact fofleg,(r) can be tive, i.e., the wall-particle interaction is repulsive since the
obtained with a relatively small statistical error during the counterions gain Coulomb energy if the macroion is centered
MD simulation by averaging the momentum transfer on then the box. In the following we always subtract the wall
macroions during a collision with the microscopic ions. forces from the total force. The result is an approximative

r2:r

=tz 57 Z.+2,
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FIG. 1. Wall-induced force-,(r)/F, versus the reduced dis- 2500 . ‘ |

tance between the particle and the center of the cute,, for a
one-particle simulation with charge= 280 in a cubic box. Herein-

after F0=e2/a§, e is the elementary charge, and;=1.11 2000}
X107 cm.

5’1500
measure for the pure interparticle interaction. In all of our ‘S

data the wall-induced forces are shown as vertical bars in the
positive direction.

Our computer simulation results in the salt-free case for
FO(r)=F®-fIr, where r defines the macroion-macroion 500 |
separation, are collected in Fig. 2. They are compared with
DLVO theory predictiongsolid line). It is easy to see from
Fig. 2 that the points accounting for the calculated values of ]
the effective forces are below DLVO theory. This implies
that the DLVO potentiabverestimateshe interactions. Still,
as can be concluded from Fig. 2, DLVO theory provides a FiG. 2. Reduced effective forcE@(r)/F, versus the reduced
semiquantitative description of the simulation data. macroion-macroion separation distander; for, from bottom to

A picture from runF is given in Fig. 3 for the separation top (a) runsA, C, E, andG and(b) runsB, D, F, andK. For the
distancer =20;. A strong accumulation of counterions be- sake of clarity, the curves corresponding to r@h<sE, andG in (a)
tween the macroions can be seen, which implies a strongnd runD, F, andK in (b) are shifted in the ordinates by 400, 800,
screening of the direct Coulomb interaction. and 1200 units accordingly. Dots represent computer simulation

We have further checked whether the scaling rules preresults. Vertical bars in the positive direction conform to the back-
dicted by DLVO theory are fulfilled by the calculated effec- ground induced forcetsee the tejt The solid line is the DLVO
tive forces. For salt-free systenisins A—K) we define the predictionFpyo(r)/Fo.
scaled forceF* (r) by

(1)
oif

1000 -

F,

As it is clear from Fig. 4, the calculated values of the effec-

1
F*(r)= Feif (1) (16) tive forces indeed obey this scaling rule except for very small
g1 r. (Note that for the chosen parameter combinatiBpsdoes
21 ex;< ﬁ) Z2 exp( ﬁ) not change.However, the actual form of the universal curve
differs slightly from the DLVO expressiofil6). We have
g1 (o) . . . . .
1+ — 1+ — tried to fit our data for this universal curve with a Yukawa-
2Rp 2Rp type expression
Hence, in the framework of DLVO theory, the value of e TR 11 1
F*(r) does not depend on the asymmetry of charges and F*(r)y=A* - F+ R_*) (18

sizes of macroions. The forces should fall on the same uni-

versal curve
with two free fit parameter&* and R*. The best fit was

“Ro (1 1 obtained forA* =0.85 andR*/Rp=0.7. It is included as a
€ ( ) (17) dashed line in Fig. 4. This demonstrates that the universal

*
(N=——\-*t57] o i i
bLvo er \r Rp curve is indeed a Yukawa-type curve, but with parameters
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FIG. 3. Picture(projected to thexy plane from run F. The
separation distanae= 20, . The big open circles correspond to the
core of macroions. The size of the counterions is magnified for

) ; FIG. 5. Same as Fig. 2, but now for rdn The result for our
visual convenience.

approximative theory for the contact force is shown as a dashed
line.

“renormalized” with respect to those arising from DLVO

theory. This is consistent with earlier findings for symmetric i . . .
macroiong6,7,11. Let us finally discuss a simple analytical theory for the

Drastical changes take place for rnwhere one colloi- contact forces by extending the DLVO approach. In linear

dal particle was neutral. According to EQ.4), the charged screening th.eory the cognterion _density field around .the
particle is fixed at the center of the cubic box and the neutrafnarged particle is approximately given by a Yukawa orbital

particle was placed along the room diagonal of the cube.
Therefore, wall-induced forceB,, on the particles vanish.

As can be seen from Fig. 5, the interaction between particles o - |F— Ii1|
is small but nonzero, contrary to the DLVO prediction. The z, TP2Rry) & Ro
charged particle is subjected to the electric foreg)(r), p'9(F)= 4R ) Rl (19
whereas the neutral one experiences only the contact force R
D

F@ (r). Both forces are approximately equal, but have op-

posite direction, i.e.F{M(r)~—F@ (r). Since the contact

force is not included in the pure DLVO description, DLVO |nserting this into expressiafl1) and performing the surface

theory fails in predicting the force between a suspension o ; P = .
very-high-charge asymmetry. This repulsive force betweer?:me(‘:]rélI leads to the following approximation fBgon r):
charged and uncharged spheres may prevent them from co-

agulation. In previous theoretical studies such forces were

neglected34]. 7 ex%i
'f N ~k T 2RD (0] (o)
)(103. ‘ ‘ COnl(r): B 1+ 0_1 ZRD 0S 2RD
2Rp
10
) (0] -r r+RD R
gl —sinh o= | |lexp 5| —=5— T (20
LL'O 2RD RD r
N
ST The corresponding results are also plotted in Fig. 5 as a

dashed line. It can be seen that our theory describes the
trends correctly, although it does not work well quantita-
tively. As expected from a comparison of the counterion
density profileg35], our theory underestimates the contact
forces for small separations and correspondingly overesti-
mates them for large separations.

FIG. 4. Scaled forcé=*(r)/F, versus the reduced separation  In the simulations with added salt ions the screening
distance /o, . Solid line, the DLVO predictiorF %, ,o(r)/Fo; open  length is reduced, which gives us the opportunity to investi-
triangles, the simulation results in Fig. 2; dashed line, the besgate larger separations. In parallel, it is a good chance to
Yukawa fit as explained in the text. check the screening length dependence of the DLVO poten-
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FIG. 6. Same as Fig. 2, but now for ruAs M, andN (from
bottom to top.

tial. In Fig. 6 the effective forces are plotted for the case of

added salt. Again DLVO theory overestimates the forces.
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FIG. 7. Scaling functio}(Rp ,r)/ o4 versus the reduced sepa-
ration distancer/o ;. Solid line, the DLVO predictionQ(Rp,r)
= —r; open triangles, the simulation results in Fig. 6.

which were used in many theoretical investigatiph8,22—

For runsM andN one can use an another scaling function25], were also tested and found to be in excellent agreement

defined by
Q(Rp.1=Rp
FR(rer
«In eff( )
Z, ex Z, ex 72
1A SR, 22 TR 2R, (1 1)
o o, r Rp
1+—2RD 1+—2RD
(21

in order to check the dependence R on salt concentra-
tion. For the DLVO-predicted effective force this function
turns out to be linear im: Q(Rp,r)=—r. The calculated
values for the scaled functiodd(Rp ,r) for runsA, M, and

with the simulation data. For large asymmetries, however,
we show that there is a repulsive interaction between charged
and uncharged colloidal particles, in disagreement with
DLVO theory. We have also studied a pair of identical mac-
roions with 1:1 salt added. In this case DLVO theory again
works reasonably well and its scaling properties are consis-
tent with our simulation data if the charge asymmetry is not
too large.

We should point out, however, that our parameter combi-
nations are limited. The concentration of added salt can be
much higher and also the interaction between the macroions
and counterion can made stronger in real samples, e.g., by
enhancing the bare macroion charge. A typical measure for
the screening is the ratio of the macroion radius to the Debye
radius o1/2Rp , which is betweerg (for the salt-free cage
and 3 (for the salt-added caséor our data. Stronger devia-
tions from the DLVO picture are expected when this ratio is

N are plotted in Fig. 7. The data indeed fall onto a straightof the order of 1 or largef27]. If the screening becomes

line with slope —1, as predicted by DLVO theory. This
proves that the dependenceRy on the salt concentration is

stronger we remark that the statistical error for the effective
forces obtained from the computer simulation increases rap-

correctly described in DLVO theory. However, the line is idly and it becomes impossible even to predict the correct
shifted by a constant, which means that the actual chargsign of the force.

prefactor is lower than that predicted by DLVO theory. This

is again consistent with earlier finding8,7,11.

V. DISCUSSION AND OUTLOOK

In future work we plan to investigate an ensemble of
N,,= 3 macroions where one can extract explicitly the role of
triplet forces from the computer simulation data. Finally, we
remark that a simulation of the primitive model with, say,
N,,~30 highly charged macroions in a cube with periodic
boundary conditions is highly desirable. However, such a

To summarize, we have calculated, by “exact” computersimulation is still not possible on present-day computers due

simulation of the primitive model involving only two mac-

to the large number of counterions involved.

roions, the effective forces between two macroions of differ-

ent radius and different charge. For moderate charge asym-

metries, we found lthat the tradltlonal DL\/_O theory _descnbes ACKNOWLEDGMENT

the data well semiquantitatively, though it overestimates the

forces a bit, particularly for small macroion separations. The This work was supported by the DFG within the SFB 237
scaling laws for the size correction inherent in DLVO theory, (Unordnung und Grosse Fluktuationen




5824 E. ALLAHYAROV, H. LOWEN, AND S. TRIGGER 57

[1] For a review see K. S. Schmitkjacroions in Solution and [18] R. Krause, B. D’Aguanno, J. M. Melez-Alcaraz, G. Ngele,

Colloidal SuspensiofivCH, New York, 1993. R. Klein, and R. Weber, J. Phys.: Condens. Mafe#459
[2] A. K. Sood, Solid State Phy45, 1 (1991). (1991
[3] W. B. Russel, D. A. Saville, and W. R. Schowalt@olloidal [19] J. L. Barrat and J. P. Hansen, J. PhiEarig 47, 1547(1986);
Dispersions(Cambridge University Press, Cambridge, 1989 P. G. Bolhuis and D. A. Kofke, Phys. Rev.5, 634(1996.
[4] B. V. Derjaguin and L. D. Landau, Acta Physicochim. URSS [20] B. D’Aguanno and R. Klein, Phys. Rev. #6, 7652(1992.
14, 633(1941). [21] A. Meller and J. Stavans, Phys. Rev. L&8 3646(1992.
[5] E. J. W. Verwey and J. T. G. Overbediyeory of the Stability [22] J. M. Mendez-Alcaraz, B. D'Aguanno, and R. Klein, Physica
of Lyophobic ColloidgElsevier, Amsterdam, 1948 A 178 421(199)).
[6] S. Alexander, P. M. Chaikin, P. Grant, G. J. Morales, P. Pin-[23] E. Arrieta, C. Jedrzejek, and K. N. Marsh, J. Chem. PB{s.
cus, and D. Hone, J. Chem. Phy$), 5776(1984). 6806(1991); 95, 6838(1991).
[71H. Lowen and G. Kramposthuber, Europhys. Le#8 673  [24] S. Sanyal and A. K. Sood, Phys. Rev5E 4154(1995.
(1993. [25] B. D’Aguanno, R. Krause, J. M. Mendez-Alcaraz, and R.
[8] R. D. Groot, J. Chem. Phy85, 9191(1991)). Klein, J. Phys.: Condens. Mattér 3077(1992.
[9] H. Lowen, Physica A235 129(1997. [26] I. D’Amico and H. Lowven, Physica A237, 25 (1997).
[10] M. J. Stevens, M. L. Falk, and M. O. Robbins, J. Chem. Phys[27] H. Lowen, J. P. Hansen, and P. A. Madden, J. Chem. F§/s.
104, 5209(1996. 3275(1993.
[11] T. Gisler, S. F. Schulz, M. Borkovec, H. Sticher, P. Schurten-[28] See, e.g., M. P. Allen and D. J. Tildeslegpmputer Simula-
berger, B. D’Aguanno, and R. Klein, J. Chem. Ph}&1, 9924 tion of Liquids(Clarendon, Oxford, 1989
(19949. [29] E. A. Allahyarov and S. A. Triggetunpublishegl
[12] F. Bitzer, T. Palberg, H. lwen, R. Simon, and P. Leiderer, [30] L. Guldbrand, B. Josson, H. Wennerstno, and P. Linse, J.
Phys. Rev. E50, 2821(1994. Chem. Phys80, 2221(1984).
[13] M. Fushiki, J. Chem. Phy®@7, 6700(1992. [31] R. J.-M. Pelleng, J. M. Caillol, and A. Delville, J. Phys. Chem.
[14] C. W. Outhwaite and L. B. Bhuiyan, Mol. Phyg4, 367 B 101, 8584(1997).
(1999). [32] B.-Y. Ha and A. J. Liu, Phys. Rev. Letf9, 1289(1997.
[15] L. Degreve, M. Lozada-Cassou, E. Szhez, and E. Gontez-  [33] J. P. Valleau, R. Ivkov, and G. M. Torrie, J. Chem. P85,
Tovar, J. Chem. Phy€8, 8905(1993. 520 (199).
[16] P. Attard, J. Phys. Chemd9, 14 174(1995. [34] J. M. Mendez-Alcaraz, B. D’Aguanno, and R. Klein, Lang-
[17] P. N. Pusey, inLiquids, Freezing and the Glass Transitjon muir 8, 2913(1992.

edited by J. P. Hansen, D. Levesque, and J. Zinn-J(sbnth- [35] H. Lowen and I. D’Amico, J. Phys.: Condens. Mat&r8879
Holland, Amsterdam, 1991 (1997).



