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Monte Carlo study of structural ordering in charged colloids using a long-range attractive
interaction
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Monte Carlo simulations have been carried out for aqueous charged colloidal suspensions interacting via an
effective pair potential¢(r), which has the long-range attractive term in addition to the usual screened
Coulomb repulsion. Simulations are performed over four orders of magnitude of particle volume fragfjons (
under salt free as well as added salt conditions. The computed pair correlation fuggtipras high values of
¢ show a face centered culiiitc) crystalline order, which is found to transform to a body centered diboic)
crystalline order upon lowering ap. The crystalline order is found to melt into a liquidlike order upon the
addition of salt. A purely repulsive potential based on Derjaguin-Landau-Vervey-Overbeek theory was earlier
claimed to be responsible for the formation of bcc and fcc phases and the associated order-disorder transitions.
Itis clearly shown here that ((r) also explains equally well such phenomena and the results are shown to be
in close agreement with experimental observations. Simulations in the dilute regime show a vapor-liquid
transition upon variation o and the coexistence of ordered and disordered regions with voids upon variation
of the charge on the particles. These results explain the reported experimental observations, which suggested
the existence of a long-range attraction in the interparticle interaction. For very low volume fractions calculated
pair correlation functions show only a single peak and are found to be independgnibé reported results
on the direct measurement of the pair potential are discussed in the light of the present results.
[S1063-651%98)09508-1

PACS numbds): 82.70.Dd, 64.70.Pf

I. INTRODUCTION has emerged for the existence of an attractive interaction at
large interparticle separatiorisf the order of micromete)s
The electrostatically stabilized aqueous monodisperse coBome of these aréa) stable voids in colloidal fluids and
loids exhibit crystalline, liquidlike, and even glassy structuralcrystals[1,5—11, (b) the nonspace filling localized ordered
ordering at ambient conditiorjd] depending on the suspen- structures coexisting with disordered regi¢fg,13, and(c)
sion parameters such as the particle concentratipnsalt  highly ordered colloidal single crystald44]. Here the mea-
concentratiorCs, effective charg& e, and diameted of the  sured interparticle distand®,, is found to be significantly
particle. The perfect scaling of the magnitudes of elastic consmaller than the average interparticle distabgeobtained
stants, the latent heat of melting of colloidal crystals withfrom n,, suggesting the nonspace filling nature of the or-
particle concentration, and the interaction energy being thelered phase. A system of particles interacting via a purely
same order as in atomic systems have made the researchegpulsive interaction, when restricted to a finite volume, can-
treat monodispersed colloids as model condensed matter syset lead to a large difference in the interparticle distance
tems[1]. Apart from the interest in fundamental studies, themaking the suspensions inhomogeneous. The importance of
colloidal crystals have important technological uses as optithe attractive interaction was demonstrated by(theobser-
cal deviceq?2] and materials with photonic band gaf.  vation of reentrant transitiof,15] when the salt concentra-
The advantage of this model system is that the range antibn C, alone is varied an@e) the vapor-liquid condensation
strength of interparticle interaction can be varied over a wideupon variation ofn, at a fixed salt concentratidi,16]. (f)
range rather easily. It is believed that the interaction can b®bservation of long-lived metastable colloidal crystallites
described using the Derjaguin-Landau-Verwey-Overbeek17] and(g) amorphous dense regions coexisting with voids
(DLVO) theory[4]. The DLVO potential is predominantly in highly charged dilute polighlorostyrene-styrene sul-
screened Coulomb repulsion, except at very short distancéenate suspension§l8] also attest to the presence of long-
(of the order of a few angstroms where the van der Waalsange attraction. All these observations cannot be explained
attraction is dominant In stable suspensions the van derusing the DLVO potential. We mention here that this evi-
Waals attraction is negligible; hence hereafter we refer to thelence is on suspensions at finite volume fractigndHow-
screened Coulomb repulsion as the DLVO potential. Duringever, there have been experimental reports of direct measure-
the past several years more and more experimental evidenegent of pair potentials on very dilute suspensions under
confined[19-27 as well as unconfined geometrigz3,24.
A pair potential obtained under confined geometry reportedly
*Permanent address: Materials Science Division, Indira Gandhéhows a long-range attraction.
Centre for Atomic Research, Kalpakkam 603102, Tamil Nadu, In- In view of the above experimental results and the limita-
dia. tions of the DLVO theory, several authors have attempted to
TAuthor to whom correspondence should be addressed. describe charged colloidal suspensiongdytaking into ac-
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count ionic correlationg25,26, (b) modeling the fluctua- [l. DETAILS OF SIMULATION
tions in the surface charge on the particles due to adsorption
and disorption of small iong27], and(c) treating the asym-

metry in size and charge between colloidal particles usin nsemblgat constani, V, andT, whereN, V, andT are
integral equation theorig28,29. Although the interparticle respectively, the number of particles, volume, and tempera-
interaction resulting from these model calculations shows th‘?ure). The particles in aqueous suspensions of spherical par-

existence of attraction, either the range of attraction is foungicies are assumed to interact via a pair potendigir) [30],
to be shor{27] or analytical forms are not availabl£8,29  \which has the form

for further studies. Sogami and 1$80] have proposed an
effe(_:tive intgraction model based on the Gib_bs free energy of (Ze)z/ sinh(kd/2) 2/ A
the interaction. This model not only takes into account the — U(r)=2 ) (——K)exr(—xr), )
large size difference between colloidal particles and small \ «d r

ions but also relates the variation of macroion charge to the

release of counterions. The important result of this model igvhere A=2+ «d coth(xd/2) and the inverse Debye screen-
that the effective pair potenti&l(r) has an attractive mini- ing lengthx is given as

mum at interparticle distances of several thousands of ang-

stroms, which is consistent with the experimental evidence K2=4Tl'62(npz+ Co)/ekgT. )
mentioned above. The well deptd,, and position R,

strongly depend on the screening parametefhe presence The diameted of the particle is taken to be 110 niie
of this secondary minimum has led to controversy for someg tne effective charge on the partidielated to the surface
time [31,32. Overbeek’s arguments that brought out thecharge density byr=Ze/wd?), Cq is the salt concentra-
controversy are shown to be incorrect by lg€al. [33],  tion, T is the temperaturé298 K), € is the dielectric constant
Smalley[34], and Schmit435-37. of water, andky is the Boltzmann constant. The position of
We mention here that experimental structure factors othe potential minimumR,, is given as Rn={A+[A(A
liquidlike ordered colloidal suspensiof88], data of elastic +4)]Y2/2« and its depth byU,,=U(R,). Both R, and
constant§39] and photothermal compressip#0] of colloi- U, depend ornor andC,. For the required volume fraction
dal crystals, reentrant transitiofis,41], and the coexistence ¢(¢=npwd3/6), the lengthl of the MC cell is fixed from
of voids with ordered and disordered regidris8,42] have the relationl3=N/np.
been explained successfully usidg(r). However, it has not In the high volume fraction regime suspensions are ex-
been shown whether this potential explains successfully thpected to order into a fcc or bece crystalline order depending
formation of fcc and bcc phases and the associated ordeen the value ofp and other suspension parameters. In order
disorder transitions. Similarly, the reported experimental obto find out the true ordered state we carry out simulations
servation of the transition from the vapor-liquid coexistencewith different system sizes and initial configurations being
to homogeneous liquidlike order upon variationgfunder ~ liquidlike, bee, and fcc. Slowing down of the MC evolution
deionized conditions is not yet explained. Our aim is to ex-Process(the rate at which the system reaches equilibrium
plain these results by performing simulations for measured©m the initial configurationcan take place when the simu-

suspension parameters usidg(r). Further, it is also of in- lation parameters are close to the phase trangid84. In

terest to study the systematic dependence of structural orde.EJCh a situation it is known that monitoring the height of the

g o vome fsctons cge densi,and sl conen. (1 P2 17 11 SILELTS ety sorg i e ot
tration C;. Hence we carry out Monte CarldMC) g% 9 g Y

. . . " whether or not the system has reached thermal equilibrium.
simulations withU(r) by varying these parameters over a

id Th iibri f th ion is ch Hence, along withU;, S, also is monitored during the
wide range. the equilibrium sta'te of the SUSPENSION IS Chalgq|ytion of the system from ordered states. Most of the
acterized by calculating the pair correlation functig¢r),

‘ ) ) ] simulations away from the transitide.g., melting take ap-
coordinate-averaged pair correlation functiga(r), and  proximately 4<x10° configurations to reach equilibrium,
mean square displacemeinf). The results are organized in while those close to the transition need nearby BF con-
this paper as follows. figurations. A Monte Carlo StefMCS) is defined as the set
The details of MC simulations are given in Sec. Il. Sec-of N configurations during which, on average, each particle
tion Il deals with simulation results at high volume frac- gets a chance to move. The step size to move the particles
tions, where suspensions are expected to be homogeneaodisring the MC evolution process is chosen in such a way that
[i.e., the interparticle separatidhs obtained from first peak the trial acceptance ratio is always around 5p46]. Simu-
position ing(r) being equal to the average interparticle sepadation results reported here correspond to a true equilibrium
ration D, obtained from¢] and ordered. Section IV de- state as we perform simulations with widely different initial
scribes the simulation results at intermediate volume fraceonfigurations evolving to the same final stpd@—45. By
tions. The experimental results that suggested the existengerforming simulations for the same set of parameters with
of a long-range attraction are discussed in this section. SetN=250, 432, and 1024, we find that the results are the same
tion V presents the simulation results for a very dilute regimewithin statistical error foN=432. HenceN is fixed at 432.
of the suspensions and the results on the direct measuremeiter reaching equilibriung(r), g.(r), Smax and the mean
of the pair potential. A brief summary with conclusions aresquare displacemefit?) are calculated using procedures re-
given in Sec. VI. ported earlief1,41,45.

MC simulations are carried out using the Metropolis al-
orithm with periodic boundary conditions for a canonical
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FIG. 1. (A) g(r) versusr at high volume fractions for suspen- o ( M C/sz)
sion parameter€,=0 ando=0.15uC/cn?. Curvesa, b, ¢, andd
correspond tap=0.1, 0.14, 0.2, and 0.3 respectively. Cungsc, FIG. 2. Sya as a function of surface charge density on the

andd are shifted vertically for the sake of clarit{B) g.(r) versus particles. The sharp increase in its value is due toLtheC transi-
r for the same suspension parameters agAnand the first peak tion. The suspension parameters gre 0.03 andC.=0.

height of curves, b, ¢, andd are 10.2, 11.8, 9.5, and 8.3, respec-

tively. The curved, c, andd are shifted vertically for the sake of

clariy. arranged on a bcc lattice as the volume fraction used for
these simulations is rather logy=0.03, where suspensions
IIl. HOMOGENEOUS SUSPENSION: FCC AND BCC are expected to form only a bcc crystalline structure. The

ORDERING AND MELTING TRANSITION Smax and the(r?) as functions of MCS are calculated using
equilibrium particle positions as described in our earlier pa-
There have been reports of experimental phase diagranRers[1,45]. The melting trnasition has been identified from
for polystyrene suspensions consisting of fcc, bee, and ligthe sudden change iy, behavior as a function o€,
uidlike phaseqd1,47]. The convenient experimental param- Which occurred aCs=6.5 uM. Further,Sy, is found to be
eters are the volume fractiop and salt concentratiofs. as high as 2.8 just before freezing, which is consistent with
The screened Coulomb repulsive potential given by thdhe Hansen-Verlet criterion of freezing reported for atomic
DLVO theory is claimed to be responsible for the ordering[52] and colloidal systeml,45,48,49. The ratio of the root
and has been used extensively to understand the orderifigean square displacement to the lattice spavihty found
phenomena and associated phase transifiba$,48—51. In to be 0.27-0.05, which is consistent with the Lindemann
this section we show simulations carried out for high volumecriterion [53] for melting reported earlier for colloidal sys-
fractions usingU(r) under salt free as well as added salttems[1,45].
conditions. The simulations are started from disordered The charge density of the particle plays an important
(liquidlike) states, which are prepared by performing simu-role in determining the ordering of the charge stabilized sus-
lations at high salt concentrations. After reaching equilib-pensions as it alters the range and strength of the interaction.
rium pair correlation functions are calculated and are shown the case of polystyrene colloids, a variationdnis pos-
in Fig. 1. The coordinate-averaged pair correlation functiorsible by controlling the concentration of charge determining
[1,45] g.(r) obtained by averaging the coordinates of thesalts during synthesis. In the case of charge stabilized silica
particles over a sufficiently large number of configurations iscolloids, o can be varied by controlling the sodium hydrox-
free from thermal broadening and helps in identifying theide concentratiofi54]. The pair correlation functions for dif-
crystal structure unambiguously. Henggr) is also calcu- ferent o values withCs=0 showed liquidlike behavior at
lated and is shown in Fig.(B). It is clear from Fig. 1 that for low values ofo(<0.08uC/cr?) and crystalline behavior for
low values of¢ suspensions exhibit a bce crystalline orderlarger values obr. The transition is identified by computing
and upon increasing the volume fraction a fcc order. Henc&®max @s a function ofo and is shown in Fig. 2. The sudden
the bcc to fce transition for salt free conditions is expected tochange inSy,, occurring ato=0.085uClent is due to the
take place in between the values ¢f=0.14 and 0.20. In- freezing transition driven byr. We mention here that the
deed, the experimental observation of Siragal. [47] value of o=0.085uClcn? at the crystal-liquid transition is
showed a bcc structure for volume fractions below 0.15 andn close agreement with that reported by Yamanakal.
a fcc structure above 0.2. Thus there exists a close agreemd®#] for aqueous silica colloidal suspensions.
between our simulations and experiments. bcc as well as fcc Simulations are performed as a function éf keeping
crystalline order is found to melt into a liquidlike order upon other suspension parameters fixed to investigate the effect of
increasing the salt concentration. The fcc structure that odhe variation in the interparticle separation on the structural
curs at higher volume fraction melted at a higher valu€gf ordering. The calculated pair correlation functions are shown
than the bcc crystalline structure. This salt dependence is thg Fig. 3. As expected, the first peak positiorngifr) shifts to
same as that reported in the experimd#dfg]. lower r values and is due to the increasenip. Further, a
In order to identify the crystal-liquid transition we carried liquidlike order (curvesa andb of Fig. 3) can be seen for
out simulations for different values @. For these simula- low values of¢ and crystalline ordefcurvesc andd of Fig.
tions the initial configuration is always chosen to be particles3) upon increasingp. The freezing transition is identified
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— TABLE I. Inverse Debye screening lengtlr), position of the

——
potential minimum R,,), depth of the potential welll,), and
r d 7 average interparticle separatiob{) for different suspension pa-
rameters at high volume fractions. The abbreviations fcc, bccl.and
6 N represent the face centered cubic, body centered cubic crystalline,

and liquid states, respectively

3_ b | g CS
J\/\/\/ & (uClen?)  (uM)  kd  Ry/d Un,/kgT Dg/d State
L a 4

0.30 0.15 0 4.092 1737 0591 1352 fcc
Oh | LT 0.30 0.15 50 4.830 1.614 0.495 1.352 fcc
0 ' 5 ' 10 15 0.30 0.15 65 5.030 1587 0.471 1.352 fcc
r/d 0.30 0.15 160 6.149 1476 0.356 1.352 fcc
0.30 0.15 350 7.926 1.369 0.237 1.352L
FIG. 3. g(r) versusr for different intermediate values of vol- ( o5 0.15 0 3.736 1.737 0639 1437 fcc

ume fraction ¢. Curves a, b, c, and d correspond to¢ 0.25 0.15 250 6.846 1.427 0302 1.437L
=0.01, 0.015, 0.02, and 0.03, respectively. Curbes c, andd 0.15 0 3341 1931 0689 1547 fcc

.20
are shifted vertically for the sake of clarity. The other suspensiorb 20 0.15 30 3888 1781 0619 1547 fec
parameters are=0.2 uClont andC.=4 uM. 020 045 200 6123 1478 0358 1547L

from the behavior 08, as a function ofp and is found to  0.14 0.15 0 2795 2152 0.742 1.742 bcc
occur at¢p=0.0175. When the volume fraction is increased,0.14 0.15 10 3.022 2.049 0.723 1.742 Dbcc
the strength of the interaction between particles increase$,14 0.15 140 5.123 1576 0.460 1.742L

which leads to the buildup of structural correlations. The0.03 0.2 0 1.494 3478 1.177 2.83 bcc

freezing takes place whenever the structural correlations.o3 0.2 4 1661 3.179 1.240 283 bcc

cross a threshold value. 0.03 0.2 6 1739 3.061 1.263 2.83 bcc
Until now, the DLVO potential alone had been claimed t00.03 0.2 6.5 1757 3.034 1269 283L

be responsible for the observed structural ordering and assg@-03 0.2 7 1776 3.008 1274 283 L

ciated phase transitions in charge stabilized colloids. Howg g3 0.2 8§ 1813 2958 1.283 283 L

ever, present simulations thus clearly demonstrate thaf g3 0.2 10 1.884 2867 1299 283 L

U(r), which has the long-range attractive term in additiong o3 0.2 15 2051 2683 1328 283 L

to usual screened Coulomb repulsive term, also explaing oz  g.oss5 0 0974 5121 0159 283 bcc

equally well the same phenomenon. It is easy to understanglys  gg5 0.1
from Table | and Fig. 4 whyJ(r) is also successful in
explaining the structural ordering and the associated transy’
tions. Table | shows that the suspensions obey the relati061'03
Do=R,, except at very high values @. HereD, is the '
average interparticle separation calculated using the expre
sion Do="P(1/n,)*® (where P=1.0911 for bcc order and
1.1266 for fcc orderand the values o. Since the structure
is also known from simulations, we also estimate the averagg'
interparticle separatio®¢ using the first peak position of
g(r). The ratioD¢/Dy is found to be one for the suspension 0.03
parameters listed in Table I. This suggests that suspensions
are homogeneou&ccupying the full volumg Further, it
can be seen from Fig. &ee also Table thatR,,<D,. Thus
the particles that are &, experience only a screened Cou-

0.981 5.088 0.160 2.83 bcc
0.085 0.4 1.001 4.994 0.163 2.83  bcc
0.085 1 1.039 4.820 0.167 2.83
0.085 2 1101 4570 0.175 2.83

0.03 0.05 0 0.747 6.590 0.0442 2.83
8.03 0.06 0 0.818 6.039 0.069 2.83
0

0

0

0

| i i i

0.03 0.09 1.002 4986 0.183 2.83 bcc
1.057 4.748 0.235 2.83 bcc
1.157 4366 0.361 2.83 bcc
1.398 3.687 0.868 2.83 bcc

0.1
0.12
0.175

dominated by a repulsive term. In this section we discuss
simulation results for dilute suspensions where the attractive

lomb repulsion and the strength of the interactiorDgtde- part play_s an imp_o_rtant role _in determir_wing the structure and
termines the structural ordering. Since the attraction is no s need in explaining experimental evidence that suggested

dominantU(r) also explains equally well the structural or- tctiklj?lng—range attraction in the effective interparticle inter-
dering and the associated order-disorder transitions in homé&* T .
For dilute agueous polystyrene suspensions Ttal.

geneous suspensions. In these suspensions, which of the t

pair potentials better describe the observed phenomenon\ﬁf’m] have report_ed a phase transition anz_gllogous to the well

difficult to judge because accurate measurements ahd known vapor-liquid condensation in atomic systems. Upon

C. are experimentally not easy deionization, weakly interacting homogeneous suspensions
s .

below a critical particle concentration condense into a con-

IV. INHOMOGENEOUS SUSPENSIONS: VAPOR-LIQUID Cﬁ”tra“f phasel "X't&“ﬁ“'d“ke Ordzr ﬁ”d S dilute Y.ap?r
COEXISTENCE AND VOIDS WITH ORDERED phase. Aror@t al.[1,15] avehreporteh that above acr('jt'ca .
AND DISORDERED REGIONS concentration suspensions that are omogeneous and nonin-

teracting at high salt concentrations exhibit vapor-liquid con-
In the preceding section we presented results on homogelensation for the intermediate salt concentrations and reenter
neous suspensions where the interparticle interaction ia homogeneous state having liquidlike order at low salt con-
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FIG. 5. (A) g(r) vsr for dilute suspensions for different values
of ¢ with 0=0.21uClcn? andCy=4 uM. Curvesa, b, ¢, andd
correspond tap=0.25< 102, 0.32x10 3, 0.60<10 %, and 1.12
X 1073, respectively. Curveb, c, andd are shifted vertically for
the sake of clarity(B) Projection of the particle coordinates in the
MC cell. The parameters af andb are the same ax(r) for curves
b andd, respectively.

r/d

FIG. 4. Pair potentialg(r)/kgT for different suspension pa-
rameters. Curves and b correspond to the same values of
=0.15uClcn? and C,=0, but volume fractions 0.2 and 0.03, re-
spectively. Curvex and d correspond to the same values &f
=0.03 but ¢ and C, are 0.085 uClcn?, 2 uM, and
0.05 uClcn?, 0 uM, respectively. The vertical continuous and
dotted lines denote the average interparticle spabipgorrespond-
ing to values of¢=0.2 and 0.03, respectively. homogeneous suspensions, the first peak positiay(iih at
these volume fractions occur very close to the potential mini-
centration.U4(r) has been shown earlier to explain the saltmum R,. Further, the pair correlation functions decay to
driven reentrant transitiofil,41]. one gradually as increases. This type of behavior is ex-

Here we report MC simulation results performed as apected only when the suspensions are inhomogeneous. The
function of ¢ for a fixed salt concentration, with an aim to appearance of peaks in pair correlation functions at distances
understand the experimental observations of Tatal. much shorter thaD, together with a liquidlike structural
[1,16]. We mention here that some of the suspension parancorrelation suggests the formation of dense phase droplets.
eters used in the simulations are the same as those report€te projection of the particles in the MC cdlFig. 5b)]
by Tataet al.[16] and are given in Table Il. The calculated shows the formation of liquidlike droplets coexisting with
pair correlation functions and the projection of the particleisolated particles that constitute the rare phase. Thus suspen-
coordinates for different values @ are shown in Figs. 5 sions in the¢ range (0.2%10 3)—(1.12x10"3) can be
and 6. It can be seen in Fig. 5 that thér) for ¢ values in  identified as the vapor-liquid coexisting state. Increasing
the range (0.2510 3)—(1.12<10 3) are markedly differ- beyond 1.1X10 3 showed typical liquidlike behavior as
ent from those at (2.2710 %)—(4.0x10 %) (Fig. 6). The  shown in Fig. 6. The projection of the coordinates in the MC
first peak and a few other peaks at highesuggest structural cell [Fig. 6B)] also appears homogeneous. Thus present
correlations up to several neighbor distances. Unlike for thesimulations agree well with the experimental observation

TABLE II. Inverse Debye screening lengtix), position of the potential minimumR(,), depth of the
potential well U,,), and average interparticle separatiah) for different dilute suspensions. The abbre-
viations VL andL represent the vapor-liquid coexisting state, and liquid state, respectively.

¢ (units of 103 o (uClen?)  Cg (uM) xd Rn/d  Upn/kgT  Do/d  State
0.20 0.21 4 0.736  6.682 0.770 15.03 VL
0.25 0.21 4 0.739  6.659 0.772 13.96 VL
0.32 0.21 4 0.743  6.630 0.780 1285 VL
0.60 0.21 4 0.757  6.504 0.790 1043 VL
1.12 0.21 4 0.784  6.290 0.810 8.46 VL
1.60 0.21 4 0.807 6.118 0.833 7.52 VL
2.27 0.21 4 0.839  5.896 0.861 6.69 L
2.86 0.21 4 0.866  5.720 0.884 6.19 L
3.40 0.21 4 0.890  5.575 0.772 585 L
4.00 0.21 4 0.916  5.426 0.926 553 L
9.00 0.21 4 1.109  4.540 1.073 422 L
10.0 0.21 4 1.143 4414 1.097 408 L
15.0 0.21 4 1303  3.922 1.198 357 L
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FIG. 6. (A) g(r) vsr for dilute suspensions with higher values
of ¢ keeping other parameters the same as those in Fig. 5. Curves
a, b, c, andd correspond top=2.27x10" 3, 2.86x10 3,
3.40<10°2, and 4.0< 103, respectively. Curved, ¢, andd are
shifted vertically for the sake of clarityB) Projection of the par-
ticle coordinates in the MC cell. The parameteraaindb are the

same (1) for e . respaciva LTS 0 ey o s b e

and 0.68 uClcn?, respectively. The projections of the time-

averaged particle coordinates in the MC cell are shown in the insets.
[16] of vapor-liquid coexistence at values ¢#<2.0x10 2 () g (r) for suspensions with different salt concentrations dor
and the appearance of a homogeneous state having liquidlikep.35 ,C/c? and ¢=0.03. Curvesa, b, andc correspond to
order upon increasingy under low salt concentrations. The C.,=0, 2, and 15uM, respectively. The insets correspond to pro-
vapor-liquid coexistence at low values ob (4<0.2 jections of the time averaged particle coordinates in the MC cell.
x 10" %) occurs wherR,, is smaller tharD, (see Table N
andU ,~ 1kgT. Under these conditions the particles that are
initially at Dy get trapped in the potential well wiR,, as the  upon increasing the salt concentration. The ordering within
average interparticle distance constituting the condensesthe dense phase of the inhomogeneous state depends on the
phase. Since the well depths are only of the orddeedf, all  amount of salt present in the suspension. Thus observation of
particles are not expected to get trapped. Those particles thathomogeneous ordered state or a void structure coexisting
remained untrapped constitute the gas phase. Further, ométh ordered-disordered regions depend on the suspension
can also see from Table Il that the differerigg— D, mono-  parameters. The charge on the particles and the salt concen-
tonically decreases ag is increased. The suspensions ex-tration in the suspensions play an important role in determin-
hibit a vapor-liquid coexistence for large differences and ang the structural ordering as well as homogeneity of the
homogeneous liquidlike structure when the difference is verysuspensions. The present simulation results explain reported
small or positive. experimental observations of a homogeneous crystalline

For large well depths,,>2kgT) and whenR,<D,,  state[1,47] as well as inhomogeneous phases in the form of

suspensions can be inhomogeneous. From(Bgjt can be  voids with ordered or disorderedamorphous regions
seen that well depths are large when the charge on the pdit,7,9,11. When well depths are large compareckgd and
ticles is high. We have carried out systematic investigation®R,,<D,, particles that are initially at a separation@f get
of the effect ofo- on the structural ordering and the results trapped strongly into the potential well, resulting in the for-
are reported in our earlier papger2] and hence we discuss it mation of a dense phase with interparticle separation close to
only briefly here. Figure 7 shows the effect@fandC; on  R,,. As the total volume of the suspension is fixed the frac-
structural ordering for dilute suspensions. For a suspensiotion of the volumef, [f,=1—(R./Dy)%] appears in the
with 0=0.2 wuClcn? andC¢=0 [Fig. 7(A)] the simulations form of voids. Our recent experiments on highly charged
show a homogeneous crystalline ordecc). Upon increas- poly(chlorostyrene-styrene sulfonatparticles have shown
ing the charge on the particles suspensions become inhomuweids coexisting with dense amorphous regions, confirming
geneous in the form of a dense phase coexisting with voidshe existence of large well depths at several particle diam-
The structural ordering within the dense phase depends osters, when particles are highly chargeiB,42. Such an
the value ofe- andC4. The homogeneous to inhomogeneousobservation is analogous to the gas-solid coexistence in
transition is identified and discussed in detail elsewhépg atomic systems. It is clear from these simulations that a
There exists a critical charge density below which the sus«-dependent long-range attractive term in addition to the
pensions are homogeneous and ordered. Above the criticabual repulsive term explains consistently all the experimen-
charge density suspensions become inhomogeneous. Shovah observations. On the other hand, the theoretical calcula-
in Fig. 7(B) is the effect of salt concentration on a suspen-tions of van Roij and Hansefb5| show that the gas-solid
sion whose charge density is just below the critical chargeind the gas-liquid coexistence can also occur even with a
density. It can be seen that a homogeneous crystalline ordeurely repulsive screened Coulomb pair potential, provided
existing atC,=0 becomes inhomogeneous the effective Hamiltonian contains a negative term that can
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FIG. 8. Pair potential in units okgT obtained using Egs.
(1) and (3) for suspension parametergp=1.0x10"% o
=0.21 wuClen?, andCs=4 uM.

drive a spinodal instability. The negative term arises due to, i . ) )
the macroion-counterion interaction. However, the quantitalidl- Pair correlation functions calculated for such dilute sus-
tive agreement between the experimental results and the cdl€NSions are shown in Fig. 9. Table Ill summarizes the sus-
culations using the effective Hamiltonian for physically rea-Pension parameters and the simulation results. It can be seen
sonable suspension parameters has yet to be demonstratttfit there exists only a single peak occurring at the distance
Further, the reentrant transitida5] reported in dilute sus- "= Rm and no further peaks at large suggesting that the
pensions as a function &, are difficult to understand using SUSPensions are noninteractifgaslike (G)]. Further, the
van Roij and Hansen’s calculatiofis5]. peak position is fognd_to bellndependentﬁ)éven when the
particle concentration is varied over one order of magnitude.
This suggests that in this range of volume fractions suspen-
sions are essentially noninteracting. Kepler and Fra#eé
In this section we discuss the MC simulation results carhave observed such a concentration independeseeeFig. 2
ried out at very low volume fractionf¢=(0.1x10" %) — of Ref.[19)) in their experiments and their pair correlation
(1.0 10”%)] with an aim to understand the recent measurefunctions also showed a single peak. KE9] as well as
ments of the interparticle interaction in charged colloids un-Crocker and GriefCG) [22] employed Eq(3) to obtain the
der very dilute condition§19,21-23. For sufficiently dilute  Pair potentialu(r), which indeed showed the existence of a
dispersions the relationship long-range attraction when the gap between like-charged
glass plates used for confining the suspension is about
<6um. These suspensions are called confined colloids.
g(r)=exd —U(r)/kgT] 3 However, when the gap i 7um, the measured)(r)
shows no attractiof22]. CG attribute the absence of an at-
traction to the absence of confinement and interpret the data
can be used to obtain the pair potentiglr) [56]. In order to  corresponding to about /8n as direct evidence for the
check whether the volume fractions used here satisfy thi®LVO pair potential but not tdJ¢(r) based on the effective
relation, we use(r) obtained from simulations and E().  charge numberg and « extracted by fitting to the expres-
As expected, the pair potentibl(r) (see Fig. 8 obtained at  sion of the DLVO potential andl(r). Further, CG have not
these low volume fractions is found to be the same as thaperformed independent measurements ZorCg, andn,,
used initially to obtaing(r) in simulations. This suggests which characterize the suspensions usedU¢r) measure-
that at very low volume fractions suspensions obey By. ments.
and the interaction between particles is the true pair poten- We have carried out careful effective charge measure-

V. SIMULATIONS AT VERY LOW VOLUME FRACTIONS

TABLE Ill. Inverse Debye screening lengthx), position of the potential minimumR(,,), depth of the
potential well U,,,), and average interparticle separati@y] for very dilute suspensions. The abbreviation
G represents the gaseous state.

¢ (units of 10°%) o (uClem?)  Cq (uM) kd Rn,/d  U,/kgT  Dy/d  State

0.1 0.21 4 0.726 6.772 0.760 40.82 G
0.3 0.21 4 0.727 6.762 0.761 28.30 G
0.6 0.21 4 0.728 6.743 0.763 2246 G
1.0 0.21 4 0.732 6.729 0.765 18.95 G
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ments[57] on the same suspensiofie., catalog numbers same as that of the DLVO potential except for the prefactor.
and the suppliers are the samesed by CG. Surprisingly, For very dilute suspensions with low charge density particles
these direct measurements revealed that the effective chartfee well depths become too small to be detected experimen-
numbers are much smaller than those mentioned by CG itally. In such caseb((r) also behaves more like the DLVO
Ref.[22]. In addition to such a disagreement in the chargepotential. Hence the observad(r) can be fitted to both
we notice that theU(r) data on confined colloids is not Ug(r) and the DLVO potential. In fact, CG have done this
completely free from the effects of confinement. The evi-and extracted the values fdrand <. Further, we could also
dence in support of our claim is described below. fit Ug(r) to CG’s experimentall(r) data reported earlier
Recently, Muromatet al.[58] have investigated, using a [24]. This fit gave us a well depth of 0.RgT at a position of
confocal laser scanning microscope, which probes mucR.33 um. CG’s experiments cannot resolve such small well
higher depths than the conventional optical microscope usedepths. The attraction ibJ(r) emerges when charged glass
by CG, the effect of a like-charged glass plate on the distriPlates were brought closer to a gap less thap [19,22.
bution of charged colloidal spheres in dilute suspensions foflowever, the pair potential derived under the DLVO frame-
different charge densities of the glass plate and for differenf/0rk for charged colloids with confinement does not show
salt concentrations of the suspensions. These results cleaf§traction[60]. Similarly, very recent numerical calculations
show that the particle concentration is high closetsing the Poisson-Boltzmann equation carried out by Ospeck

(<10 um) to the glass plate and gradually decreases to aﬁnd .Frader[61] for parameters of KF .and CG's confmed
average concentration far away from the plate. Muroneto colloids[19,22 also do not show any evidence for attraction.

al. [58] call this enhancement in the particle concentrationHowever’ these calculations show a reduction in the strength

| 1o the al lat thering of particles near a lik of repulsion. Thus these results clearly suggest thathe
close o the glass plate a gathering of particles near a €&y 4 +jon does not arise due to the physical confinement of

t:?ﬁarged colloidal particles anfh) confinement does not

high as 5-50um depending on the charge. In light of the fence we believe that the(r) that is derived for bulk
observations of Muromatet al, we believe that CG'8J(r)  syspensions cannot be applied for a quantitative comparison
data corresponding to about anu8n gap need not be en- jith experimental results of confined colloids. However, we
tirely free from confinement. believe thatU(r) can be used for a qualitative understand-
To summarize, CG'¢J(r) data corresponding to about a ing of experimental observations on confined colloids be-
gap of um is not entirely free from geometrical confine- cause of our own reported resul0] and from the conclu-
ment of the glass plates. These observations, together witsion drawn abovéi.e., (a) and (b)].
our measurements @ on their particles, which show a large =~ We mentioned earlier that the strength of attraction gets
discrepancy with respect to their estimated values, lead us ®nhanced when particles are highly charged. The counterion
conclude that CG’'sU(r) measurements corresponding to concentrationn,Z also becomes higher proportionally be-
about an 8um separation do not provide compelling evi- cause the effective charge on the particle dictates the coun-
dence for the nonexistence of attraction in dilute chargederion number in the suspensidds(r) is derived by taking
colloids and the failure obl(r) to describe them. into account this relationship explicitiB0]. The long-range
Our experimental observations, viz., the vapor-liquid con-attractive term iny(r) arises due to the mediation of coun-
densation in dilute suspensions seen as a function of volund§ons present between charged colloidal sphE36s37.
fraction[16] and as a function of salt concentratidb], for _We believe 'ghat the same counterion mediation is respon-
low charge density particles and the coexistence of void ible for attraction seen in dilute confined collojd®,22. In

with glasslike disordered regiorjd8] in dilute suspensions e case of conflned_ colloids the chargg on the gla_\ss plates
: : . . enhances the attraction and the counterions dissociated from
with high charge density particles, suggest that the charg

) i . the glass plates in addition to those from the particles are
density on the part|cl_es dictates _the strength _Of the Iongfesp?)nsiblg for mediating the attraction. It is kn(fwn that the
range attraction seen in the bulk dilute suspensions. The poy, 506 on the glass plate and charge on the colloidal particle
sition of the well depth is dictated by small ion concentration.,mes from similar dissociation processes of respective end
(i-e., counterion concentratiom,Z plus salt ion concentra- chains that are in contact with water. Although the counter-
tion Cy). Since the counterion concentration depends on thgyn species resulting from the glass plate and the colloidal
charge on the particle, the range of the attraction also departicle are different, they lose their identity because of their
pends on the charge density of the particle. It is easy t@xchange to M by the ion exchange resins. The counterion
conclude from these observations that the long-range attragoncentration is expected to reduce when the plate separation
tion at very dilute concentrations is observable only whens increased. Hence the counterion mediation becomes weak,
colloidal particles are highly charged. Yoshino’s observatiorresulting in an attraction that is too small to be detected when
of long-lived colloidal pairs provides such evider{&)]. charged plates are at a wider separation. Recent experiments

The fact is that the colloidal particles used by (X2 are by Muromatoet al. [58] provide evidence for our explana-
not highly charged and hence there is no measurable attration. The experiments of Muromatet al. with a Nafion-
tion in U(r) for a greater than @m gap of the glass plates. coated polyethylene surface that is charged showed a gath-
However, this does not rule out the applicability@f(r) to  ering of similarly charged colloidal particles, whereas
explain their observation of the screened Coulomb repulsioexperiments with an uncharged polyethylene surface showed
in the measuredJ(r). It is easy to see from Eql) that no gathering, clearly indicating that a charge on the confined
U4(r) has a screened Coulomb repulsive term, which is theurface and its associated counterions in the suspension are



PRE 58 MONTE CARLO STUDY OF STRUCTURAL ORDERING IN ... 2245

responsible for the attraction but not the physical confine- VI. CONCLUSIONS
ment. Further, these observations do not support the theoret-
ical results obtained within the framework of the DLVO po- We have shown that the effective interparticle interaction
tential by Gonzalez-Mozuelos and Medina-Noyp&2]. As  U(r), which has a long-range attractive term in addition to
per these calculatior{$2], one is expected to observe a pil- the screened Coulomb repulsive term, explains the occur-
ing up of particles touching the wall as the charge density omence of fcc crystalline order at high volume fractions and
the similarly charged glass plate is reduced. bcc crystalline order at lower volume fractions. The addition
CG imagine that the charged glass plates in confined susf salt is found to result in melting. For a smaller charge
pensions mimic the role of many colloidal particles in densedensity on particles simulations show a liquidlike order that
suspensions and many-body effects are assumed to be rig-found to freeze into a bcc crystalline order upon increasing
sponsible for the origin of attraction seen in bulk suspen-. The variation in volume fraction in the intermediate range
sions. Many-body effects might be important in concentratedilso shows a crystal-liquid transition. Thus it is very clear
suspensions. However, we do not believe that these afeom these simulations that the interparticle interaction need
strong enough and responsible for the attraction in dilutenot be repulsive at all interparticle distances to explain the
suspensions. It is recalled that we obsert@d vapor-liquid  homogeneous phases observed in these suspensions. For sus-
coexistence at a volume fraction as low as 0.00042, (b)  pension parameters for whidR,,>D,, the dominant inter-
a reentrant transition upon lowering 6f at a volume frac- action between particles is essentially repulsive and respon-
tion 0.0028[15], and (c) voids coexisting with amorphous sible for the homogeneous nature of the suspension and the
dense region$18] on highly charged colloids at a volume ordering is dictated by the strength of interactiorbat This
fraction of 0.006. These observations at such low volumexplains whyU(r) is equally successful in explaining the
fractions cannot be reconciled by many-body effects. Howstructural order in homogeneous suspensions, which is oth-
ever,Ug(r) is shown to explain successfully all these obser-erwise explained using the DLVO potential. For those sus-
vations, indicating that the influence of counterions presenpensions wherdk,, <D, simulations showed a vapor-liquid
in between the charged colloidal particles is considered reazoexistence for low values ef and ¢. This coexisting state
sonably well in deriving the effective pair potential betweenis found to transform into a homogeneous liquid state beyond
two colloidal particles in a suspension of finite concentrationa critical value of¢, in agreement with the experimental
Some of these include the present simulations and some hagservations. For large values @fthe well depths are large,
been reported earli¢A1,42,18. resulting in the formation of voids with ordered or disordered
Apart from Ug(r), there have been recent calculationsstructures. At very dilute volume fractions simulations
based on integral equation methd¢iEMs) [28,29 showing  showed a concentration-independent single peak, which is in
the existence of a long-range attraction in the effective paitonformity with experimental observations. The present
potential. The behavior of the depth and its position calcusimulations explain several experimental observations, viz.,
lated as functions ok are found to be similar to those of the direct measurement of the pair potential, the vapor-liquid
Ug(r). The commonness between IEMs and the Sogamgoexistence to a homogeneous liquid state upon variation of
theory is that both consider the finite number of macroions and the coexistence of voids with ordered and disordered
The Sogami theory explicitly relat_es the macroion chargingregions_ These cannot be understood based purely on the
process to the release of counterions. However, the DLVQgqisive DLVO potential. In view of the present simulation
theory is for a very dilute system with no explicit relation- oq 5 the earlier understanding obtained using the DLVO
shlp.to the macroion charge. to the release thcou.nterr]'on?)otential to explain the bcce-fce transition and the melting
Medina-Noyala and McQuarrigs3] have shown that in the phenomena needs a revision.

infinite dilution I|_m|t IEMs yield the DLVQ result. However, _ The present simulations clearly emphasize the importance
such a connection between the Sogami theory and IEMs is . . .
yet to be established. Recently, Schni@Z] reported a ther- Qf th? K-depgndent Iong-range attractive term in the Interpar-
modynamic picture for the origin of attraction in the Sogamit'de |nteract|o.n for the. (_jescrlpnoq of ordering phenomena in
theory by focusing the attention on the electrical part of the“harged colloidsAb initio calculations are expected to pro-
Helmholtz and Gibbs free energies and its dependence on théde insight into the mechanism of the long-range attraction
screening parametar. He showed that these electrical parts@nd also help in resolving the existing debi¢31,32,34—

of the two free energies are not equal wheis finite. This ~ 37] on the validity of the Sogami theof80]. Careful experi-
difference is attributed to the internal pressure due to théhents on very dilute suspensions of highly charged particles
confinement of the counterions to the vicinity of the macro-under unconfined geometry help in the understanding of the
ions. In this context it is worth mentioning the difference origin of the long-range attraction.

between the short-range attraction seen in uncharged colloi-

dal suspensions with free polymer chains and the long-range
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