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Abstract

Monte Carlo simulations have been performed for aqueous charged colloidal suspensions as a function of effective chargd density (
the particles and salt concentration. We vary the effective charge density in our simulations over a range where a reentrant solid—liquid
transition in suspensions of silica and polymer latex particles has been reported by Yamanaka et al. (Phys. Rev. Lett. 80 (1998) 5806).
We show that at low ionic strengths a homogeneous liquid-like ordered suspension undergoes crystallization upon imcreasney
increase ino resulted once again in a disordered state, which is in agreement with experimental observations. In addition to this reentrant
order—disorder transition, we observe an inhomogeneous-to-homogeneous transition in our simulations when salt is added to the disordere
inhomogeneous state. This inhomogeneous-to-homogeneous disordered transition is analogous to the solid—gas transition of atomic systen
and has not yet been observed in charged colloids. The reported experimental observations on charged colloidal suspensions are discussed
the light of present simulation results.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction Derjaguin—-Landau—Verwey—Overbeek (DLVO) theory [11]
cannot explain the inhomogeneous nature or the phase sepa-
Monodisperse Charge-stabilized colloidal suspensions areration observed in Iike-charged colloidal suspensions. The
studied with great interest because they exhibit a variety of DLVO theory is advanced by Sogami and Ise by consid-
structural orderings analogous to that occur in atomic sys- ering the counterion-mediated attraction and regarding the
tems [1,2]. Unlike those in atomic systems, the range and macroionic part as a one-component system [12]. The effec-
strength of the effective interparticle interactions among the tive pair-potentialU (») [12] obtained from the Gibbs free
constituent particles are tunable over a wide range in col- energy is found to have a long-range attractive term in addi-
loidal systems. Hence, different structural orderings can betion to the usual screened Coulomb repulsive term given by
realized with ease in these systems at ambient conditions.DLVO theory. Tata et al.’'s computer simulations using this
Though the most dominant interparticle interaction among v/ (r) could explain the above mentioned experimental ob-
like-charged particles in a charge-stabilized colloidal sus- servations satisfactorily [1,4,13-16].
pension is screened Coulomb repulsion, experimental ob-  Recently there have been several alternative theories
servations in bulk suspensions such as reentrant transitiory17-19] to explain the observed phase separation in charged
[3,4], vapor-liquid transition [4,5], stable voids coexisting colloids. These theories, which are also known as “volume
with ordered or disordered regions [6-9] have served as evi-iarm theories” [17,18], have strong similarity in approach
dence for the existence of a long-range attractive componentyt giffer in technical details and are extensions of the
in.the effective interparticlelinteraf:tion of I-ike-(.:harged col- Debye—Hiickel theory for asymmetric electrolytes. These
loids [10]. A purely repulsive pair-potential given by the  ,aqries consider the total Helmholtz free energy of the sys-
tem that arises from Coulomb interaction between all species
~* Corresponding author. in the system. The outcome of all these theories is that pair
E-mail addresstata@igcar.ernet.in (B.V.R. Tata). potentials between colloidal particles can remain repulsive
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as a function of interparticle distaneeyet a gas—liquid or ~ whereA = 2+« d coth(kd/2) and the inverse Debye screen-
gas—solid phase separation can occur due to volume termsng lengthx is given as

which are responsible for the spinodal instability. Recently , 2
Schmitz and Bhuiyan [20] brought out the connection be- ¥~ = 47€"(1pZ + Cy)/(ekpT). (2)
tween volume term theories and the long-range attractive Ze is the effective charge on the particle (related to the
term that is present in the Sogami-Ise potentigt). It is surface charge density by= Ze/7d?), C, the salt concen-
shown that Sogami-Ise theory includes volume terms andtration, T’ the temperature (298 K3, the dielectric constant
the attractive term irU () arises from the electrostatic in- of water, andkp the Boltzmann constant. The position of
teractions that are present in volume term theories. Further,the potential minimunR,, is given ask,, = {A + [A(A +

the criticism of Sogami-Ise theory by Overbeek [21] and 4)1%/?}/2« and its depth byU,, = U(R,). Both R,, and
Woodward [22] has been countered by Smalley [23] and U depend orv and C;. For the required volume fraction
Schmitz [24]. Hence, we ugé(r) as the model potentialin ¢ (= n,md>/6), the lengthl of the MC cell is fixed from
our MC simulations. the relation/® = N/n,. By performing simulations with

The objective of this paper is twofold. (1) Carry out sim-  different numbers of particlesy, we found in our earlier
ulations as a function of for volume fractions and salt  Simulations [4,14,16] that the results are the same within the
concentrations, which are the same as that used in experiStatistical error forv > 432. HenceV is fixed at 432.
ments of Yamanaka et al. [25], and look for the reentrant _1he results presented in this paper correspong te

solid-liquid phase behavior observed by them. The reenteredd-00° and 0.03. Atthese volume fractions the deionized Sus-
disordered state observed at high values Gé known to pensions are known to crystallize into a body-centered cubic

be inhomogeneous but the nature of the underlying phase(Pcc) ordering [26]; hence we have chosen particles placed

transition has not been identified. (2) Identify conditions oln a bee \I/\a/\mce as theh|n|t|al Icgnﬁgurquon in all our Z'm'
under which the reentered inhomogeneous disordered statt%'hat']?n?' ekr';f"?'tﬁtr tfeihtotat mtterac'?0n enertg’y.dan
will transform to a homogeneous state. Toward this end we ne first peak heignt of the structure actBihax to iden-
perform a detailed MC study over a wide range of salt con- t'fy thermal equilibrium unamb|guggsly 27,28 MO.St ofthe
centrations, a€’; is known to alter the positio®,, of the S|mulat.|ons away from thg tran'smon .., freez'lrjg)' took
minimum as well as the dept, of U (). Our simulations approximately 8« 10° configurations to reach equilibrium,

: " ' : . while those close to the transition needed neastyl6f con-
as a function ot show the reentrant order—disorder transi- .. . . )
tion in agreement with experimental observations and we goﬁguratlons. An MC Step (MCS) is defined s attempted
on to predict an inhomogeneous-to-homogeneous transitio moves during which, on average, each particle gets a chance

. ) ) "to move. The step size to move the particles during MC
as a function ofC;, which has yet to be observed in charged ¢, tion process is chosen in such a way that the trial ac-
colloidal suspensions.

X i ) ) ) , ceptance ratio is always around 50%. After equilibrium is
The details of MC §|mulat|ons aregivenin Section 2. The reached the pair-correlation functi@rtr), the coordinate—
effect of charge density on the phase behavior ofsuspensmnsdveraged pair-correlation functian (), and Sma are cal-
with different volume fractions at low salt concentrations is . jated using procedures reported earlier [28,29]r) is
discussed in Section 3, where the suspensions exhibit a reengpisined by averaging the coordinates of the particles over a
trant solid-liquid transition. Section 4 includes the results sufficiently large number of configurations [29]. Singer)
on the influence of salt concentration on the reentered disor-ig free from thermal broadening and helps in identifying
dered state. Comparison of our simulation results with the the crystal structure unambiguously. Further, for suspensions
results of reported experiments is presented in Section 5.yhich exhibit solid-like behaviog, (r) shows sharper peaks
A brief summary with conclusions are given in Section 6. than the Corresponding(r)_ The mean square disp|ace-
ment (r2(¢)) for a chosen particle is defined &€(m)) =
(Iri(m + n) —r;i(n)|?), wherer; (m) is the position of the
2 Detailsof smulation ith particle afterm MCS and(:--) denotes the configura-
tional average over the initial configuratiomsCluster size
] ) ] . and its distribution are calculated as described in our ear-
Monte Carlo (MC) simulations are carried out using the |ier work [14]. The total fraction of particles participating
Metropolis algorithm with periodic boundary conditions for i the clusteringF,, defined as the ratio of the total num-
a canonical ensemble (constaitV, T whereN, V, andT ber of particles that participate in the clustering to the total
are, respectively, the number of particles, the volume, and nymber of particlesv, has also been obtained for suspen-
the temperature). Particles of diameter= 120 nm) are  sjons which exhibited inhomogeneous nature (phase sep-
assumed to interact via a pair potentigl-) having the func-  aration). We identify the nature of suspension whether it
tional form is homogeneous or inhomogeneous by calculating the ratio
dy/do, wheredo (= +/3/2[1/n,]/3) is the average interpar-
oy 2(26)2 (Sinh(/cd/2)>2<é _K> expi—cr). () ticle separation calculated from the particle concentration
& r

d n, and assuming a bcc-like coordination in the liquid-like
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order andd, is the average interparticle distance estimated (A)
from the first peak position ig(r). For a homogeneous sus- 12
pensiond;/dop = 1 and for an inhomogeneous suspension

dy/do < 1. | ¢

3. Effect of charge density 6 M

We have carried out MC simulations for two volume frac- I a
tions, ¢ = 0.005 and¢ = 0.03, as a function of charge k—’f
density on the particles, keeping the salt concentration 0 5 10 15
at 2 uM. These parameters are same as that used by Ya- r/d
manaka et al. [25] in their experiments. The charge density
used in the present simulations correspond to the effective
charge estimated experimentally by Yamanaka et al. [25].

It may be mentioned here that the Sogami—Ise potential is
derived under the Debye—Hiickel approximation and that this
approximation is violated for high values of the bare charge
(also referred as analytical charge). For highly charged (bare
charge) macroions the electrostatic energy of a macroion
near its surface largely exceeds the thermal enégy.
Hence, linearization of the Poisson—-Boltzmann equation is
not possible. However, the Poisson—-Boltzmann equation can
be reduced to the Debye—Hiickel equation by using the con-
cept of effective charge [30,31]. Here, one considers the
macroion and the microions (counterions) which have ac-
cumulated in the immediate vicinity of the macroion due to r/d
high electrostatic coupling with the macroion as a single en-
tity. Then the dressed colloidal particle (macroion along with Fig. 1. (A) g(r) vs r for different charge densities at a salt concentration
the captive microions) can be considered to have an effec-°f 2 *M andg =0.005. Curvess, b, andc correspond tar = 0.1,0.23,

. S . and 0.50 pgen?, respectively. (Bg.(r) vsr for charge densities the same
tive chargeZ, which is much lower (m absolute Value) than as in (A); the corresponding insets show projection of time-averaged parti-
the bare charge on the particle. The Debye—Huickel approx-cje coordinates in the MC cell.
imation is valid for the dressed colloidal system. Though
the theoretical methods for computing effective charges for
highly charged colloidal systems [32] are still evolving, the g(r) andg.(r) are found to decay as a function ofonce
concept of charge renormalization is now well accepted. again. Further, we observe the first peaksim) shifted to
Several properties of charged colloids are calculated usingsmallerr implying d/do < 1. These observations suggest
effective charge and compared with those measured experithat suspension is inhomogeneous and disordered. The cor-
mentally. Hence, we believe that the Sogami—Ise potential is responding projected particles in the MC cell also confirm
applicable to describe the reentrant order—disorder transitionthis and show particle-free regions (voids) coexisting with
observed as a function of effective charge. disordered dense regions. Since ghé) shows sharper fea-

Figure 1 shows the pair-correlation functions and pro- tures than the correspondiggr), the dense disordered re-

jections of the corresponding MC cell onto ary-plane gion is identified to be solid-like (amorphous).
for suspensions witlp = 0.005 ando = 0.1, 0.23, and In order to identify the values of at which the homo-
0.5 pGen?. For low values o (= 0.1 uC/cm?), g(r) and geneous liquid (HL) freezes into a homogeneous crystalline
g.(r) showed decay as a function of the corresponding  (HC) order and then to an inhomogeneous disordered (also
particle positions (Fig. 1B) showed disorder, and the ratio referred as a phase separated (PS)) state, the structural pa-
d,/dp is found to be one (see Table 1). These observationsrameterSmay is calculated as a function ef and is shown
suggest the suspension at this valuesols homogeneous  in Fig. 2. The sudden increase $fhax ato = 0.23 pG/cn?

and liquid-like ordered. On the other hand, for suspension (Fig. 2) corresponds to the freezing transition and the sud-
with o = 0.27 pG/cm? we find thatg () does notdecay with  den drop inSmax at o = 0.33 pC/cn¥ corresponds to the
r and the positions of sharp peaksgn(r) clearly indicate transition from the homogeneous crystalline state to a phase-
that the ordering is bcc. The projection of particles in the separated (gas—solid coexistence) state. Simulations for sus-
MC cell shows perfect ordering and the calculatiggdy is pension withp = 0.03 showed similar phase behavior except
found to be one confirming the bcc ordered crystalline struc- that the corresponding transitions have been found to occur
ture is homogeneous. At high valuesmof(= 0.5 pC/cn¥), at lower values o0& (see Table 1).

g(r)

g.(r)
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Table 1

Inverse Debye screening length)( position of the potential minimumk,,), depth of the potential welll(,,), average interparticle separatiafy), and
average interparticle separatidn calculated from first peak position @{r) for different values ob corresponding to two suspensions with widely differing
volume fractions

¢ o (HC/cm?) xd Ry /d Un/kgT do/d dy /do State
0.005 0.065 0.667 7.350 —0.088 5.143 1.0 HL
0.005 0.100 0.718 6.841 -0.221 5.143 1.0 HL
0.005 0.150 0.786 6.270 —0.539 5.143 1.0 HL
0.005 0.200 0.848 5.837 -1.023 5.143 1.0 HL
0.005 0.230 0.883 5.600 ~1.399 5.143 1.0 HC
0.005 0.273 0.930 5.340 —2.050 5.143 1.0 HC
0.005 0.300 0.960 5.190 —2.547 5.143 1.0 HC
0.005 0.410 1.070 4.690 ~5.173 5.143 0.9 PS
0.005 0.500 1.152 4.383 -8.119 5.143 0.8 PS
0.030 0.060 1.021 4.890 -0.107 2.830 1.0 HL
0.030 0.150 1.462 3.542 —0.850 2.830 1.0 HC
0.030 0.200 1.660 3.100 —1.608 2.830 1.0 HC
0.030 0.273 1.900 2.841 —3.142 2.830 1.0 HC
0.030 0.300 1.990 2.744 -3.853 2.830 1.0 PS
0.030 0.410 2.300 2.460 —7.348 2.830 0.9 PS
0.030 0.500 2.530 2.300 —~1090 2.830 0.8 PS

The abbreviations HL, HC, and PS represent the homogeneous liquid, homogeneous crystalline, and phase-separated states, respectively.
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Fig. 2. Structural parameteimax as a function ot for a suspension with 0 2 4 6 8§ 10
Cs =2.0 uM and¢ = 0.005. The line drawn through the points is a guide r/d

to the eye.
Fig. 3. Pair potential/ (r)/ kg T for different suspension parameters with
¢ = 0.005. Curvesu andb correspond tar = 0.15 and 0.5 p([,cmz, re-

. spectively, and”s = 2.0 uM. Curves andd correspond t€’y = 5500 and
These observations are understood from the dependenc?ooo UM, respectively, ang = 0.15 p(‘/cmz. The vertical line corresponds

of U(r) ono. At low charge density the suspensions remain o the average interparticle separatitn

homogeneous because the particles which are at a distance

do will always experience screened Coulomb repulsive inter- 4. Effect of salt on inhomogeneous disor dered phase

action asdp < R, (see curver of Fig. 3). The structural or-

dering in the homogeneous state depends upon the strength There have been reports of theoretical [16,29,33,34] and
of U(r) atr =do. As the charge density on the particles experimental investigations [2,26,35] on the effect@f

is increased the strength of repulsive interaction increases.on melting/freezing of a homogeneous colloidal suspension.
This results in freezing into a homogeneous crystalline state. However, the conditions under which an inhomogeneous
SinceR,, decreases monotonically with increaseirparti- disordered state, which occurs in highly charged colloids,
cles which are at separation &f will experience attraction  becomes homogeneous are not known. When the well depth
when R, < do (see curveb). Due to strong attraction the U, < kgT, the attraction between particles becomes weak,
particles condense into a solid-like dense phase leaving soméhence the suspension can remain homogeneous. It can be
particles in the rare phase (gas-like) which appear as voidsseen from Fig. 3 (curve) that the well deptii/,, decreases
when the fraction of the volume occupied by the rare phase isto values smaller thaig T at high salt concentrations. So we
smaller than that of the dense phase. Thus the occurrence operformed MC simulations over a wide range of salt concen-
freezing of a homogeneous liquid into a homogeneous crys-trations, keeping the other suspension parameters fixed, and
talline state at lower values of and the system reentering results are summarized in Table 2. Figure 4 shows the ef-
into a disordered inhomogeneous phase (gas—solid coexisfect of increasing salt concentration on the disordered dense
tence) at higher values oef are understandable. phase which coexisted with voids @ = 2 uM (Fig. 1c).
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Inverse Debye screening length)( position of the potential minimun®, ), depth of the potential welll{,,), and the ratio of dense phase concentratign
to homogeneous particle concentratign for different values oC; for suspensions with volume fractiogis= 0.005 and 0.03 exhibiting inhomogeneous and
homogeneous states

¢ o (UC/cm?) Cs (UM) xd Ry /d Un/kpT ng/np State
0.005 0.5 10 607 3.270 —9.909 3890 PS
0.005 0.5 20 D37 2.700 -10.76 6980 PS
0.005 0.5 50 D75 2.070 —~1050 1533 PS
0.005 0.5 100 086 1.740 —8541 2711 PS
0.005 0.5 200 588 1.520 —5.757 3904 PS
0.005 0.5 300 ®30 1.422 —4.267 4971 PS
0.005 0.5 350 a74 1.390 —3.774 5319 PS
0.005 0.5 400 D80 1.360 —3.382 5596 PS
0.005 0.5 500 808 1.328 —2.803 6072 PS
0.005 0.5 550 B40 1.313 2583 6354 PS
0.005 0.5 600 43 1.300 —2.395 1000 HG
0.005 0.5 700 1621 1.278 —2.095 1000 HG
0.005 0.5 800 1241 1.261 —1.860 1000 HG
0.005 0.5 900 1918 1.246 —1.670 1000 HG
0.005 0.5 1000 1558 1.234 —1524 1000 HG
0.030 0.3 10 285 2.474 —3.933 1500 PS
0.030 0.3 50 B89 1.915 —3548 3230 PS
0.030 0.3 100 895 1.680 —2.858 4782 PS
0.030 0.3 150 211 1.565 —2.335 5916 PS
0.030 0.3 200 915 1.495 —1.958 6786 PS
0.030 0.3 250 a4 1.446 —1.680 7500 PS
0.030 0.3 300 417 1.410 —1.471 1000 HG
0.030 0.3 400 445 1.358 —-1.176 1000 HG
0.030 0.3 500 ?55 1.323 —0.980 1000 HG
0.030 0.3 600 883 1.296 —0.841 1000 HG

The abbreviations PS and HG represent the phase-separated state and a homogeneous gas state, respectively.

Fig. 4.g(r) vsr at two different salt concentrations: @) = 5500 uM and

(b) Cs =100Q0 pM. Insets show the projection of particles in the MC cells
corresponding to the two values 6f. Other parameters of the suspension
are¢ = 0.005,0 = 0.5 pC/cn?.

For low values ofCy, g(r) shows a decay, but the structural

g(r)

tural correlations irg (r) (Fig. 4a) to extend up to a few times
the diameter of the particle. The first peak height is also
found to be very high and the first peak position matches
exactly with R,,. These observations imply the formation of
dense phase clusters witk),, as the average distance be-
tween particles within the cluster. The other sharp peaks
appearing at distances beyond the first peak correspond to
short-range ordering of particles within the clusters (intra-
cluster ordering).

Since the clustering occurs at large value<gf the or-
dering of particles within a cluster could be liquid-like or
solid-like (amorphous). In order to distinguish between the
two types of ordering we have calculatgdr), g(r), and
the mean square displaceméri(r)) of particle within the
cluster. We compare the behavior of these quantities with
that corresponding to a vapor—liquid coexistence state. This
vapor—liquid coexistence states obtained by performing sim-
ulations for suspension parameters at which a vapor-liquid
coexistence has been reported [1,4,5]. It can be seen from
Fig. 5 that the peaks ig.(r) (curvea) corresponding to
C, =550 pM are much sharper, with increased peak height

correlations persist to the full length of the MC cell (Fig. 1c) as compared to the correspondii@) (Fig. 4a), whereas the
suggesting that the disordered dense phase is connected. Thg.(r) corresponding to the vapor—liquid coexistence (dotted
fraction of volume occupied by the voids is found to be curvein Fig. 5) is much lower in peak height and also poorer
smaller than that occupied by the dense phase. Hence thén features as compared to the correspondiag (inset of

voids constitute the minority phase at low value<pf The

Fig. 5). The mean square displacement of particles inside

particle positions in the MC cell (see Fig. 1c) confirm this. the cluster corresponding 16, = 550 pM shows a satura-
When the salt concentration is increased we observe struction behavior as a function of MC time and undergo much
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Fig. 6. Quantities (a)f, and (b) gmax as functions ofCs used for the
identification of the transition from an inhomogeneous disordered state to

a homogeneous gas phase. Other parameters of the suspension are the same
as in Fig. 4.

Fig. 5. (a) gc(r) vs r for suspensions exhibiting gas—solid (full curve:
¢ = 0.005, ¢ = 05 uC/cmz) and vapor—liquid (dotted linep =
9.02 x 1073, ¢ = 0.21 pG/em?, Cy = 40.8 pM, d = 0.109 um) coex-
istence.g(r) vs r for the vapor-liquid coexistence is shown as an inset.
(b) Mean square displacemeftf(r)) vs 1 (in units of 1000 MCS) for par- ing of g(r) with respect to particle concentratiar,. The

ticles within a solid-like (full curve) and liquid-like (dashed curve) clusters.  dense phase concentratigpis estimated from the first peak
position & R,;) of g(r) and is found to be several times
smaller displacement as compared to that of particle within higher tham , (see Table 2). In the case of suspension with
a liquid-like ordered cluster. These observations unambigu- ¢ = 0.03 the transition is found to occur & = 270 uM
ously suggest that the clusters formed at higher valu€g of  which is lower thanC; = 570 uM for¢ = 0.005. Suspen-
for highly charged colloids are solid-like. These clusters can sions of higher volume fraction undergo PS to HG transition
be observed either in the scattering or microscopy experi- at lower values of’;. This is due to increased screening of
ments provided the density of the solvent is matched with particles in suspensions of higher volume fraction as com-
the density of colloidal particles. Tata et al. have observed pared to that in suspensions with lovger
the coexistence of voids with dense phase disordered regions
[8,9] and existence of clusters under density matched con-
ditions [9] in highly charged polycholorostyrene sulfonate 5. Comparison with experiments
particles (PCSS) dispersed in an aqueous medium. Density
matching for PCSS particles has been achieved by redispers- It is important to compare our simulation results with
ing them in 60% glycerol aqueous solution. those observed experimentally. Our simulations as a func-
Simulations at a salt concentration of 1000 uM showed tion of o revealed the existence of the three phases viz., a
only a single peak ing(r) (see Fig. 4b) at = R,,. The homogeneous liquid (HL) at low, a homogeneous crys-
corresponding projection of particles in the MC cell (see in- talline (HC) state at intermediate valuesafand an inho-
set of Fig. 4b) do not show clustering and are distributed mogeneous disordered state (PS) at high values. &fur-
uniformly. These observations suggest that the suspensiorther, we showed that the homogeneous liquid freezes into
with C; = 1000 uM is homogeneous and noninteracting a homogeneous crystalline state at abwogt 0.22 pG/cn?
(gas-like). Thus we observe faf, < 550 pM an inhomo-  and disorders once again at abeut= 0.33 pC/cn?. Ya-
geneous state in the form of dense phase clusters havingnanaka et al. [25] have reported freezing of a homogeneous
solid-like ordering and a homogeneous gas-like disorderedliquid-like ordered aqueous suspension of charged particles
state atC; = 1000 uM. Hence the inhomogeneous (PS)-to- with ¢ = 0.005 into a homogeneous crystalline state for
homogeneous disordered transition is expected to occur incharge densities beyond 0.24 fg@P. The suspension is
between these salt concentrations. We identify this transi- found to disorder once again whenis increased beyond
tion by monitoring the total fraction of particles participat- 0.40 pGen?. This reentered disordered state is identified
ing in the clusteringF, (Fig. 6a) and the first peak height to be inhomogeneous from the scattering measurements.
gmax Of g(r) (Fig. 6b). Note the sudden change in both of The measured average interparticle separafigis found
these parameters aroudy = 570 pM asCs is increased.  to be less thanip [25,36], which implies the non-space-
This change is associated with the inhomogeneous (PS) tdfilling nature of the suspension at high charge densities. Thus
homogeneous (HG) transition or in other words transition present simulations are in good agreement with the experi-
from a gas—solid coexistence to a gas phase. The large valimental observations. Further, our simulations at higher vol-
ues ofgmax in the inhomogeneous state arise due to scal- ume fraction have revealed that the values @t which the
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HL-to-HC transition and the HC-to-PS transition occur are traction and the suspension exhibits gas—solid coexistence.
lower than that in suspensions of lowgrThis resultis also ~ Upon addition of salt the well depths become shallower
in agreement with experimental observations [25]. (|Un/kpT |< 1; see curveld of Fig. 3 and Table 2), re-
Present simulations on the reentrant inhomogeneous dis-sulting in a homogeneous gas-like disordered phase. Thus
ordered state as a function of salt concentration revealed thahighly charged particles always exhibit a disordered state,
the inhomogeneous state undergoes a transition to the howhich could be either a gas—solid coexistence (for low values
mogeneous gas phase beyond a critical salt concentrationof C) or a homogeneous gas phase (for high valueSpf
This gas—solid transition, which can be observed in highly Experimental evidence exists for occurrence of gas—solid co-
charged colloids by varying the salt concentration, has not existence in a deionized highly charged colloidal latex sys-
yet been investigated experimentally. Further, we notice tem [7,8]. We would like to mention here that the USAXS
from these simulations the absence of vapor-liquid coexis- results (see Fig. 2 of Yamanaka et al. [25]) correspond to
tence for highly charged colloids. In this context, it is worth C; = 10 uM; hence the attraction is weaker than for a sus-
mentioning the result from MC simulations on a system of pension with low salt. This results in a smoother second peak
hard sphere particles with an attractive Yukawa interaction (instead of a split second peak as observed by Tata et al. [8]),
by Hagen and Frankel [37]. They showed the disappearanceresulting in interpreting the USAXS profile (cureeFig. 2
of vapor-liquid coexistence when the range of the attractive of Yamanaka et al. [25]) as liquid-like ordered.
part of the Yukawa potential was less than approximately = Thus our MC simulations using the Sogami—Ise potential
one-sixth of the hard-core diameter. In the present simula- unambiguously describe the occurrence of a reentrant order—
tions the range of attractive and repulsive part&/@f) have disorder transition. Since the DLVO potential is purely re-
been varied by changirgandC;. The range of attractionis  pulsive at all interparticle distances it cannot describe the
found to be smaller for suspensions of high-charge-density reentrant phenomenon observed in charged colloids. Since
particles as compared to the suspensions of low-charge-the Sogami-Ise potential can be obtained from volume term
density particles. Hence, one can observe a vapor-liquid co-theories [20], these theories are also expected to provide a
existence in suspension of low-charge-density particles [4,5] qualitative explanation for the observed reentrant transition.
but not in suspensions of highly charged particles. However, calculations using volume term theories [17-19]
Schmitz in his recent work [38] concludes that neither the close to the experimental conditions of Yamanaka et al. [25]
DLVO nor the Sogami—Ise potential can explain the reen- do not exist.
trant transition, based on the following observations. The  Schmitz proposes an “Orbital model of colloidal clus-
well depthU,,/ kg T when plotted as a function @, shows ter,” which uses the methods of juxtaposition of potential
a minimum (see Fig. 3 of Ref. [38]) but does not show a fields and Brownian dynamics (BD) simulations [38] to un-
minimum when plotted as a function of effective chaige derstand the reentrant order—disorder transition. His calcu-
According to Schmitz, the lack of a minimum in the profile lations deal with equilibrium distribution of microions for
of U,,/kpT versus charge on the particle indicates that the a fixed macroion configuration and do not allow macroions
Sogami-Ise potential does not describe the reentrant order-+o move. A reentrant order—disorder transition was observed
disorder transition observed by Yamanaka et al. [25]. A min- by performing USAXS experiments on silica colloids by
imum in the profiles ol/,,/kgT vs Cy or U,/ kgT VS Z is varying the charge on the particle. USAXS experiments
not necessary for understanding the reentrant transitions obprobe the spatial ordering of macroions over length scales
served as a function @, by Tata et al. [4] and for describing  on the order of hundreds of nanometers, whereas Schmitz's
the reentrant order—disorder transition observed as a functionsimulations probe length scales on the order of tens of

of Z by Yamanaka et al. [25]. This is explained below. nanometers. Further, the magnitude of the bare charge on the
Free energy calculations usirig(r) as a function ofCj particles used in his simulations is four orders of magnitude
[4] have revealed that at high values 6§ the configura- lower that the measured analytical charge on the colloidal

tional entropy of the colloidal particles dominates over the particle. Hence, Schmitz’s orbital model cannot provide in-
interaction energy. Hence, the suspension at high values offormation about the equilibrium spatial distribution, in other
C, exhibits a homogeneous disordered (gas-like) phase. Atwords ordering, of macroions. Orbital model which incor-
low values ofCy, the suspension once again becomes homo- porates the motion of macroions along with microions and
geneous (liquid-like ordered) because the colloidal particles calculations using such a model as a function of bare charge
experience screened Coulomb repulsive interaction as a reclose to experimental conditions are expected to provide
sult of R,, > dp. For intermediate values af, R, < do, a more realistic description of reentrant order—disorder than
and|U,,/kpT| ~ 1; hence, particles experience an attractive the so-called mean field theories.
interaction and undergo gas—liquid condensation.

In a deionized highly charged colloidal system, the reen-
trant disordered (gas—solid coexistence) state occurs at higls. Conclusions
values of effective charge becauBg < dp and well depths
are very large (i.e[U,,/kpT| > 1; see Table 1 and curve MC simulations using a pair potential with a long-range
of Fig. 3). Because of this the particles experience strong at-attractive term show a homogeneous liquid, a homogeneous
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crystal, and a disordered inhomogeneous phase as the chargeo] B.V.R. Tata, in: M. Tokuyama, H.E. Stanley (Eds.), Statistical Physics,

density is varied, suggesting a reentrant order—disorder tran-

sition, which is in agreement with the observed experimen-

tal results. The reentered inhomogeneous phase is identifiecill]

in: AIP Conference Proceedings, Vol. 519, Am. Inst. of Physics, New
York, 2000, p. 87.

E.J.W. Verwey, J.T.G. Overbeek, Theory of the Stability of Lyophobic
Colloids, Elsevier, Amsterdam, 1948.

as the gas—solid coexistence state and occurs due to strong 2] |. Sogami, N. Ise, J. Chem. Phys. 81 (1984) 6320.

attraction experienced by the highly charged particles. Sus-
pensions exhibit homogeneous liquid-like and homogeneous

crystalline orders at lower values of due to the domi-

[13] B.V.R. Tata, A.K. Sood, R. Kesavamoorthy, Pramana J. Phys. 34
(1990) 23.

[14] B.V.R. Tata, A.K. Arora, M.C. Valsakumar, Phys. Rev. E 47 (1993)
3404.

nant screened Qoulomb repulsmn at average interparticley;s; g vr. Tata, N. Ise, Phys. Rev. B 54 (1996) 6050.
separation. The inhomogeneous disordered state undergogses] B.V.R. Tata, N. Ise, Phys. Rev. E 58 (1998) 2237.
a transition to a homogeneous gas state upon increasingl7] R. van Roji, M. Dijkstra, J.-P. Hansen, Phys. Rev. E 59 (1999) 2010.

the salt concentration. This transition is analogous to the
gas—solid transition observed in atomic and colloid-polymer
mixtures as a function of temperature and free polymer, re-
spectively [39]. We believe that our prediction of a gas—solid
transition driven by the salt concentration would motivate
experimentalists to investigate highly charged colloids in
search of this transition as well as for detailed phase dia-
grams with gas—liquid or gas—solid coexisting phases.
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