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Structure of charged colloids under a wedge confinement
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Monte Carlo simulations have been performed to study the influence of a wedge confinement by hard walls
on the ordering of charged colloidal particles interacting through screened Coulomb repulsive potential in an
aqueous medium. The density distribution of particles for a fixed wedge ahQgie studied for different
suspension parameters, viz., bulk volume fractifgnsalt concentratiolCs, and chargeZe on the particles.

The density distributiow(6) along the angular direction and that along the radial direciign), have been
analyzed in different regions of the wedge. Simulations show the formation of layered structure along the
angular direction and a large gathering of particles along the wall. The number of layers as well as the density
of particles within the layer are found to change as the strength and range of the interaction are varied, whereas
the density profiles calculated close to the vertex region showed no significant variation in the density. The
radial density profilep(r) corresponding to the vertex region show one-dimensitiia) ordering of particles

parallel to the vertex at a distance that is close to a wedge héiglugal to diameter of the particle. This 1D
ordering is found to be destroyed upon the addition of salt or lowering#th&he reported experimental
observations on the “vacuum phase” are discussed in the light of the present results.

PACS numbe(s): 82.70.Dd, 64.70.Pf

[. INTRODUCTION The potentialU(r) can be tuned by varying the suspension
parameters, viz., volume fractios, salt concentratiorCy,

Complex fluids such as colloidal suspensions, micellar soand effective charg@e on the particles and realizing crys-
lutions, emulsions, etc., in their practical applications involvetalline, liquidlike, and even glasslike phasgks] that are
various environments that correspond to different kinds ofanalogous to atomic systems. The phase behavior of homo-
confinements[1]. These fluids experience confinement in geneous suspensions has been understood based on DLVO
many ways:(a) fluids inside a porous material or thin cylin- potential [13,14,17—1% Observations on inhomogeneous
derical or spherical cavitiegb) confined by two parallel suspensions, which exhibited gas-liqUiti3,20], gas-solid
smooth surfaces, an@) a wedge formed by two plane sur- transitions[21], and stable voids coexisting with disordered
faces or a spherical and a plane surface. The conditions imregions[22,23 could not be understood using DLVO theory.
posed by confinement have a significant influence on th&hese observations have been undersi@id24,23 based
interactions between particles dispersed in suspensiortn an effective pair potential having a long-range attractive
[2—4], structural ordering[5—10], and phase transitions term given by Sogami-Ise theory. However, its validity is
[11,12. This influence arises due to the interplay betweerstill being debated13,26. It has been shown recently that
the intrinsic length scale of the fluid and that of the confine-the observations on inhomogeneous suspensions can also be
ment. understood based on screened Coulomb repulsive potential

Difficulties in studying the equilibrium properties of con- between macroions together with additional terms arising
fined atomic or molecular fluids generally arise from thedue to neutralizing backgroun@7,2g.
small size of the particle as well as the small gap sizes re- The DLVO potential has been used to understand the
quired to observe the structure and measure the propertiestructure formation in a colloidal suspension in the vicinity
However, aqueous suspensions of charged colloidal particlesf a charged wal[8]. These studies show that the displace-
offer several advantages over other complex systems in imment of the local structure formation away from the wall is
vestigating the effect of confinement on the equilibriumdetermined by the repulsive wall with a finite charge density
structure and associated propertiBs7,11. The advantages and the local structure is determined by the properties of the
are(a) due to the particle size being the order of wavelengthbulk suspension. Recently, Hugt al. [11] have simulated
of visible light, making the particles readily observable usingcharged colloids confined between two parallel like-charged
microscopic techniques or by light scattering techniques andurfaces and studied the effect of confinement on the freez-
(b) due to the easy tunability of interparticle interaction. Theing volume fraction. Crystallization is found to take place at
latter advantage allows one to study the structural ordering lower volume fraction as compared to the bulk freezing
and phase transitions in a bulk suspension of monodispers@lume fraction and a strong dependence of the freezing
charged particles at ambient conditidid8,14). The interpar-  transition on preferred wall separation corresponding to an
ticle interactionU(r) between the charged colloids is pre- integral number of layers. Similarly, when two surfaces
dominantly the screened Coulomb repulsion describable bywalls) are closely spaced, capillary crystallization or capil-
Derjaguin-Landau-Vervey-OverbeetDLVO) theory [15].  lary condensation can take place depending on the concen-
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tration of the particles experiencing confinement.

Among the various types of confinement, wedge confine- (a)
ment has particular importance as it allows one to study the
structural ordering and associated structural transitions in
one, two, and three dimensions. In addition to this funda-
mental interest, the studies on confined colloids under wedge
geometry has direct relevance to diverse applications from
oil recovery to pollutant removal. Despite its importance,
there exist only a few experimental investigations on colloids
under wedge confinemef,6]. In these investigations, the
attention has been on formation of thin colloidal crystals and
the structures associated with them. Thin colloidal crystals
have been produced by confining bulk suspensions within
small-angled wedges of two flat glass plates or a flat plate
and a glass sphere. In place of a glass sphere, an air bubble
has been created by blowing air through the susperigipn
Such confined suspensions also showed formation of thin
colloidal crystals. Observations made as a function of wedge
thicknessh revealed a sequence of structures that are stacks g 1. (3 Schematic of the Monte Carlo cell, where particle

of n square or triangular ordered layers. The sequence agnters ¢,0,z) can assume values betweer O<R,, 0< 0<
well as the stacking are found to depend on the wedge thickang 0<z<z,. The dotted line defines that the wedge is symmetri-
ness and suspension parameters. In the case of high#l abouto=0 and the walls are &= =+ ¢/2. (b) The side view of
charged particles, a disordered structure is found for larges wedge cell with hard walls confining the particles of diameiter
values ofh and an ordered phase for smaller value® f].  The dashed line corresponds to the side view of the MC cell.

These interesting observations on charged colloids have
motivated us to study aqueous charged colloids confined ureell shown in Fig. 1a), the centers of the particles can be on
der a wedge geometry. Further, there are no simulation studhe vertex of the MC cell. But in an actuéxperimental
ies on charged colloids under a wedge confinement exceptwedge cel[Fig. 1(b)], the particles of sizd cannot approach
recent study by Bodat al. on hard spheref]. The Monte the vertex except to a minimum radial distangggiven by
Carlo(MC) program used here is similar to that employed bythe conditionh/d=1, i.e., r,=d/8,. Hence, for making
Bodaet al. and is modified to study charged colloids sub- comparison of simulation results with experimemts has to
jected to a wedge confinement. After reaching equilibriumbe added tar to obtain the actual radial distancg, i.e.,
the density profilep(6) as a function ofd andp(r) along r,=r,+r. For a wedge angle of 0.5° andl=1.01 um,
the radial directiorr have been obtained. In this paper, wer,/d=114.6 and this has been addedrtwhile presenting
discuss the behavior of the density profiles calculated arounthe p(r) curves discussed in Sec. Ill.
the vertex regions and a region far away from the wedge The charged particles in the aqueous suspension confined
(toward the end of wedgédor different suspension param- by the wedge geometry are assumed to interact via the
eters for a fixed wedge angle. The experimental results arecreened Coulomb repulsive pair-potentigr) [15], which
also discussed in light of the present simulation results. Théas the form

2 e—Kr,

Il deals with the results of simulations carried out for dif- u(r’)= ( - ) (1)
ferent suspension parameters and the comparision with the r

paper is organized as follows.

The details of MC simulation are given in Sec. . Section (Ze)?
reported experimental observations. A brief summary of thg,, interparticle distances’>d and U(r')=s for r’'<d
results is given in Sec. IV. '

fra

eKa
1+ «ka

€

The inverse Debye screening lengths given as

Il. DETAILS OF SIMULATION 2 4me?
: K :F(an+CS)’ (2)

MC simulations based on Metropolis algorithm for a ca-
nonical ensembléconstantN V T, whereN, V, andT are, whereZe is the effective charge on the particle with radius
respectively, the number of particles, volume, and the tema=d/2, C, is the salt concentratiofl, the temperatur¢298
perature are carried out with periodic boundary conditions K), ¢, the dielectric constant of water, akg is the Boltz-
applied along the direction of the wedge shown in Fig(a. mann constani29].
The volumeV of the wedge-shaped MC cell is given by  Generation of the initial random configuration and MC
RS&OZO. Here,Ry, 69 andZ, define, respectively, the length movement of the particles are done using the linked cell
of the cell in the radial direction, wedge andglg and length  (LC) method[30]. The LC method saves considerable com-
of the wedge along thedirection. Confinement arises due to puter time as the overlap checking is straightforwg3a]
the hard walls placed #= =+ 6,/2 andr =R,. The volumeV ~ and hence, simulations can be performed with laMgi the
is fixed from the relationV=Nmd®6¢, where ¢ is the re-  present simulations, we have ushBidranging from 820 to
quired volume fractiong(= 7rd3np/6) of the suspension 4377 to vary thep about an order of magnitude starting from
with particles of diameted and concentration, . Inthe MC  0.03. Particle diametet is taken to be 1.0m. Simulations
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TABLE I. Suspension parameters: Volume fractign charge
number Z, salt concentrationCg, the inverse Debye screening
length (x), and the number of particlés used in the MC cell.

P z Cy( M) xd N
0.07 33000 1 7.111 1225
0.12 33000 1 8.874 2100
0.20 33000 1 11.13 3501
0.25 33000 1 12.33 4377
0.07 7000 1 4.412 1225
0.07 14 000 1 5.276 1225
0.07 20000 1 5.917 1225
0.07 40000 1 7.676 1225
0.07 33000 3 8.529 1225
0.07 33000 5 9.745 1225
0.07 33000 10 12.27 1225
0.07 33000 15 14.35 1225

have been carried out for different valuesza¥ andCg and

the density profileg(r) andp(6) have been calculated after
reaching the equilibrium. Constancy of the total interaction
energy is taken to be the criterion for reaching equilibrium.
Typically, 10000 MC stepgMCS) have been left out for
reaching the equilibrium and 15 000 steps have been used for
averagingo(r) andp(#6), where an MC step is defined as the
set of N configurations during which on an average each

particle gets a chance to move. The density profi{&) -0.2 -0.1 0.0 0.1 0.2
along the angular direction is calculated for particles whose 0 (deg)
coordinates lie between, andr, (whererq,r, take values
0<rq,r,<Rg) and in the angular regioa ¢ is given by FIG. 2. p(8)/pg vs 6 for volume fractions(a) ¢=0.07,(b) ¢
=0.12, and(c) #=0.20. The other suspension parameters used in
(N(r,2)) the simulation ar& =33 000,C;=1 uM. The dashed curve corre-
p(0)= \V/ ’ 3 sponds to the vertex region defined by 8<R,/3; the dotted curve

0
is for the region toward the end of wedge defined H,/B<r

where<N(r,z)) is the average number of particles that lie <Rg; the full curve corresponds to the entire wedge defined by 0

within a wedge slice of volum¥ ,= (r3—r%)A 6Z,. <r<Ry. The maximum values q¥(6)/po at 6= +0.242° for con-
The density profilep(r) along the radial direction is ob- tinuous and dotted curves are dq) 6.92 and .7..46(b) 8.86 and
tained by 8.84, and(c) 9.63 and 8.1, respectively. Tlyeaxis is truncated at 3
for the sake of clarity.
(N(6,2)) _ _ _ . :
p(N)=—y (4)  Hence, for making noticeable changes in the density profiles,
r

we divide the entire wedge into three regions, V1), close
where(N(6,2)) is the average number of particles that lie {0 the vertex, where coordinate of the particles lies between
within a wedge slice of volum¥, = (Ar)26,Z,. Simulations 0 10 Ro/3; (2) the middle region of the wedge, whereco-
results reported in this paper correspond to a wedge angRydinates of the particles lie in betwe&/3 to 2Ry/3; and
fo=0.5°, R,=458.3, Z,=10d, and the wedge heighit ~ (3) an end region of wedge, wherecoordinates of the par-
=16, and its value at the end of wedge is.4The wedge ficles lie in between Ry/3 to R,. The density distribution

angle chosen in the simulations is close to that used in thinctionsp(6) andp(r) have been calculated using E¢S)
experimentg5,7]. and (4), respectively. The averaging is performed over par-

ticle configurations corresponding to 15000 MCS and the
normalization is done with respect to the average density
po(=N/V).

In experiments with wedge geometf§—7], suspension In this paper, we restrict the discussion on the effect of
parameters are chosen such that bulk suspensions undengedge confinement at regions close to the vertex and toward
crystallization. The suspension parameters chosen in ouhe end of the wedge. Figure 2 shows the density profiles for
simulations are given in Table |. For these parameters, wdifferent values of¢p. The density profiles are nearly sym-
performed MC simulations on bulk suspensions and conmetric with respect to the wedge angle zero and are due to
firmed that the suspensions exhibit crystallization for salthe symmetry of the wedge cé¢liee Fig. 1a)]. The concave
concentrations less than/8M. Since the wedge angle used shape of the density profiles of the vertex region suggests
is very small, the widening of the wedge is too gradual.that the density of particles closer to the walls is higher than

Ill. RESULTS AND DISCUSSION
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p(B)/p,
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6 (deg)
6 (deg)
. FIG. 4. p(0)/py vs r for different salt concentration&) Cs
FIG. 3. p(0)/py vs r for different charge numberga) Z =1 uM, (b) Cs=3 uM, and(c) C;=5 uM. The other suspension

=14000,(b) Z=20000, andc) Z=40000. The other suspension parameters used in the simulation ape=0.07, Z=33000. The
parameters used in the simulation afe=0.07, Cc=1 uM. The  dashed curve, dotted curve, and full curve represent regions of the
dashed curve, dotted curve, and full curve represent regions of thgedge defined as in Fig. 2. The maximum valuep )/ p, at 6
wedge defined as in Fig. 2. The maximum valuep ©f)/p, at 6 =+0.242° for continuous and dotted curves(@ 6.85 and 7.41,
=+0.242° for continuous and dotted curves(& 7.54 and 8.05, (b) 5.44 and 6.23, antt) 4.17 and 4.85, respectively. Texis is

(b) 7.41 and 7.76, ant) 6.65 and 7.58, respectively. Thyeaxis is  truncated at 3 for the sake of clarity.

truncated at 3 for the sake of clarity. )
gion of the wedge are not more than two, the layered struc-

at the central region of the wedge. The steepness of the coure that occurs in the end region of the wedge is similar to
cave shape that indicates the gradient in the density of thghat of the entire wedge.

particles from the wall to the center of the wedge depends In charge stabilized suspensions, the charge on the par-
strongly on¢. Density profiles corresponding to the end of ticle and the corresponding counterions strongly influence
the wedge show significant structure indicating formation ofthe structure formation in bulk suspensions. The effect of
well-defined layers of particles. Strong peaks at arodrd  wedge confinement on suspensions with particles of in-
+0.05° indicate formation of dense layers closer to the cenereased charge is shown in Fig. 3. It may be mentioned here
ter of the wedge. Other shallow peaks at intermediate anglgbat the charge on the particles can be tailored experimen-
represent formation of layers that are relatively low in den-tally without changing the size of the particlg31]. Also

sity. Also notice from Fig. 2 the shift in peak positions to notice from Egs(1) and(2) that the strength as well as the
lower angles and appearence of a few new peakg as  range of interaction between the particles become enhanced
increased from 0.07 to 0.2. The shift in peak positions toas the charge on the particles is increased. It can be seen
lower angles suggests the reduction in the interlayer distancéom Fig. 3 that the density profiles corresponding to the
The appearence of new peaks suggests the formation of nevertex region for all vales of is the same. Upon increasing
layers that lie in between the existing layers in the wedgeZ from 14000 to 40000, a shallow peak appears at around
Further, the peak heights also are found to change @&  6=0° in the density profile corresponding to the entire
varied. This is due to the variation in the number of particleswvedge and the end region of the weddeg. 3(c)]. Also

in each layer and redistribution of particles from one regionnotice the reduction in the height of other peaks. These ob-
to another within the wedge or from one layer to the otherservations suggest that upon increasing charge on the par-
The density profiles corresponding to the entire wedge aréicles, new layers can form at the expense of other layers, as
almost similar to those corresponding to the end of wedgethere is no change in the number of particles wiilés
Since the number of layers that can form in the middle reincreased in simulations.
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FIG. 6. Schematic ofa) 1D ordering of particles an¢b) the
L ] disorder in 1D chain of particles close to the vertex region in the
1

: 1 1 1 MC cell.
110 115 120 125 130

r/d

ticles per unit volume. Hence we confine our discussion to
FIG. 5. p(r)/po Vs r, close to the vertex region for volume the p(r) corresponding to the vertex region. Further, this
fractions (8) ¢=0.07, (b) ¢=0.12, and(c) $=0.20. The other region of p(r) is of interest because it is possible to make
suspension parameters used in the simulationZar@3 000, C,  comparison with the occurrence of “vacuum phase” that has
=1uM. been observed in experimerts]. Shown in Fig. 5 is the
behavior ofp(r) versusr, for suspensions with increasing
Figure 4 shows the density profiles for different salt con-¢. We have showm(r) as function ofr, instead ofr due to
centrations keeping other parameters of the suspension fixethe difference in the radial distance between the actual
The density profiles corresponding to the vertex region davedge and the MC cellsee Fig. L It can be noticed from
not show any change with increase @y, whereas those Fig. 5 that the particles have not approached a distance
corresponding to other regions of the wedge show deteriora-,/d=114.6 except forp=0.2. The peaks are also shallow
tion in the layered structur@.e., reduction in the number of and peak heights are much smaller than those corresponding
peaks. Apart from the density being high close to the wall to ¢=0.2. The sharp peak correspondingde-0.2 occur-
there are no other layers exceptéat O for C:>3 uM. This  ring atr,/d=114.6(i.e.,h/d=1) suggests that the particles
central peak is found to be very small at a salt concentratiomave approached the minimum possible radial distance
of 10 uM (not shown in the figune Further it can be seen (touching both walls of the actual wedgend they are well
that the density profiles corresponding to the entire wedgeligned(1D chain along thez direction. This is shown sche-
exhibit very little structure aCs=5 «M as compared to that matically in Fig. &a). In contrast, particles corresponding to
at 1uM. These observations suggest that the confinemenhe lower ¢ values are not well ordere@o not form a 1D
has lesser influence on weakly interacting colloids as comehain along thez direction and also occur at a distance
pared to strongly interacting suspensions. We have also calarger than 114@ [see Fig. €b)]. It is worth mentioning
ried out simulations on bulk suspensions for the same saliere the experimental observations of Pieranskal. of
concentrations and found that the suspensions that were cry$sacuum” phase(the region bounded by vertex and the first
talline at Cs<<3 uM melt into a liquidlike order forCs  monolayer close to the verteand its boundary dependence
>3 uM. So the density profile$Fig. 4 corresponding to on the concentration of the samplgsg. They reported for-
Cs=3 uM and 5uM represent formation of a layered fluid mation of a monolaye(first transition from 0 to 1Din an

in the wedge. aqueous suspension of Ludm sized particles confined at a
Apart from p(6), the other density profile that is of inter- wedge angle of 10%rad(=0.57°) at a distance oh
est is the radial density profile(r) as a function off. The  =2.2um (i.e., h/d=2) in the concentrated samples and

p(r) curves corresponding to the entire wedge are found te=1.6um (i.e., h/d=1.45) in the less concentrated sample.
be highly noisy and hence not presented here. The curves aléus our simulations confirm the existence of vacuum phase
noisy because in a wedge geometry, as one moves from the dilute charge-stabilized suspensions and its boundary de-
vertex to the wedge end, the amount of uncertainty in calcupendence is in agreement with experimental observations.
lating p(r) at larger increases due to the increase in wedge In order to know the effect of other suspension param-
thickness, in other words the decrease in the number of paeters, viz., charge on the particle and the salt concentration
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FIG. 7. p(r)/pe Vs I, close to the vertex region for different FIG. 8. ,_o(r)/p0 vsr close to the vertex region for different salt
charge number&) Z=14000,(b) Z=20000, andc) Z=40000, concentrationsa) Cs=1 uM, (b) Cs=3 uM, and(c) Cs=5 uM.
The other suspension parameters used in the simulationpare
=0.07,Cs=1 uM. petition between the confinement force arising due to the

walls and the normal component of the virial force arising

on the vacuum phase, we calculated the density profiles clostie to the screened Coulomb interaction between the par-
to the vertex region and these are shown in Figs. 7 and 8icles. The radial component of the force is expected to be
Notice that the peaks faZ=14000 and 40000 are much responsible for the ordering of particles close to the vertex.
smaller compared to that fa=20000 and the position at The strength of this component of the force is dictated by the
which p(r) becomes nonzero for the first tinfl@rmation of  strength of the interparticle interaction. As the salt concen-
monolayey is ~120d for Z=14 000 and 40000, which is tration is increased, the strength of interaction between par-
higher compared te-115d for Z=20000. The higher peak ticles comes down due to the increase«inAs a result, the
height forZ=20 000 suggests significant 1D ordering of par- particles cannot experience sufficient force to reach the mini-
ticles in the monolayer as compared to the orde(siallow  mum radial distance,, and also cannot undergo 1D ordering
peaks of particles corresponding td=14 000 and 40000. parallel to the vertex. The simulation results with variation in
In other words, ordering as well as the boundary of theC, (see Fig. 8 provide evidence for this.
vacuum phase have a nonmonotonic dependence on the In contrast, in suspensions with low salt concentration,
charge on the particles, whereas it can be seen from Fig. Barticles interact strongly, hence can compete with the con-
that the boundary of the vacuum phase shifts to higher valuefinement force. The strength of interparticle interaction can
of r, as the salt concentration is increased in the suspensioalso be increased monotonically either by increaghay the
Further, the absence of any peak @y>3 M suggests that charge on the particles. Such strongly interacting suspen-
no ordering of particles occur at the boundary of the vacuunsions exhibit significant structuresee Figs. 2 and)3under
phase. wedge confinement. The subtle interplay between the wedge

The occurrence of 1D ordering and the shift in boundaryangle and the structure induced in the system by the walls of
of the vacuum phase can be understood from the followinghe wedge seems to be responsible for the nonmonotonic
qualitative arguments. The addition of salt decreases thehift in the boundary of the vacuum phase and the occur-
strength of interaction and hence the bulk suspensions aence of 1D ordering near the vertégee Figs. 5 and)7
high salt concentration exhibit only short-rangiguidlike) = Though the closest radial distance to which that particle of
order. In fact, our simulations on bulk suspensions for thediameterd can approach is set by the conditibfd=1, the
same suspension parameters showed crystalline order factual radial distance to which the charged colloidal particles
C;=1 uM and liquidlike order forCs>3 uM. The liquid-  in a suspension can approach toward the vertex and the or-
like ordered suspensions, when confined in a wedge, exhildering exhibited at that distance is dictated by the wedge
ited layering(see Fig. 5. The layering arises due to the com- angle and the confinement- induced structure in the rest of
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the wedge. Further simulations on systems of larger sizelavior of these density profiles for different suspension pa-
with different wedge angles and with different wall particle rameters and from the results obtained by performing simu-

interactions are expected to throw more light in under-
standing the boundary behavior of the vacuum phésegn
the circumstances that bring 1D ordering, &adfor making
guantitative comparison with experimental observations.

lations on bulk suspensions has allowed us to locate the
position of the boundary of the vacuum phase and compare
with experimental observations. The results are understood
based on our own simulation results on the bulk suspensions

and analyzing the dependence of the shift of the vacuum-
phase boundary and the occurrence of 1D ordering of par-
ticles close to the vertex. Calculations of inlayer structure at
) ] __ different values oh along the wedge are expected to provide

To summarize, we have simulated charged colloids interfyrther insight into the sequence of structures and their stack-

acting through screened Coulomb repulsion confined by hargﬁg observed in experiments with a wedge confinement.
walls forming a wedge geometry. The layering formation for

different suspension parameters has been characterized by
analyzing the density profilep(6) calculated along the
wedge angle for different regions of the wedge. The forma-
tion of a layered structure is established from the occurrence This work was supported in part by the U.S. Department
of peaks inp(8) versusé corresponding to the end of the of Energy (Grant No. DE-FG07-97ER14828the National
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