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Heterogeneous structure in colloidal systems: The role of the microion disposition
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Under certain conditions colloidal systems exhibit a heterogeneous structure sometimes referred to as a “two
state” structure, “spinodal instability,” or a “phase separation.” The present study focuses on the “orbital
model” for the description of two geometries of colloidal clusters: a 7-particle diamond shape array and an
8-particle simple cubic array. The orbital model envisions the distribution of the microions as being dictated by
the specific configuration of all the macroions in the system, in much the same way that electron distributions
in molecules are determined by the array of atoms. Brownian dynamics simulations were performed as two
similar clusters approached each other in rectangular cells at the volume fractigp=@f.01. The number
distributions of both the counterion and coion species were determined three ways: the one-dimensional
projection along the long axis of the computations cell; the three-dimensional number distributions in “real”
space; and a “constant concentration” contour profile. It was found that as the two clusters approached each
other the diamond cluster system became less stable whereas the simple cubic cluster system became more
stable. This difference in behavior is attributed to the relative abilities of these structures to “share” counte-
rions and the exclusion of the coions.
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[. INTRODUCTION macroions, via their coupling with their counterions, are
obliged to follow their neutralizing counterparts and thus
The structure of colloidal suspensions and polyelectrolytdorms the “dense” region in the suspension. This mechanism
solutions is an interesting topic because of the long rangés exemplified in Fig. 3 in the paper by Warrgh3], where
electrostatic interplay of the macroions and microions, withthe counterion cloud is described as providing a “potential
the more or less passive involvement of the solvent particlegvell” for the macroion. This represents, therefore, the weak
Recent experimental observations of “crystalline” structurePerturbation limit as likewise present in the DLVO theory. If
(highly ordered distribution of macroionshat coexist with ~ the “weak perturbation” hypothesis is correct then the dis-
either a “liquid” structure(disordered or random distribution tribution of the microions should not be significantly altered
of particles [1—4] or a “void” structure (absence of colloi- as two macroions approach each other. On the other hand, if
dal particle$ [5] have added to the mystique of these sys_the weak interaction hypothesis is incorrect then there will be
tems. These “two-state” structures are not an artifact of datubstantial alterations in the microion disposition. The
analysis as these structures can be directly viewed by digitairesent study focuses on the disposition of microions for
video microscopi¢DVM) methodg1—4] and confocal laser ‘test” macroion systems in which added electrolyte is

scanning microscopyCLSM) methodg5-§|. present.
The usual approach for characterization of the physical
properties of colloidal systems is through the pair potential, || «oRBITAL” MODEL OF COLLOIDAL CLUSTERS
which may either be the purely repulsive form of the
Derjaguin-Landau-Verwey-OverbegloLVO) potential [9] The basis of our approach is that of Bader and co-workers

or the repulsive-attractive form of the Sogami-(&) poten-  [16,17] on their description of chemical bonding in mol-
tial [10]. Within the past few years volume-ter(dT) theo-  ecules. The question addressed in their studies was as fol-
ries have been employed for systems that exhibit a “phaséows: Which atoms in a molecule were chemically bonded to
transition”[11-13. The VT models emphasized that colloi- each other? The function of interest was the square of the
dal systems cannot be viewed solely in terms of theelectronic wave functionp,= 2. The essence of this view
macroion-macroion pair interactions but must also includes that vector gradients in the electron densWy,, could
the contribution of the microions to the stability of the sys- determine which specific atoms interacted with each other
tem. The VT formalism started with the total Helmholtz free and which specific atoms engaged in chemical bonding.
energy of the system from which the Gibbs free energy wag\tom-atom interactions were said to occur if a “corridor”
obtained by standard relationships with the chemical potenwas defined by the vector gradients. Chemical bonding be-
tials, Helmholtz free energies, and the Gibbs free energies. ttveen atoms occurred for closed circles definednby p,
was shown, however, that the formalism of the VT approach=0, wheren is a normal vector to the closed surface. This
for the calculation of the chemical potential of all chargedmethod was adapted to colloidal clusters where the potential
species associated with the DLVO pair interaction resulted itield set up by the macroions at the position¥,(r), func-
a repulsive-attractive Gibbsian form for the pair interactiontioned in the same way ag . This method was referred to as
[14,15. the juxtaposition of potential fields)PH method[18-20.

The VT interpretation of the thermodynamic instability is A condition of equilibrium in the solution part of the col-
that the driving force resides in the microions and that thdoidal system is that the chemical potential everywhere must
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be constant. The reduced form of the chemical potential ofvhereD; is the diffusion coefficientAt is the time interval

the subregion located atthen takes on the form, for the move aftek previous such moves; 1sw<+1isa
random number, anH; is the electrical force exerted on the
o . - .
L:q’m(fﬂ' iond 1) , 2 jth microion by all of the other particles present,
kgT kgT
where the reduced potential due to all the colloidal particles Fi= —Z,—quj\IfM—que;j Vieis ®)

is given by the sum
whereZ; is the charge of th¢th microion, g, is the magni-
Zn tude of the electron charge, argl is the reduced potential
A lr 1 (2 for theith microion. The gradients are taken with respect to
the relative distances between the participating particles. In

It =|Rml/an is the reduced distance from the center of the@ll cases the unscreened Coulomb potential was employed.

mth macroion of radius,, and charg&,,,, and the chemical The BD simulations follow standard metho@81]. In
potential due to the microions in the region is practice the following substitution is made for the simula-

tions, 2DAt=(S%), whereS is a stepsize whose value is
s Js proportional to the radius, of the counterion, viz.,S
,uions(r)zz ,uj(r)zz {uS+keTIn[y;(r)C;i(r)1}, =Ma,, whereM is a multiplicative factor. All of the dis-
=1 =1 tances employed in these calculations were scaled to the ra-
3 dius of the macroion. The step size in the simulations was
thuss'=S/a,. We performed calculations in which all of the

where Js is the number of ion typest(r) is the molar parameters are scaled to the radius of the macroions, leading

concentration of thgth ion type, andy;(r) is the activity : . e
coefficient that reflects the electrical interactions of the mi-° € re?“"ed parameters used in these simulation:
=1 anda,=a./a,.

croion. The microion concentration at any arbitrary position ) i ) )

in the medium is therefore determined by the value of the A rectangular box was used with the relative dimensions
cumulative potentials of all the macroions in the system (N units of the macroion radiusreflective of the volume
W, (1), as given by Eq(2). It is noted that to a first approxi- fraction of the system, which in all cases was= Q.Ol. The
mation W,,(r) is assumed to dominate the microion- longest d|menS|on was.take.n to be along thaxis. Hence
microion pairwise interactions as the charge on the macroiofl’® réctangular dimensions in reduced numbers were calcu-
is two or more orders of magnitude larger than that of the@ted from the relationship
microions. Hence counterion-counterion correlations are ex-

pected to be significant primarily in regions near the surface rxryrzzrirzz(
of the macroion where the counterion concentrations are the

P
bp
largest. If this is the case then the force due to the macroions

acting on the microions is given by the negative gradienfc';’herg'\é{’ IS th? total nlémber of corlllmdal partgc[{is.t'gheﬂr]e-
—VW¥u(r). Hence the functio’VW¥,(r) serves in a similar uced dimensionsy andrz were cnosen such that for the

manner in colloidal systems as the functi®p, is the mo- uniform distribution configuration the distance of the ex-
e

lecular systems since both functions reflect the disposition Of[ﬂ"eme macroions to the cell walls was the same in all direc-
the more mobile charged species. lon

M

V(=g X

m=1 am|rm| .

N
) : ()

Following Stevens, Falk, and Robbi[%2] the macroions
are at fixed locations and the microions are moved in accor-
IIl. BROWNIAN DYNAMICS SIMULATIONS dance with Eqs(4) and (5). For all simulations the macro-

Since the vector gradierfW,,(r) determines the force 10ns had the chargé,=50 and the radiuapzlooA, and
exerted on the microions for a fixed array of macroions, théhe microions were of unit charge and radajs=1 A. Two
natural choice is to employ Brownian dynami@&D) simu- cluster configurations were considered, a diamond shape and
lation methods to determine the disposition of the microions® Simple cubic shape. A diamond-shaped cluster composed of
in the system. In this regard the macroions are in a fixed€ven particles, one at the center of the cluster and the other
location and the microions are moved by a two-step proces$X along the positive and negative coordinates at reduced
first, by the total force acting on each microion due to all of local” coordinatesd. The eight particles in the simple cubic

the charged particles in the system, and second, by a supdgltice were also with reduced local coordinates—d. The
imposed “random force” to mimic the action of the solvent centers of the two clusters in these simulations were at the

on the microions. reduced distance2; along theZ axis of the rectangle.

The BD simulations of the microions are performed in
two stages: a preliminary calculation to “equilibrate” the
system, usually consisting of 4@erations for each microion
The BD evolution in time of thgth microion is given in the system; and a “final” calculation of fQiterations.

A. The mechanics

formally by the expression Hard-sphere overlap with other particles, i.e. interpenetrat-
il K ing, was checked after each move, and the particle was re-
q; “=d;+BD;AtF;+w\DjAt, (4 turned to its initial position if the test was positive.
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All calculations were performed on the DEC Alpha total number of microions found in binb” divided by the
AXP2100/M500 at the University of Missouri Computing total number of iteration cycleN ., in the simulation. The
Facilities. The results were then expressed in graphics formprojection distribution functiondl(z) were determined sepa-
USiNg MATHEMATICA ® rately for the counterion species and the coion species.

B. Estimates of the thermodynamic function 2. Real space distribution function

We determined the real space distribution function
S(x,y,2) to assess the redistribution of the microions with
the change in the relative positions of the macroions. For this
exercise we chose three cubic array clusters.

The rectangular computation box was subdivided into
“bins” of 50 in number along theZ axis and 24 in number
QZEJ: exp(— BE,), (7)  along both theX and Y axes, resulting in a total number of

28800 identical subcells of dimensions in reduced lengths

The partition function for the syster® was calculated
from the accepted moves for all of the microions in the sys
tem for a particular configuratiod, and summed over all
configurations],

from standard expression in statistical mechanics, (@,b,0 if its reduced coordinates, y, andz lie within the
ranges &—1)Ary to aAry, (b—1)Ary to bAry, and
z E, exp( — BE)) —1)A Ar, to CAr,, respectively. The numb_tS(x_,y,z) was
B(Egd=B J ’ (8) then determined by the total number of microions found in
Q the subcell as accumulated over the number of cyllgs in
and the reduced Helmholtz free enerBfAs,d from the simulation. The real space distribution functions
S(x,Y,z) were determined separately for the counterion spe-
B(Asy9=—In(Q). (9)  cies and the coion species.

The graphic representation of a three-dimensional real
space distribution presents three major problems in regard to
a quantitative presentation of the results. First, there is a

Three different methods were used to characterize the disnuch larger number of the counterion species than the
position of the microions in the systems under study. The:oions due to the large charge of the macroions in these
projection distribution function Kg) is based on the symme- simulations. The second problem is that the counterions con-
try of the computation cell. The basis of this distribution gregate in the vicinity of the macroions. Thus a common
function is the radial distribution function for spherical sym- linear scaling of both the counterion and coion distributions
metric cases, where the three-dimensional Cartesian coordyill be sensitive only to the counterions near the macroions.
nates are collapsed to the one-dimensional radial distriburhe third problem is that any space-filling attempts to repre-
tion. In the present case the projection is onto Zhexis, sent the three-dimensional microion densities in a two-
which is defined as the long axis of the rectangular compudimensional space will show only the foremogb the
tation cell. The second type of distribution function is the viewen subcell populations. We therefore chose the follow-
real space distribution function (8,y,z), where the entire ing method to represent the BD simulation results. To over-
computation cell is subdivided into identical boxes in all come the first problem we simply chose not to compare di-
three directions. The set of numbefS(x,y,z)} were the rectly the numbers of counterions with the coions. The
accumulated values of the occupancy number of particlesounterions and coions are treated as two independent sets,
overall of the computation cycleN., ... Clearly the deter- and each set normalized to the largest subcell occupation
mination of N(z) is much less time intensive and memory numberS,,,,. The relative populations in each set thus lie in
intensive thanS(x,y,z). The third representation of the the range £S;/S,,=0. The third problem was overcome
counterion distribution is through the constant concentrationin two ways. First, graphic representation of the relative
contours. These contours were determined from the samgopulation of each sdiS/S,,,¢ Was given by the linear scal-

C. Determinations of the microion distributions

data set as employed f&(x,y,z). ing of both the radius and the shading of the point represent-
S _ ing each of the 28 800 subcells, where the larger the radius
1. Projection distribution function and the darker the shading indicated the larger number popu-

The number distribution of microions along tieaxis, lation. The size of the representative pomy,. thus varied
N(z), was determined by “slicing” theZ axis into 500 over the range\x=pg;,=0 and the shading over the range

equally spaced volumes, or bins. The volume of each bin wa8.7=shade=0, where “0” is “black” and “1” is “white.”
thus Using this duplicity in representation one can display the

entire three-dimensional graphics for the counterion species
Vg= Ff(rz(500)= riArz, (10 since, as previously mentioned, they congregate in the vicin-
ity of the macroions. In the case of the coions advantage was
whereAr is the “thickness” of the bin. A microion is said taken of the symmetry of the computation cell. In this case
to be in “bin numberb” if its Z coordinate lies in the range only half of the cell in theX direction is required and there-
(b—1)Ar to bAr; from the —r/2 face of the rectangular fore the interior structure of the cluster can be open to ex-
box. The number averagé(z) was then determined by the amination. Because the coions tend to avoid the macroions,

061403-3



KENNETH S. SCHMITZ PHYSICAL REVIEW E66, 061403 (2002

N(z) N(z)

5 5

4 4

3 3

2 2

1 1

VA Z
100 200 300 400 500 100 200 300 400 500

N(z)
1 Z0
0.8
N(z)
: 1
0.6 _10l
0.4 0.8
0.2 0.6
\M_____,a—-— Z 0.4
100 200 300 400 500
' : 02
FIG. 1. N(2) as a function of the bin number for the reference e
structure of a diamond configuration with maximum separations. 100 200 300 400 500

The 14 colloidal particles have chargg,=50 and radiusa,

=100 A. The microions consist of 700 counterions and 25 added F!G- 2. N(2) as a function of the bin number for the diamond
salt particles giving a total of 750 microions. The characteristicconfiguration with contracted cluster separation. The 14 colloidal

parameters of the cluster configuration dre +/—3.5 along each Particles have chargé, =50 and radius, =100 A. The microions
local axis with a center-to-center separation distarPg=213. The =~ CONSist of 7OQ counterions and 2_5 gdded salt particles giving a total
relative dimensions of the rectangular box age=ry=15 andr, qf 750. microions. The characteristic parameters of the cluster con-
=30 for the volume fractionp,=0.01. The amplitude factor I figuration ared_= +/_—2.5 along each local axis _W|th a center-to-
=3. The average reduced energies of the above configuration aRénter separation distanc®2=11. The relative dimensions of the

B(Eqd=—2.347x 10° from Eq. (8) and B(Ay,d=—5401 from rectangular box arex=ry=15 andr,=30 for the volume fraction
Eq. (Sé) 4 ¢,=0.01. The amplitude factor i8I =3. The average reduced en-

ergies of the above configuration aBéE,= —2.058< 10° from

the radius of the coions is greatly reduced in the center reI—Eq' (8) and 5{Asy9 = —4237 from Eq.(9).

gion thus exposing the more remote subcells. The second
problem pertains only to the counterions, and is overcome b
employing a “clipping” method. In these simulations all sub-
cells with the valueS;/Sy,,>0.1 is represented by a point
size pgi,e=Ax and a shade of “0.” All other populations
varied linearly with the ratioS; /Sy, over the rangegix
=pgi,e=0 and I=shade=0.

hich 25 added salt particle0 microiong are present.
his reference system configuration employs the largest
separation distance in this set of simulations with3.5 and
a center-to-center separation distance Bf,2 13 in relative
separation units. The total system reduced interaction energy
B(Esy9 and Helmholtz free energg(As 9 Were calculated
from Egs.(8) and (9), respectively. Similar information is
given in Fig. 2 in which the separation distances ére2.5
and 2D,=11. Shown in Fig. 3 is the same information for

Constant “relative” concentration contour plots were ob- the two cluster system in whiath= 2.5 with the two clusters
tained for each reduced sefS;/Sy,¢ by using the now at a closer distance of2=9.
ListContourPlot3D package inMATHEMATICA®. Although Attention is now directed to the simple cubic cluster sys-
several contours were examined, the conto®9S,,, tem at the single cell level. The configuration shown in Fig.
=0.043 were chosen to compare the results for differentt represents a uniform distribution of the 16 colloidal par-
separations in the cubic array. It is understood that thesgcles in this system. The reduced local coordinatedis
contours do not directly compare the relative concentrations-3.5 and the center-to-center separation distance, if one
in these sets because the distribution of the counterions difvere to associate this configuration with two identical clus-
fers for each system and theref@g,, must likewise vary in  ters, is D,=14. In Fig. 5 the value ofl is 2.5 and the
value and subcell location. center-to-center separation distance is correspondingly in-
creased to B,=15. Shown in Fig. 6 is the configuration for
d=2.5 but the two clusters are brought closer together for a
center- to-center separation distance Bf;2=13.

Shown in Fig. 1 is the diamond cluster configuration of The spatial distribution functionS(x,y,z) for the coun-
maximum separation in these simulations and the numbeerion species and the coions are shown in Fig. 7 for two
distributions N(z) for the counterions and the coions in simple cubic arrays, that on maximum separatitwp) and

3. Contours of constant concentration

IV. BROWNIAN DYNAMICS SIMULATIONS—RESULTS
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FIG. 3. N(2) as a function of the bin number for the diamond T e et e 7

configuration with minimum cluster separation. The 14 colloidal 100 200 300 400 500
particles have chargé, =50 and radluapzlooA. The microions FIG. 4. N(z) as a function of the bin number for the simple

consist of 700 counterions and 25 added salt particles giving a tOtac!ubic configuration with maximum cluster separation. The 16 col-
of 750 microions. The characteristic parameters of the cluster cong, -, particles have chargg,=50 and radiusa,=100 A. The
P P :

figuration ared=+/-2.5 along each local axis with a center-to- microions consist of 800 counterions and 50 added salt particles

center separation distanc®2=9. The relative dimensions of the giving a total of 900 microions. The characteristic parameters of the

reciag%tila;_rt:ox areFt:(er:f 15t an_glrz_:;?”f]or the volumedfracgon cluster configuration are a cubic cell for a local reduced distance
¢p=0.01. The amplitude factor i1 =3. The average reduced en- d=3.5 and a center-to-center separation distanbg=214. The

E"gieg of tdhe ibOVE Coln(‘;?;:‘ationEa&égsyQZ — 140810 from  oyaiive dimensions of the rectangular box age=ry=15 andr,
9. (8) and S(Asy9 =~ rom Eq/(9). =30 for the volume fractionp,=0.01. The amplitude factor is!

- . . =10. The average reduced energies of the above configuration are
minimum separatioribottonm). Because the counterions tend B(Eq,9 = —9.043X 16° from Eq. (8) and B(Ay=—1030 from

to accumulate in the vicinity of the macroions, the distribu-gq (g).
tion S(x,y,z) shown at the top left of this figure is represen-
tative of other macroion distributions. This is because the . . .
elements of the unclipped representation Sk,y,z) are fqr the _counf[erl_ons and the Iow_er right fpr the coions. These
dominated by the counterions in the vicinity of the macro_smulatl(_)ns_ _|ndlcate that the_ coions av_0|d t_he macroions but
ions and all detail is lost for their distribution in the majority aré of significant concentration in the interior of the cluster.
of the volume of the system. Most of the computation cellA similar set of graphics is given in Fig. 9 for the system of
appears “empty” as a result. Shown at the top left is theminimum macroion separation. Note that as the macroions
corresponding coion distributioS(x,y,z). In contrast the are drawn closer together in the array the counterion concen-
coions are more or less uniformly distributed throughout theration tends to increase in the interior of the cluster whereas
computation cell except in the vicinity of the macroions, the coions are more excluded.
where their presence is excluded due to the large macroion- Constant concentration contour plots were determined for
coion repulsive interaction. To show the contrast in the disthe  reduced  spatial ~ concentration  distributions
tribution of the coions only a portion of the computation cell S(X,Y,z)/Snax. The constant contouB(x,y,z)/Sy,=0.043
can be displayed. Both coion figures are centered on the C(X,y,z) was chosen to illustrate the influence of the mac-
location of the macroions along tbeaxis. The bottom figure roion separation distance on the counterion distributions.
represents a “head on” view 08(x,y,z) for the case of Shown in Fig. 10 are three views of the contour plots for the
minimum separation distance of the macroions. Clearly theystem described in the caption of Fig. 4. The angle view of
coions are of lesser concentration in the interior of this clusthe top figure establishes the relative position of the macro-
ter than for the case of maximum macroion separation simuions and theC(x,y,z) =0.043 surfaces. The lower left figure
lations summarized in the top left of the figure. is the view in theY-Z plane and the lower right figure is the
We examine in more detail the distribution of the counte-X-Z plane view. TheC(x,y,z)=0.043 contours apparently
rions and the coions for the maximum and minimum separapartition the macroions into “pairs” for the reduced local
tion distances in Figs. 8 and 9. At the top of Fig. 8 is the topparametersl=3.5 and separation distanc® 2= 14.
view of the slice in the range 4:0Z> 3.0 of the computation Shown in Fig. 11 are two planar views of the contour
cell for theclipped function €x,y,z) of the maximum sepa- plots C(x,y,z)=0.043 for the system described in the cap-
ration distance cluster. The bottom figures are for the samgon of Fig. 5. The left figure is the view in thé-Z plane and
slice except more focused on the interior of the macroiorthe right is theX-Z plane. Absence of the macroions indi-
array. The lower left figure is the clippes(x,y,z) function  cates that theC(x,y,z)=0.043 contours now engulf all of
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FIG. 6. N(z) as a function of the bin number for the simple

FIG. 5. N(z) as a function of the bin number of the simple cubic cubic configuration with minimum cluster separation. The 16 col-
configuration with contracted cluster separation. The 16 colloidaloidal particles have charg&,=50 and radiusa,= 100 A. The
particles have chargg,= 50 and radiug,=100 A. The microions  microions consist of 800 counterions and 50 added salt particles
consist of 800 counterions and 50 added salt particles giving a totajiving a total of 900 microions. The characteristic parameters of the
of 900 microions. The characteristic parameters of the cluster coreluster configuration are a cubic cell with=2.5 and a center-to-
figuration are a cubic cell witd=2.5 and a center-to-center sepa- center separation distanc®2=10. The relative dimensions of the
ration distance B,=16. The relative dimensions of the rectangular rectangular box arey=ry= 15 andr,= 30 for the volume fraction
box arerx=ry=15 andr =30 for the volume fractionp,=0.01. ¢,=0.01. The amplitude factor i1 =10. The average reduced
The amplitude factor 8 =10. The average reduced energies of energies of the above configuration aB%Eg,y=—1.404x 10°
the above configuration arg(Eg,9=—1.168< 10° from Eq. (8) from Eq. (8) and B(As9 = —2245 from Eq.(9).
and B(Ag,9 = —1239 from Eq.(9). .

One tenet of the DLVO model is that the structure of the
the macroions. The conto®(x,y,z)=0.043 partitions the ion cloud about the isolated colloidal particle is only slightly
system into two groups of eight macroions fib#2.5 and perturbeq by the presence 01_‘ a ;econd colloidal particle. This
2D,=16. We now move these two cubic structures closeiconcept is clearly illustrated in Fig. 3 in the paper by Warren
together, going from R,=16 to 2D,= 10 while maintain- [13], and should hold “true” as long as the colloidal particles
ing the value ofd=2.5. The constant contour surfaces in the@re not too close to each other. The usual “yardstick” to
Y-Z andX-Z planes for this new situation are shown in Fig. measure the “thickness” of the ion cloud about a colloidal

12. The relative concentration contours@x,y,z) = 0.043 particle i.s the reciprocal of the screenir_ng Iengtb;. Hs .Iong
now encompass all of the macroions in the system. as the distance between any two colloidal particles is greater

than 1k one may describe the properties of a colloidal sys-
tem solely on the basis of a “pair interaction.” Okubo has
even proposed that the physical properties of dilute colloidal
In the past the stability of colloidal systems and the struc-suspensions can be interpreted in terms of an “effective hard
tural arrangements of the macroions were determined solelgphere radius” equal to &/[25,26).
from macroion-macroion pair interaction energy, usually A conceptual problem arises, however, if the separation
given as the DLVO form that is assumed to reflect the Helm-distance between two colloidal particles is less thar, 1/
holtz free energy change as two colloidal particles approackvhere the ion clouds of the two macroions have extensive
each other. The DLVO potential may be used to interprebverlap. For example, the situation may obtain in which the
structural transitions in the systef@3]. For example, the counterions originally assigned to colloidal particla™may
body-centered-cubitco to face-centered-cubiffcc) tran-  in fact be much closer to colloidal particleB:” One cannot
sition upon increasing the colloid concentrati@#] may be therefore ignore the interactions of the counterions with col-
viewed as a packing problem with the purely repulsive pair{oidal particles other than their parent. This is one of the
wise interaction leading to a reduction in the electrostaticcriticisms of Langmuiif27] in 1938 regarding the pair inter-
stress on the system. The long range repulsion of the DLVQ@ction energy approach. As also pointed out by Langmuir
potential results in a crystalline structure that extendshis energy approach did not allow for the entropic contribu-
throughout the medium. Such long range repulsion does ndions of the microions to the free energy of the system. Lang-
lend itself to heterogeneous structures observed by DVMnuir proposed an alternative theory in which the counterions
methodg 1-4]. were treated on a more or less equal footing as the macro-

V. DISCUSSION
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FIG. 8. Clipped concentration densig(x,y,z) for the interior
JRERLY of the simple cubic configuration with maximum cluster separation.
The system is that described in the caption of Fig. 4. The values of
Shax for the counterions and coions are, respectively, 968 700 and
4826. The cutoff value 08/S,,,=0.1 was used for the counterions.
The top figure is the counterion distribution in the volume of a
“slice” of the computation cell for which 4.52>2.5. The bottom
left figure isS(x,y,z) for the counterions within the interior of the
cubic array bounded by-3.5>X>3.5, —3.5>Y>3.5, and 4.5

fsl?qLcj,r\:::O:ﬁ ;Zetosyslct;tn? §|(sxthazt) OflgrS(t:tTSiiu”rqlttt;; n??;ﬂ;}:;:;& 4'> Z>2.5. The counterions accumulate near the surface of the mac-
P Y roions. The bottom left figure iS(x,y,z) for the coions within the

computation cell volume for the system described in Fig. 4. Shown _, . -
. >3.5, —3.5>
on the top right isS(x,y,z) for the coions in a volume slice 4.5 Interior of the cubic array bounded by 3.5>X>3.5, ~3.5>Y

2 ! . - >3.5, 4527>25.Th i I h f f
>X>2.5, which is centered on the macroion location. The figure a 3.5 and 4.5 5. The coions are excluded near the surface o

. . S . A tthe macroion and their concentration is a relatively larger interior to
the bottom is the coion distribution for the system described in Fig, . . . ylarg
. ST S the cluster with an apparent “maximum” in the center of the cluster.
6, where the macroion separation is minimal. Note that in this case

the coions are virtually excluded from the interior of the cluster. need not be structured in the solution but rather be of two
These density maps indicate that the counterions are localized in th&fferent concentrations in the two phase regions such as to
vicinity of the individual macroions and that the coions are ex-aintain hoth the constant chemical potential and electrical
ff:l:gsdh(f)rotn:h the ”regd'oln t”eatr the macroions but may permeatge ity of each phase. As a consequence the total energy
ghout the cofloidal structure. of the system was again found to hegative

It was previously suggested that the stability of a macro-
ions. The distribution of the counterions exhibitestaucture  ion system18—2Q might be treated in a manner analogous
in the solution, playing the role of alternating negativeto that of a conjugated chemical system proposed by Bader
charge to the positive macroion charge. Inclusion of thg16,17. In these papers the potential field set up solely by
counterions resulted in a system in which the total energyhe macroions was considered to reflect the distribution of
was negative as in the case of true crystalline structures suche counterions. With this formalism one might be able to
as sodium chloride. Verwey and Overbd8kargued against identify “stable clusters” as those structures capable of sup-
the model of Langmuif27] and since that time the DLVO porting extensive sharing of the counterions as a conjugated
potential has been the premier paradigm for the interpretachemical system is stabilized by the dislocation of the elec-
tion of data on colloidal systems. The role of the microionstrons in the bonding scheme. The present study examines
was relegated to a passive role acting solely through theirectly the counterion and coion distributions by means of
screening parameter. computer simulations using BD expressions for the move-

The VT theories have resurrected the importance of thenent of the microions.

microion contribution to the stability of the structures of col-  The initial analysis of the BD results in the rectangular
loidal systems. Unlike the Langmuir model the microionssimulation cell is analogous to that for spherical symmetry,

FIG. 7. Concentration densit$(x,y,z) for simple cubic con-
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FIG. 9. Clipped concentration densi§(x,y,z) for the interior ;’ X

of the simple cubic configuration with the minimum cluster separa-
tion. The system is that described in the caption of Fig. 6. The
values of S, for the counterions and coions are, respectively,
998 900 and 4982. The cutoff value $fS,,,=0.1 was used for the FIG. 10. Concentration contours for a cubic array wdth 3.5
counterions. The top figure is the counterion distribution in the vol-and 2D z=14. The system is that described in the caption for Fig. 4,
ume of a “slice” of the computation cell for which 3:52>1.5.  whered=3.5 and D=14. The constant concentration contour is
The bottom left figure isS(x,y,z) for the counterions within the C(X,Y,2) =S/S;,=0.043. The top figure is an angle view of the
interior of the cubic array bounded by 2.5>X>2.5 —2.5>Y computation cell, where the macroion locations are indicated by the
>2.5, and 3.5Z>1.5. The counterions accumulate near the sur-solid points. The lower left figure is the view in the Z plane and
face of the macroions with an increase in density in the interior ofthe lower right in theX-Z plane.

the array. The bottom left figure 8(x,y,z) for the coions within
the interior of the cubic array bounded by2.5>X>2.5, —2.5
>Y>2.5, and 3.5Z>1.5. In comparison with Fig. 8 the lighter
shading and smaller point size indicates more coions are exclud
from the interior of the cluster.

Attention is first given to Figs. 1-3 for the diamond clus-
%rs. While there appears to be some form of symmetry in
N(z) about the central macroion of each cluster, there is a
noticeable asymmetry about the exterior macroions. It is
quite clear that the counterions are largely drawn to the in-
where the angular dependence is projected onto a radial plakrior of the cluster and virtually centered about the central
In the present case the projections are alongZthgis. In the  macroion of each cluster. As the distance between the mac-
determination of the number distributioN§z) no correction  roions within the cluster contract the details of the outer
was made for the finite size of the macroions which clearlymacroion locations tend to become more obscure as the
excludes microions by construct of the simulation. Consideounterion distributions begin to strongly overlap, a conclu-
the volume of the “slice” given by Eq(10). The maximum  sjon drawn in comparison to Figs. 1 and 2. As deduced from
volume that the colloidal particles can occupy in this sliceFigs. 2 and 3, when clusters of fixed dimensions are brought
depends upon the girth of the macroion and the number ofloser together the counterions tend to migrate to the region
macroions. Since by construction at most only four macropetween the clusters. The functioN§z) for the coions in-
ions can invade any one slice of th(z) determination. dicate that they populate regions between the clusters if the
Thus the volume of the macroions at maximum girth in re-clusters are sufficiently far apart, as indicated by the “maxi-
duced coordinates M;,=4mAr; since the reduced radius is mum” in the central bins, but decreases slightly as the clus-
unity. Therefore theanaximumcontamination of the macro- ters are brought together.
ions is reflected in the ratiNS,p/VS=47r/r>2<, or approxi- The simulations of the cubic clusters in Figs. 4—6 show
mately 0.06 for the dimension,=15. This small correction similar behavior in theN(z) distribution functions. In the
factor is not sufficiently significant to affect the discussions“uniform” macroion distribution shown in Fig. 4 the coions
on the distributiondN(z). are more or less uniformly distributed with a slightly higher
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Y through the spatial functio8(x,y,z). The uniform distribu-

2 > . tion case (=3.5 and D,=14) is shown in the top two
% graphics in Fig. 7. The counterions mainly reside in the vi-
. N cinity of the macroions and the coions are virtually distrib-
o0 AN 1 uted in a uniform manner throughout the computation cell,

with a slightly depressed concentration in the vicinity of the
macroions. This distribution of counterions and coions is
also evident in Fig. 4. In contrast the bottom graphic of Fig.
0z 7 for thed=2.5 and D,=10 system clearly shows the ex-
clusion of the coions from the interior of the cluster with the
build up exterior to the cluster. These behaviors are also
reflected inN(z) in Fig. 6. Turning now to the slice interior
to the cluster shown in Fig. 8 fa=3.5 and D,=14, we
find that the coions appear to congregate in the center of the
structure. This central congregation results in the appearance
5 of the more or less uniform distribution of coions shown in
the projection plot of Fig. 4. We now contrast these results
with those for the most compacted structure der 2.5 and
FIG. 11. Concentration contours for cubic array with2.5and 2D ,=10 as given in Fig. 9. In this case the counterions are
2D,=16. The system is that described in the caption for Fig. 5,drawn into the interior of the cluster and the coions are vir-
whered=2.5 and D= 16. The constant concentration contour is tyally excluded. These distributions are also evident in the
C(X,Y,2) =S/S15—=0.043. The left figure is the view in thg-Z projection profiles shown in Fig. 6.
plane and the right view is in the-Z plane. Attention is now given to the counterion concentration

_ ) _ contours C(x,y,z)=0.043 shown in Figs. 10-12 for the
concentration between the macroions. When the valubi®f a6 cubic systems. These contours result not only from the

contracted from 3.5 to 2.5 the distance between the two Cluﬁiotential field set up by the stationary macroions, viz., the

ters increases by a corresponding amount. A comparison 9fpg naradigm, but also from the interactions with the other
Figs. 4 and_ 5 |nd|cat¢s that the coions now increase thelhicroions in the system in accordance with EG3—(3). The
occupancy in the region between the clusters with a congpgice ofC(x,y,z)=0.043 is somewhat arbitrary but chosen
comitant exclusion from the interior of each cluster. Upony,y yia and error to illustrate the correlations between mac-
movement of these clusters to a separation distance that rg5ions. Obviously a value dE(x,y,z)=0.005 would not be
sults in *one cluster,” viz., Fig. 6, the coions are further j sy ctive since these contours would envelop all of the
excluded from the interior of the array. _macroions under the three conditions examined. Likewise a

A more detailed analysis of the three-dimensional dism'value of C(x,y,2)>0.8 would provide little insight as this

bution of the counterion species and the coions is effecteqq 4 reflect counterions “localized” to the vicinity of their
parent macroions as inferred from the profiles in Figs. 1-3. It
is further emphasized that these contours are relative to the
LIS T -5 maximum counterion occupancy number in the 28 800 sub-
P f cells. Hence both the location and the magnitudg&,gf, may
vary for these three systems. It is for these reasons that con-
clusions drawn from a direct comparison of the contours in
Figs. 10—-12 may be viewed as suspect. However, one can
make qualitative assessments regarding the physical situa-
tions arising from the variation af and 2D since the values
0z of Snax Vary only by a few percent. For exampl&,,.

=968 700 ford=3.5 and D,=14 whereasS,,,,=998 900

for d=2.5 and D ,=10. With these considerations in mind,

we now interpret the contours in Figs. 10-12.
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Y | N 8 7 In the situation for whichd=3.5 and D =14, the con-

10t i tours in Fig. 10 indicate that the macroions in the cubic clus-
ter are partitioned in pairs aligned along tAeaxis of the

_,f X . computation cell. These pairs are localized to their respective
-5 ¢ 5 cubic cells. If one now changes the parametérom 3.5 to

2.5 while increasing the distanceD2 from 14 to 16 the
FIG. 12. Concentration contours for cubic array with 2.5 and ~ C(X,y,2) =0.043 contours extend to include the macroions
2D,=10. The system is that described in the caption for Fig. 5,0f both cubic cells. Let us now draw the two cubic clusters in
whered=2.5 and D,=10. The constant concentration contour is Fig. 11 closer to each other, with the resulting concentration
C(X,Y,2) =S/S,5=0.043. The left figure is the view in thg-Z  contour shown in Fig. 12. It is evident that now the contour
plane and the right view is in th¥-Z plane. surface extends to all of the macroions in the system. If we
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again draw upon the formalism of Bader, the configuration inreduces the valuef the “effective charge” of the macroion.
Fig. 12 represents a highly conjugated system and shoulBeduction in the effective charge was suggested on the basis
therefore be more stable than the structures in Figs. 10 or 1bf the JPF methof18] and recently verified by BD simula-
We address the reduced system interaction eng(y,y  tions where the effective charge was found to be dependent
and system Helmholtz free energyA,9 for the “diamond  upon the lattice location of the macroif28]. It is noted that
clusters” and the “simple cubic clusters.” The reduced inter- Langmuir also suggested on thermodynamic arguments that
action energies for Figs. 1-3 are, respectivﬂg/ESyg/lo6 the charge on the colloidal particles in the dense phase must
= —2.347,—2.058, and=—1.408, and the reduced Helm- be less that in the sparse ph&2&]. Another consequence of
holtz free energies are, respectivel(As9=—5401, the influx of counterions to the colloidal cluster is the forma-
—4237, and—1054. The corresponding values in the localtion of an extensive conjugated system for certain cluster
parameterd are 3.5, 2.5, and 2.5 while the center-to-centergeometries.
distances areR,=13, 11, and 9. One may conclude thatthe The orbital model of colloidal systems can also explain
approach of two diamond clusters leads to an unfavorabléhe presence of multiple clusters and the kinetics of growth
energy situation and therefore larger clusters may not form i®f larger cluster domains from smaller cluster domains. The
this head-to-head manner. We now contrast this with the reexclusion of the coions from the central core of the cluster
sults for the cubic clusters. In going frooh=3.5 to 2D,  results in a “second double layer” involving the coions as
=14 and the valuesl=2.5 and D,=16 the value of shown in Figs. 6 and 7. Such a second double layer was
B(Es9/10° changes from-0.9043 to—1.168 andB(Ay,9  Previously suggested on the basis of the JPF mefh&H
changes from—1030 to —1239. Within the context of the ~ The simulations performed in this study were based on
paradigm of the DLVO theory one might say that the in-the simple cubic lattice. It is of interest to note that tmo
crease in repulsion between the macroions in the same clugnd Antonietti[29] reported a macroscopic phase separation
ter is more than compensated for with the decrease in repupf swollen microgels that was analyzed in terms of a simple
sion between the two microclusters as they become furthegubic lattice.
separated. Let us now move the dual clusterd-eR.5 from
2D,=16 to 2D,=10. The energy values now change from VI. CONCLUSION
B(Egyo/10°P=—1.168 to—1.404 and3(A9 from —1239 to
—2245. In other words the cluster configuration in Fig. 12 is The BD simulations address the question as to what hap-
more stable than the cluster configuration in Fig. 11. pens when the counterion clouds about the parent colloidal
We can account for the two different behaviors of theparticles interpenetrate with other colloidal particles. The
diamond and cubic clusters as follows. In the case of thé&ystem responds to the electrical stress by forming dense and
diamond clusters, the head on approach does not permit tis@arse regions of the macroions aided by the redistribution of
sharing of the counterions as a “conjugated bonding systemthe microions. In the dense regions the coions are excluded
is not possible, or provide a meaning to the term “exclusionwith an accompanying influx of counterions. The counterions
of the coions.” In contrast, the cubic system permits a “shar-in the dense region respond to the larger cumulative colloid
ing” of the counterions along th& axis as indicated, for ~contribution of the potential in the vicinity of the participat-
example, in Figs. 10 and 11. As the two clusters approacig macroions by reducing the “effective charge” of the
each other a “network” system of counterion sharing is setmacroions in the cluster. Under certain geometries that pro-
up as shown by the contour surface in Fig. 12. In this conmote “conjugated bonding” the increased mobility of the
figuration the “conjugated” system is extensive and the “su-community-shared counterions tend to stabilize the cluster.
per cluster” is stabilized. It is important to note that the As a consequence of the coion exclusion a “second double
coions are excluded from the interior of the “super cluster”layer” is formed about the cluster which provides a kinetic
as shown in Figs. 7 and 9. In this regard the VT theoriedarrier to cluster growth.
provide an accurate partitioning of the coions into two re-
gions, the _macroion “dense” region haying th_e lesser qoion ACKNOWLEDGMENTS
concentratiorf11,13. However, concomitant with the coion
exclusion are the influx of counterions into the interior of the | wish to acknowledge the Kyoto University Foundation
cluster due to the cumulative contribution of the potentialfor providing partial support during my visit with Professor
fields of the participating colloidal particles to any interior Matsuoka in the Department of Polymer Chemistry of Kyoto
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