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Influence of solvent granularity on the effective interaction between charged colloidal suspensions
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We study the effect of solvent granularity on the effective force between two charged colloidal particles by
computer simulations of the primitive model of strongly asymmetric electrolytes with an explicitly added
hard-sphere solvent. Apart from molecular oscillating forces for nearly touching colloids that arise from
solvent and counterion layering, the counterions are attracted towards the colloidal surfaces by solvent deple-
tion providing a simple statistical description of hydration. This, in turn, has an important influence on the
effective forces for larger distances which are considerably reduced as compared to the prediction based on the
primitive model. When these forces are repulsive, the long-distance behavior can be described by an effective
Yukawa pair potential with a solvent-renormalized charge. As a function of colloidal volume fraction and
added salt concentration, this solvent-renormalized charge behaves qualitatively similar to that obtained via the
Poisson-Boltzmann cell model, but there are quantitative differences. For divalent counterions and nanosized
colloids, on the other hand, the hydration may lead to overscreened colloids with mutual attraction while the
primitive model yields repulsive forces. All these new effects can be accounted for through a solvent-averaged
primitive model (SPM) which is obtained from the full model by integrating out the solvent degrees of
freedom. The SPM was used to access larger colloidal particles without simulating the solvent explicitly.
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[. INTRODUCTION sponsible for effective attractions between the like-charge
polyions. The PM, reformulated in terms of modern density-
Most of soft matter systems, such as colloids, polymersfunctional theory of the inhomogeneous counterion plasma
or biological macromolecules, are dispersed in a moleculal8], can also be used as a starting point to derive simpler
solvent[1]. Therefore, a full statistical description of su- theories such as the mean-field nonlinear Poisson-Boltzmann
pramolecular solutions should include the solvent explicitly.approach or the linearized Debye-tkel-type screening
Such a treatment is highly nontrivial, however, since thetheory. The latter results in an effective Yukawa pair poten-
length scale separation between the mesoscopic particles atidl between the colloids as given by the electrostatic part of
the molecular solvent directly implies that the number ofthe celebrated Derjaguin-Landau-Verwey-OverbdakV/O)
solvent particles that have to be included is enormous. Otheory[9]. This potential can also be used with renormalized
the other hand, one is interested mainly in properties of th@arameters to include parts of the nonlinear screening effects
big particles such that a solvent preaverage makes sense. Tagsing from Poisson-Boltzmann thedry0].
crudest form of such a course-grained level is to treat solvent In the present paper we investigate the influencesadf
properties just by a dielectric background or by some effecvent granularity on the effective interactions between
tive parameters that enter in the effective colloidal interaccharged colloids. We model the solvent as a hard-sphere
tions. This procedure is questionable for polyelectrolytedluid at intermediate packing fractions and use computer
where the solvent couples directly to the counterions whiclsimulations and the theoretical concept of effective interac-
may affect the effective interaction between the polyelectrotions to derive effects due to the discrete solvent. The PM is
lytes via the long-ranged Coulomb coupling of counterionstested against this more general model. Although the hard-
to the polyelectrolytes. sphere model neglects some important solvent properties as
In this paper we consider the case of two sphericaits polarizibility [11] and its permanent multipole moments
charged colloidal particlegolyiong that are immersed in a [12], it provides a minimal framework to get insight into
bath of the molecular solvent and their oppositely chargeatounterion hydration and screening effects. The hard-sphere
counterions plus additional salt iofig]. Our main focus is solvent model (which is sometimes called the solvent-
the total effective force acting onto the colloidal pair, which primitive mode) has been used also in many other investi-
is the key quantity to understanding colloidal stability andgations of ordinary electrolytes and for electrolytes confined
which governs colloidal correlations and phase transitions. Ibetween two parallel charged plates. Most of the approaches
almost any theoretical treatment, the discrete structure of thimvoke additional approximations as different versions of
solvent particles was neglected and only the charged coriquid-integral equations[13,12,14, Poisson-Boltzmann
stituents were treated explicitly within the so-called “primi- theory suitably modified to include the short-ranged solvent
tive” model (PM) of strongly asymmetric electrolytes. Even depletion effects[15], or more sophisticated density-
this model is nontrivial in the colloidal context due to the functional approaches of multicomponent systdi]. For
large asymmetry between polyions and counterions andharged plategl7] and for small neutral particlg48] some
bears a rich physics resulting from the strong coupling becomputer simulations have already been performed, includ-
tween the different species. In recent computer simulationgng a hard-sphere solvent explicitly but there are no results
[3—7], counterionic correlations have been shown to be refor charged colloidal spheres.
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Most of the results in this paper are based on a “solvent B. The solvent-averaged primitive model(SPM)

bath” simulation scheme that allows us to simulate many gq; 5 fixed configuration of charged particles the solvent
neutral spheres together with the charged species. For diva- . . =40
lent counterions, we obtain attractive forces due to over<a" be traced_out exactly, armving at depletion forEé
screening of polyions by counterions which are attracted to@cting onto thath charged particle. The_y_ can be relaj[ed toa
wards the colloidal surfaces via hydratiofor solvent suriace integral over the solvent equilibrium density field
depletion forces. For monovalent counterions and large diss(f) that depends parametrically on the positions of the
tances we show that the concept of charge renormalizatiofixed charged particles,

can be used to extract a Yukawa picture of the effective

interaction with a solvent-renormalized polyion charge. We 'Ei(d):kBTf df pe(r), (2)
check the trends of this renormalized charge with respect to Si

the colloidal density and the concentration of added salt and

find qualitative agreement but quantitative differences asvheref is a surface vector pointing towards the center of the
compared to the Poisson-Boltzmann theory. All our resultsth charged particle. If one adds these forces to the PM, the
can be reproduced within a solvent-averaged primitive modelesulting model is strictly equivalent to the HSSM. The in-
(SPI\_/I) which was extensively used in earlier t_hepretlcaltegrandps(;) is affected by the space excluded for the sol-
studies of electrolytes between platf3,19. This idea \ent gue to the presence of the finite core of the charged
originates from McMillan and Mayef20] dating back to  paticles resulting in inhomogeneous density distributions

1945. . . . around the excluded volume. The range of this inhomogene-
Our paper is organized as follows. In Sec. Il we describy, js characterized by the hard-sphere bulk correlation

our model and define approximations on different levels. Thffengthg which depends on the solvent packing fractipg.

computer simulation method is described in Sec. Ill. We then

. . = ) .
turn to results for the neutral case in Sec. IV and for theA further approximation decomposes the fordé,%' Into

salt-free case in Sec. V. Parts of the latter have been putp_airwise parts, i.e., into a superposition of pair contributions

lished elsewherf21]. The effect of added salt is described in qomi_ng ffO_’T‘ ne_ighboring charg_ed particles. This "%‘Pmeima'
Sec. VI and other mechanisms of polyion-polyion attractiont " 1 Justified if the average (j_|stange between triplets, qua-
druplets, etc. of charged particles is much larger than the

are critically discussed in Sec. VII. We finally conclude in : e
Sec. VIII. bulk correlation lengtlt. In the salt-free case, this is gener-

ally granted except for nearly touching polyions with
squeezed counterions. If salt is added, the justification is less
clear as ion pairing by counterions and coions near polyions
may be an important configuration.

In this section we summarize the modeling on different The resulting pairwise interactions define the solvent-
levels. In the following we shall use the most detailed de-averaged mode{SPM) where the depletion pair potentials
scription of the hard-sphere solvent model and test the validV{(r) [(ij)=(pp).(pc),(cc)] have to be added to the in-
ity of the different inferior levels with respect to our data. teractions of the primitive model of the next paragraph.

These pairwise depletion forces have been the subject of in-
tense recent resear¢@2—27. In particular, we will deter-
A. The hard-sphere solvent mode(HSSM) mine them by computer simulation, and we use these results

The hard-sphere solvent mod&SSM) involves spheri- &S input for the SPM.
cal polyions with diametetr, and homogeneously smeared
chargeq,, together with their counterions of diametey and C. The primitive model (PM)

chargeq_ in a bath of a neutral solveng{=0) with diam- The primitive model has the same interactions as the

eteros. In the absence of salt, the pair potentials between gs except for the absence of the solvent. Hence the basic
the particles as a function of their mutual distancesre a  jnieractions are again

combination of excluded volume and Coulomb terms

II. MODELING ON DIFFERENT LEVELS

w forr<(oj+a)/2

© forr<(oi+o;)2 Vi (1) )

Vii(r)= (1) N gig;/er  otherwise

q;q;/er otherwise,
but now for (j)=(pp).(pc).(cc) only.

where e is the a smeared background dielectric constant of
the solvent andif)=(pp),(pc),(ps),(cc),(cs),(s9). Fur- D. DLVO theory

ther parameters are the thermal enekgy and the partial In DLVO theory only the polyions are treated explicitly.
number densitiep; (i=p,c,s) which can be expressed as The electrostatic part of their interaction is an effective
partial volume fractionsg;=mp;o>/6 (i=p,c,s). Charge Yukawa pair potential which has the form

neutrality requiresp,|a,|=pc|qc|. Additional salt ions can
readily be included into the description as further charged
hard spheres.

q5 exd — (1 —op)]

V(= (1+ Ka'p/2)26r

4
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with
k=4mp.q:l ekgT. (5)

E. The PB-renormalized Yukawa model(PBYM)

This approach was suggested by Alexaneteal.[10] and
is based on the Poisson-Boltzmann theory in a spherical cell
around a single polyion. The cell radiiis fixed by the
polyion concentration,

R=(4mp,/3)~ 1~ (6)

Within the Poisson-Boltzmann theory, one calculates the

counterion densityp, at the cell boundary. Linearizing the

nonlinear Poisson-Boltzmann theory at the cell boundary, riG. 1. view of the setup as a downward projection of a simu-

one obtains again an effective Yukawa potential between th@ytion snapshot: two polyion&lark open circlesin a bath of sol-

colloids arriving at the PB-renormalized Yukawa modelyent particlegsmall hollow spheréscontained in a rectangular cell

(PBYM). The Yukawa potential has the same form as in Eqof width h. The counterions shown as small dark spheres can move

(4) but contains a renormalized inverse screening length  in the whole simulation box of size. The distance between the
polyions isr, hence the projected distance shownm/ig3.

% Pc

oo \/Prc @ reduce the number of solvent particles in the simulation box

considerably using a “solvent-bath” method. This procedure

is sketched in Fig. 1 and works as follows: we define a rect-
~ angular cell around the colloidal pair such that the minimal

q :qp&, (g)  distanceh from the colloidal surface to the rectangular
Pc boundary is much larger than the hard-sphere bulk correla-

o . tion length&. The hard-sphere solvent is only contained in
which is considerably smaller than the bare chajgeMany 5 rectangle. As the cell volume is considerably smaller

experimental data for the colloidal structural correlationsthan the volume.2 of the whole simulation box. the number
[28], the long-time seIf-d|ffu_S|or[2'9], or the freezing line of solvent particles for fixed given volume fractiofg is
[30] have been analyzed using this concept of charge renoHrastically reduced. No restriction is done for the counterions

malization, and in general good agreement was found f0L 4 sait jons, which can move within the whole simulation
monovalent counterions provided the colloids are far away.q|
from charged platef31]. We use a standard molecular dynaniMdD) code with
. the velocity Verlet algorithm34] calculating the particle
F. The solvent-renormalized Yukawa model(SYM) trajectories and performing statistical averages over some

This approach is a generalization of the PoissonPhysical quantities. The time stefit=0.005% ymo3/kgT
Boltzmann cell mode]10] to the presence of a granular sol- of the simulation was typically chosen to be small such that
vent. Again, one considers a single polyion in a sphericalAr/ocs=0.01, withAr=AtXv being the average displace-
cell, but uses the full HSSM to obtain the counterion densityment of small particles during one MD time step. Here

pe at the cell boundary. As in the PBYM, the associatedv = V3KgT/m denotes the average velocity of the mobile
Yukawa pair potential has a solvent-renormalized inversdons of massm. Thus the collisions and reflections of the
screening length* and a solvent-renormalized chargg, small particles(counterions, salt ions, and solvent partigles

which, however, differ from that of the PBYM approach. &€ calculated with high precision. For every run the state of
the system was checked during the simulation time. This was

done by monitoring the temperature, average velocity, the
distribution function of velocities, and the total potential en-
We consider two large spherical polyions in a cubic simu-ergy of the system. On average it took about MD steps to
lation box of lengthL with periodic boundary conditions, get into equilibrium. Then during (810%) — (5x 10°) time
hencepp=2/L3. The polyions are fixed along the body diag- steps, we gathered statistics to perform the canonical aver-
onal of the cubic box. While the simulation methods for theages for calculated quantities.
PM are straightforward and are described elsewh@2e33, The long-ranged nature of the Coulomb interaction was
a significant volume fraction of solvent particles togethernumerically treated via the efficient method proposed by Le-
with large colloidal particles implies a huge number of sol-kner[35]. This method has been successfully applied to par-
vent spheres in the simulation box. tially periodic system$36].
As the solvent interactions are short ranged and the Care has to be taken at the artificial cell boundary. The
solvent-averaged interactions are only of radgeone can hard-sphere solvent is treated by the well-known hard-sphere

and arenormalized charge

Ill. SIMULATION METHOD
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collision rules. Periodic boundary conditions are applied forsolvent spheres. This simple model for binary mixtures of
the solvent particles in the rectangular cell. Once a solvenhard-sphere colloids has gained considerable attention during
particle is leaving the rectangular cell it is entering at thethe past ten years. The effective interaction between the large
opposite face of the cell always feeling its neighbors andspheres as induced by depletion of the small spheres in the
their periodically repeated images. zone intermediate between the nearly touching big spheres
Since the width of the celt is much larger than the hard- has the following characteristic features which were obtained
sphere bulk correlation lengtfy the presence of the bound- by density-functional theory23-25, computer simulation
ary has no influence on the inhomogeneous density distriby37,26,27, and experiment§38-4(; it is attractive for
tion of the solvent and the counterions near the colloidahearly touching spheres, then it oscillates with the bulk cor-
surfaces. The counterion motion is implemented as followsrelation length of the hard-sphere solventThe depletion
Outside the rectangular cell the counterions interact via @nteractions decays to zero exponentially with the surface-to-
solvent-averaged effective depletion potential. This is justisurface separation of the big spheres. The characteristic de-
fied as the typical distance between the counterions is muctay length is again the bulk correlation length
larger than the hard-sphere bulk correlation lengjtirhere- Our motivation to investigate the neutral case is twofold:
fore, the correction t&/..(r) due to solvent layering is neg- First, it is a simple case which allows us to test our simula-
ligibly small anyway for counterions outside the rectangulartion setup. There are some computer simulations of the
cell. This is not the case when salt is added as the attractiotlepletion interaction in the literature but the range of param-
between coions and counterions may lead to short distancegers examined is far from being complete. Second, for the
where solvent depletion effects may dominate the interacsolvent-averaged primitive modeéPM) it is exactly the sol-
tions. As an artifact of the solvent bath, the counterions exvent depletion ternt2) which one has to add to the primitive
perience an unphysical difference in their chemical potentiainteractions as given by Ed3). Therefore, studies of the
inside and outside the cell, thus artificially preventing theSPM require a full knowledge of the neutral case.
counterions from entering the solvent cell. This can be effec- Computer simulation results for the total effective deple-
tively suppressed by implementing a “smooth” counteriontion force F(pdg(r) acting onto the big spheres are presented
crossing through the cell boundary. In detail, a counterion isn Fig. 2 for two size ratiogr, /o of 2 and 14. The solvent
by definition inside the cell if its center has at least a distancgacking fraction was chosen to gg=0.3. The force is pro-
A=(ostoc)/2+ 6 (with a small 6=04/10) from the cell jected onto the particle separation vector such that a positive
boundary to ensure that it does not feel periodic images o§ign means repulsion. We note that a direct evaluation of Eq.
the solvent. If a counterion approaches this distahdeom  (2) is difficult as the solvent density field piles up strongly at
inside, we instantaneously turn off the counterion-solvent inthe surfaces of the big particles. A much more effective way
teraction. For the inverse process, i.e., for a counterion that i to measure the momentum transfer on the fixed big
penetrating into the solvent cell from outside, the solventspheres due to colliding small spheres during the molecular
counterion interaction is kept turned off until the counteriondynamics simulation. The effective potentmgdg(r) can be
center has reached the penetration deptlirom the cell accessed by integrating the distance-resolved computer
boundary. Then the solvent-counterion interaction issimulation results of the force
switched on. In case the counterion is overlapping with sol-
vent spheres, the positions of the solvent spheres are changed @ " s (d)/ o
in that the separation vector between the counterion and sol- Vpp(r) = ﬂcdr Fpp(r'). ©)
vent center is scaled until the solvent spheres do not overlap
with the counterion. If the moved hard-spheres overlap withThe results are compared with a prediction of density-
other ones(or with periodic images their positions are functional theory[41] developed by Roth and Evans. One
scaled again. This is repeated until an overlap-free configusees that the contact value of the force and the oscillations
ration is obtained. All velocities are not changed during thisare well described by the theory. This also is apparent if the
procedure. Of course, this procedure does not reproduce thsfective potential is compared as shown in the inset of Fig.
true microscopic dynamics of counterions but gives the cor2, However, for small size asymmetryy{:os=2:1) as in
rect statistical sampling of their static equilibrium averagesrig. 2(a), the discrepancy between theoretical and simulation
inside and outside the cell. We have carefully tested the sokesults becomes more pronounced. The same applies for dis-
vent bath scheme against a huge simulation where the wholsimilar spheres in a solvent, where the density-functional
simulation box was filled with solvent particlé®r the same  data exhibit deviations from the computer simulations, see
parameters as in Fig. 4 but with a size ratiof:o: o Fig. 3(b).
=5:1:1 and¢,=4.4x10"°) and we found perfect agree-  The whole set of depletion pair potentials” (r) [(ij)
ment for the effective forces and the inhomogeneous coun= (pp), (pc),(cc)], which is the input of a typical SPM
terion and solvent density profiles. simulation, is presented in Fig. 3. The counterion-counterion
interaction is dominated by the Coulomb repulsion also
shown as a dashed line in Fig(cR The bare Coulomb re-
pulsion between the polyions is much larger than the
Let us first discuss the much simpler case of neutral polypolyion-polyion depletion potential and is not shown in Fig.
ions (q,=0) under the absence of counterions. The resulting(a). Finally, the polyion-counterion depletion interaction
system is just a pair of big hard spheres in a sea of smakxhibits a deep attraction near contact of the ordekgf

IV. RESULTS FOR THE NEUTRAL CASE
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05 F ' well. Larger colloidal sizes are thus only accessible within
| the SPM and discussed in Sec. V B.

In our simulations, we fixed =298 K ande=81 (water
at room temperatujevith os=3 A, $,=0.3 such that is
about ;. We varied the polyion charge and size and the
counterion diametes.. The width of the rectangular cdil
is 100 such that typicallyN;=25.000- 30.000 solvent hard
spheres are simulated.

We have basically calculated two quantities: first, as a
reference, we have calculated the spherically averaged coun-
terion density profilep;(r) around a single polyion where
is the distance from the polyion center. The simulation was
done in a cubic box of reduced length2*® with periodic
boundary conditions in order to reproduce the colloidal pack-
ing fraction¢, . Second, our target quantity is the total force
r'c F(r) acting onto a polyion for a given colloid-colloid sepa-

rationr. This effective forcd=(r) is the sum of four different

[\
w
SF
(9]

55 contributions.
b) o /\ . (i) The direct Coulomb repulsion as embodiedvip,(r)
40 | < v | (note that all the periodic images contribute to the total
Sl force).
~ 5| g a | (i) The counterion screening resulting from the averaged
& -6 Coulomb force of counterions acting onto the polyions.
> ; ;
o 14 15 16 (iii ) The counterion depletion term arising from the hard-
© 107 1
= r/o, sphere part oV (r).
SN : Ugw,aﬂﬂawam (iv) The solvent depletion force.
e Explicit results forF(r) are presented in Fig. 4 where the
20 solvent and the counterion diameter were chosen to be equal
- and the counterions were monovalent.
b ‘ . The force exhibits oscillations for molecular distances due
=3 14 15 16 17 to solvent and counterion layering and is repulsive for larger
r'c distances. The SPM vyields surprising agreement with the

HSSM describing even the molecular oscillations for nearly
FIG. 2. Reduced distance-resolved depletion fdf¢g)oc/ksT  touching polyions, see the inset of Fig. 4, while the PM
versus reduced distancéo between two identical neutral spheres overestimates the force considerably. This can be attributed
embedded into a solvent bath of packing fractipy=0.3: (a) size  to the fact that the SPM incorporates the additional counter-
asymmetry ofoy,:0s=2:1; (b) size asymmetry ofr,:0=14:1.  ion accumulation at the colloidal surface due to the hydration
Solid line—our simulation results; dashed line—theoretical predic-or solvent depletion. This can clearly be seen in the coun-
tion of Ref.[41]. The statistical error in force is less than the size ofterionic density profile around a polyion as shown in Fig. 5
the symbols used. The inset shows the corresponding reduceghich piles up near the colloidal surface. While this accu-
depletion potentialy/ () (r)/kgT. mulation is quantitatively described by the SPM it is absent
in the ordinary PM. The PBYM and DLVO theories lead to
which is of similar order than the Coulomb attraction alsoforces that strongly overestimate the HSSM data.
shown as a dashed line on FigbB This will have important We have further tested the frequently invokesiiperpo-
consequences of counterion adsorption on the colloidal susition principle’ which approximates the total force as a sum
face. This effect is induced by the granularity of the solventof the PM and the depletion term. Its comparison to the full
and is absent in the PM. HSSM data is given in Fig.(@). The first maximum of the
total force is semiquantitatively reproduced but the superpo-
sition principle predicts a second maximum which is too
V. RESULTS FOR THE SALT-FREE CASE sharp compared to the HSSM data. This becomes even worse
for a doubled counterion diameter of 6 A where the super-
position predicts a secondary maximum which is completely
Although the amount of solvent which has to be simulatedabsent in the HSSM data, see Figb)6 The physical reason
explicitly has been reduced drastically by the solvent-batHor that is that the counterion layering coupled to the solvent
scheme, only colloidal sizes which are in the nanodomairdegrees of freedom becomes relevant for these distances.
can be addressed on present-day computers. We have per-The forces for a doubled counterion diametgrare pre-
formed extensive computer simulation in this domain tosented in Fig. 7. For small distancésxcept for touching
check carefully the different approaches. We find that thehe PM vyields larger forces as compared to Fig. 4, as the
SPM describes the full simulation data of the HSSM verycounterion repulsion is stronger which reduces screening. In

A. Nanosized colloids
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FIG. 3. Reduced depletion potentials?(r)/kgT [(ij)
=(pp),(pc),(cc)] versus reduced distancdos: (a) polyion-
polyion depletion witho,/os=10; (b) polyion-counterion deple-
tion with o0 :0s=10:1:1;(c) counterion-counterion depletion
with o./os=1. The solid line shows the simulation results; the
dot-dashed line shows the theoretical prediction of R&f]. The
solvent packing fraction ighs=0.3. The inset shows the situation.
The dark spheres correspond to the pair of charged particles; the
solvent is the hollow spheres. Theaxis starts for touching par-
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F(rjo/ksT

—_
(=}
T

FIG. 4. Reduced distance-resolved forgér)o,/kgT versus

reduced distance/o, . The inset shows the same for nearly touch-
ing polyions of molecular distances. The simulation parameters are
dc=1e, q,=—32, =81, 0,:0.:05=10:1:1, ¢,=5.8x10 3.
Solid line with error bars: -HSSM; long-dashed line: SPM; short-
dashed line: PM; open circles: DLVO theory; open squares: PBYM
theory; dotted line : SYM theory; dot-dashed line in inset: solvent
depletion force(for comparisoin

the HSSM and SPM, on the other hand, the polyion-

counterion depletion attraction is also getting stronger, such
that the total polyion screening is practically unaffected. Of
course, the PBYM and DLVO theories yield results which

are insensitive to the counterion diameter.

Furthermore, we have investigated the case of stronger
Coulomb coupling by considering divalent counterions. Ex-
plicit data are shown in Fig. 8. There is overscreening of
polyions resulting in a mutual attraction between like-
charged polyions. We emphasize that it is the electrostatic
term of the counterions that produces the attraction but not

0.12
0.1
0.08 |
O
© 0.06

(=1
0.04

c

0.55 0.65 0.75

ticles. For comparison we have also included the Coulomb interac-

tion of the PM as dashed lines iib) and (c) for q,=—32e, q.

FIG. 5. Reduced counterion density proﬁ:l@zrg around a single

=1le, ande=81. Note that the polyion-counterion Coulomb poten- polyion versus the reduced distanger, from the polyion center.

tial in plot (b) is reduced by a factor of 1/10.

The parameters and the line types are as in Fig. 4.
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1 1.1 1.2 1.3
1o,
200 [ FIG. 7. Same as in Fig. 4 but now for a double counterion
diameter such as:0.:0,=10:2:1.
80 have been performed for a single polyion in a spherical cell

and the counterion boundary density was calculated. The
boundary of the cell was not hard but counterions leaving the
cell were inserted at the opposite side of the cell. Again a
N smaller spherical solvent bath around the polyions with a

/ \ width h and inflective boundary conditions were used, see
_100 | /,\ SPM F@g. 10 for the setup and a prqje_cted simulation snapshot. As
Figs. 4 and 7 show, the SYM is indeed a reasonable descrip-
/ depletion tion of the forces for large distances. We also remark that the
‘ ‘ ‘ SPM and the HSSM yield the same counterion density at the
1.1 1.2 13 boundary of the spherical cell needed as an input for the

r'c SYM, which justifies the usage of the SPM to get the

P solvent-renormalized Yukawa parameters of the SYM.

FIG. 6. Test of the superposition principle: reduced distance- 1he Vvalidity of the SYM only holds for the case of
resolved forceF (r) o, /kgT versus reduced distancéo, for two ~ Monovalent counterions where the remaining “free” coun-
different counterion sizega) o.=3 A , (b) 0,=6 A . The force  terions are responsible for the screened, repulsive force. For
predicted by the superposition principle is the short-dashed linedivalent counterions, no free counterions are left, and a lin-
The other parameters and notations are the same as in Fig. 4.

F(r)o /ksT

=200
1

6

the counterion or solvent depletion term.

Nearly every counterion is in the presence of the colloidal
surfaces, as demonstrated by the counterionic density profile
shown in Fig. 9, where the piling up of counterions near the
colloidal surface is much stronger. The attractive force has a
range of several polyion diameters. Again the SPM perfectly
reproduces the forces. The PMnd also the PBYM and
DLVO theories, on the other hand, yield repulsion. This
demonstrates that a discrete solvent has a profound influence
on the effective interactions. A similar statement was made
in Ref. [42], where a model, more sophisticated than hard

F(r) o /kyT

o

spheres, was used for solvent molecules. The authors predict 27

an increasing of counterion condensation near the macroion . . .

surface and, as a consequence, a decreasing of the repulsion 1.3 2 3 4 5
between them. On the other hand, the higher density of ab- r'c

sorbed ions should induce larger fluctuation correlations be- P

tween two opposite double layers. FIG. 8. Same as in Fig. 7 but now for divalent counterions and

We finally discuss the validity of the solvent- ¢,:0.:0.=14:2:1. Thefurther parameters arg,/qc/=32 and
renormalized Yukawa modé&BYM). Computer simulations  ¢,=5.8x 1073,
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0.75

FIG. 9. Same as Fig. 5 but now with the parameters of Fig. 8.

earized screening theory breaks down such that an attraction
cannot be encaptured by the SYM.

B. Mesoscopically-sized colloids

Our results for mesoscopically-sized colloids are based on 05 15 2.5 35 45
SPM simulations as justified in the preceding chapter. d/cs
Distance-resolved colloidal force&(r) for monovalent 100 -
counterions, a size asymmetry of,:o.:0s=370:1:1 or
370:2:1, and xharge ratio ofy,/q.=280 are presented in G=6A xu e
Fig. 11. These forces are repulsive but much smaller than ¢
that from PM simulations. Again, this is due to counterion ] ) 3 4
accumulation near the colloidal surface as induced by the r'c
additional solvent depletion attraction. As the corresponding P
potential energy gain is only fewgT, this depletion attrac- FIG. 11. Reduced distance-resolved fofer)a,/KgT versus
tion is different 'from chemisorption of counterions. The yequced distance/, for larger polyions,s, o, :og = 370:1:1,
solvent-renormalized Yukawa mOd&YM) leads to forces |qp/qc|=280, ¢p:2-3x 10*3’ and monovalent counterionga)
that are very similar to the SPM over the whole range of_ong-dashed line: SPM; short-dashed line: PM; open circles:
distances explored while the PM overestimates the forces. DLVO theory; open squares: PBYM:; open diamonds: PM with
charge reduction, dotted line : SYNb) Long-dashed line: SPM for
a doubled counterion diameter,=6 A ; solid line: SPM foro,
=3 A ; dashed line: PM. The inset shows the corresponding re-
duced counterion density profile in the vicinity of a single polyion
versus the reduced distandéo, d being the distance from the
polyion surface.

SPM

The traditional meaning of the “bare” chargg, in the
PM is not the full polyion charge but a smaller charge which
results from a polyion charge reduction by strongly adsorbed
(or condensedcounterions. This picture can also be tested
against our results. We first have calculated the average num-
ber of counterions in a molecular shell around the colloids of
width &. If the polyion charge is reduced by this amount and
the PM is used to predict the effective interaction, the result-
ing force still overestimates the HSSM data, see the open
diamonds in Fig. 1@). In order to fit these data satisfacto-

FIG. 10. View of the setup and projected simulation snapshofily, one has to assume an unphysically large width éft&
for a single polyion in a spherical Wigner-Seitz cell. The polyion is get a charge reduction that reproduces the SPM data. Hence
shown as a dark open circle in the cell in a bath of solvent particleshe PM cannot be justified even with a polyion charge reduc-
(small hollow spherescontained in a spherical cell of width The  tion. The reason for that is the weak hydration forces which
counterions are shown as small dark sphefeis. the cell radius.  are quite different from chemisorption providing a strong
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to added salt and is related to a nonmonotonic counterion
density at the cell boundary as a function of density. It can be
understood as follows: For extremely high packing fractions
the spherical cell accessible for the counterions is a very thin
shell across which the polyion-counterion attraction varies
slowly. Due to the rapidly decreasing volume accessible for
the counterions, the boundary counterion density becomes
larger for increasingp,; see the volume fraction correction
in Refs.[45,46. On the other hand, for very smaf,, en-
150 + 1 tropy of counterions will force them to cover the whole ac-
cessible space. The counterion density at the cell boundary
will increase for decreasing, ; getting close to the average
density in the limit¢,—0. We remark, however, that the
100_4 _'3 _'2 _‘1 0 nonmonotonicity occurs at high polyion packing fractions of
|Og10¢ order¢,~0.05- 0.2,. where the approximation of a spherical
p cell becomes questionable.
The PBYM for a fixed bare charge leads to larger values

250 1

FIG. 12. Renormalized charg;% versus the decadic logarithm SR . .
logyo¢p Of the polyion fraction as obtained within a spherical cell (long-dashed line in Fig. J2hat still correctly describe the

containing a single polyion. The parameters are the same as in Fi .end and thg nonmonoto!’ucny. If the SPM data for the
11. Solid line: SPM; long-dashed line: PBYM; dashed line: PBYM mallest colloid concentration are taken as a benchmark, a

for a fixed bare charge af,=26%. bare charge ofj,=26% is necessary to reproduce the same
renormalized charge within the Poisson-Boltzmann theory.
. . . _ This procedure is in strong analogy with interpreting an ex-
counterion binding with an energy gain of hundreds or thouyeiment where the charge is a fit parameter to describe the
sands okgT. Furthermore, an arbitrary splitting into a frac- g, ctyral data. Starting from this bare charge and changing
tion of condensed counterions and “free” counterions deésyq o gigal density, the PBYM predicts a similar trend for
scribed by DLVO, Poisson-Boltzmann, or any other localy,q yenormalized chargshort-dashed line in Fig. 1®ut the
density-functional theory is not possible: near the coIImdaIactua' numbers are different. This is consistent with experi-

surface the electric double layer is highly correlated such thgfye s on strongly deionized colloidal samples which were
f|?<|ng a fractlpn of counterions gives a cqmplgtely d'ffe_remsuccessfully interpreted using a Poisson-Boltzmann renor-
picture. Only if the fraction of free counterions is determined . ji-ed coiloidal chargé28,30,29.

within an approach that includes all these correlati@ssin
the SYM), is a linearized screening theory far away from the
colloidal surfaces justified.

Recent theoriegsee, e.g., Ref§43,44)) that invoke such Within the HSSM, the salt ions enter as charged hard
a splitting only work for relatively small Coulomb coupling. spheres. For simplicity, we have considered a situation
Further SPM results for a doubled counterion diameter arguhere the salt ions are monovalent and have the same diam-
presented in Fig. 1(b). As the counterion depletion force is eter as the counterions and the solvent. Results for the effec-
getting stronger for a large counterion, the force is gettingive interactions for a case with added salt are presented in
smaller; compare the full and dashed lines in Figbl1The  Fig. 13. As expected, the salt ions provide an additional
PM [short-dashed line in Fig. 14)], on the other hand, is screening such that the forces are less repulsive than in the
practically insensitive to a change of the counterion diametegalt-free casdcompare with Fig. # The SPM reproduces
except very close to the colloidal surfaces. This picture gainghe full HSSM data for intermediate distances but there are
further support from the counterionic density profiles arounddeviations for molecular distances. This is in contrast to the
a single polyion shown in the inset of Fig. (bl for distances  salt-free case where good agreement between the SPM and
very close to the colloidal surface. A layer of condensed buthe HSSM was found even for small distances. The physical
still mobile counterions close to the surfaces is present in theeason for this is that the pair potential decomposition, which
SPM which is absent in the PM. The larger the counterionis the basic approximation of the SPM, breaks down for
diameter the more counterions there are in this layer as theearly touching polyions as important configurations are
depletion gets stronger. paired microions squeezed between the polyions. This is a

We finally discuss the solvent-renormalized Chaqgeas manifest many-body situation beyond the pair level. Still for
a function of the colloid volume fractio, for the fixed two well-separated polyions or a single polyion, the SPM
bare chargeq, and compare it with the prediction of the and the HSSM yield similar results for the counterion density
traditional charge renormalization approach within thefield or the colloidal forces.
Poisson-Boltzmann cell theoryPBYM) [10]. Simulation As in the salt-free case, we have tested the PBYM. The
data forq’g based on the SPM in a spherical cell are showrsolvent-renormalized chargq% as obtained from the SPM is
on the full line in Fig. 12. The renormalized charge is smallerplotted as a solid line in Fig. 14 versus salt concentration. It
than the bare charge and behaves nonmonotonic with théeecreases for increasing salt concentration. The PBYM for
particle density. The nonmonotonicity is stable with respecthe same bare charge gf=28Ce yields the same trend as

VI. EFFECTS OF ADDED SALT
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FIG. 13. Same as in Fig. 4 but now for the added monovalent

salt, c.— 0.022 Molll. FIG. 15. Reduced distance-resolved fofe@) o, /kgT versus

reduced distance/o,. The counterions are divalent and the size
asymmetry isop:o.:0s=33:1:1. The further parameters are
obtained in earlier investigatiorig7], see the long-dashed [d,/d./=16, e=5, and ¢,=1.6x10 2. Solid line: PM without
line in Fig. 14. If scaled by using the SPM data for the salt; long-dashed line: PM with monovalent salt at concentration
salt-free case as a benchmaskort-dashed line in Fig. 14 Fs:0'093 MoI/I. The rang@/op=0.476 of the depletion attraction
the trend obtained in the PBYM is almost the same as that iff @S0 indicated.

the SPM. This explains the success of fitting experimental

data[48,28,30,29 by using the PBYM for real colloidal VII. COMMENTS ON OTHER MECHANISMS

samples which typically contain a lot of added salt. If the FOR POLYION-POLYION ATTRACTION

SPM data for a high concentration of added salt is used as \yg finally comment on two other physical mechanisms
benchmark point, the PBYM predicts a much smaller renorfor mutual attraction between like-charge colloids. The first
malized charge upon deionizatiqdot-dashed line in Fig. is the counterion depletion mechanism which was found
14). within the PM in salt-free colloidal suspensions with strong
Coulomb couplingas realized by a small dielectric constant
[5]. We have redone the simulation using the same param-
eters as in Refl5] but now with added salt. The depletion

250 ; . , ; attraction is reduced but still present, see Fig. 15. As set
forward in Ref.[5], the range of the attraction is comparable
to

200

— 150 a= ch/qp\/Zwl\/gop, (10

O

N—

*09 which is a typical counterion distance corresponding to the

100 + : . ) . X
spacing of a triangular lattice on the spherical colloidal sur-
face. This length is also included in Fig. 15.

50 | Unfortunately, the polyion radius used in Rg5] is too
large to allow for a reasonable number of solvent particles in
the solvent bath. Therefore we have slightly reduced the

0_9 5 > - s polyion size such that the PM yields the same counterion
depletion-mediated attraction. Results based on the HSSM
log,,(c./C,) P

and PM are collected in Fig. 16. As can be deduced from this

FIG. 14. Renormalized chargg versus the decadic logarithm figure, the depletion-mediated attraction is stable with re-
logyo(C</co) Of the salt concentration, whemy=1 Mol/l is a ref-  SPect to an explicitly added solvent. It is further stable but

erence salt concentration. The parameters are the same as in Fig. feduced with respect to added salt. However, an added sol-
but now¢,=8x10"% ando,=3 A . Solid line: SPM; long-dashed vent reduces the attraction a bit. The physical reason for that
line: PBYM; dashed line: PBYM for a fixed bare charge gf  is that the solvent will prefer to stay in the counterion-free
=210e; dot-dashed line: PBYM for a fixed bare charge @f  space near the colloidal surfaces such that the solvent deple-
=130e. tion cancels part of the counterion depletion force.
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VIIl. CONCLUSIONS
60 In conclusion, based on simulations of a model that con-
tains the granularity of the solvent explicitly, we have shown
30 | that hydration forces profoundly influence the colloidal inter-

action. For divalent counterions, there is a solvent-induced
attraction that is not contained in the traditional primitive
model but can be encaptured within a solvent-averaged
primitive model (SPM). For monovalent counterions, the
forces can be described by a solvent-induckdrge renor-
malization This picture is in agreement with experiments on
strongly deionized samples where a Yukawa picture can be
employed provided the colloidal charge is renormalized to-
wards a value smaller than the bare chd4f@. The trends

of the renormalized charge upon increasing the salt concen-
tration are similar in the Poisson-Boltzmann cell model and
the SPM, which explains why the experimental data could be
well described by using a Yukawa interaction with a
reduced distance/o, for divalent counterions andr,:o.:0o P0|ss_on-.BoItzmann renormal'zed char{8,30,29. Still,
~10:1:1. Thefurther parameters afe|, /q| =16, =20, andd, quantltatlvely, there are differences between the renormal-
=5.8x 10" 2. Solid line: HSSM without salt; long-dashed line: Pm 1Z8d charges of the Poisson-Bolizmann cell model and the
result with added monovalent salt at concentratiog=2.74 SPM.

X 10~* Mol/l; dashed line: PM without salt; dot-dashed line: pure  Future research should focus on the role of the permanent
electrostatic interaction between a pair-o2e and — 2e ions. The ~ dipole moment in a polar solvent as modeled by dipolar hard
depletion rang@/o,=0.476 is also shown. The long-range tails of Sphere$59,60 or a Stockmayer liquifi1]. Also more work

the forces are compared in the inset. The arrow there indicates tHeas to be done to explore the role of charge regulation and
rangea. chemisorption of counterions near the colloidal surfaces.

d h hani f b Furthermore, the dielectric discontinuity at the colloidal sur-
Second, we comment on the mechanism of metastablg o5 resyiting in image charge effects has to be explored in

opposi_tely-ionized CO.HOidS leading to Iong-ranged C_OUIombmore detail. For all these circumstances the concept of a
attraction as found in recent salt-free PM simulations by,oormajized polyion charge resulting in a Yukawa picture
Messinaet al. [7]. We have confirmed and reproduced this o, 14 pe possible, provided there are free counterions left
effect in our simulations for the. parameters of Fig. 16. Wethat dominate the effective repulsion between the colloids.
fo.und, however, th‘?‘t the.opposne |on|_zat|on_of the colloids We finally point out further possible applications of our
will be suppressed if salt is added. In Fig. 16 it is shown thakjnjation technique: If used without the confining solvent-

ror large distancles th? salt—ffree P.M .datg are close to thBath shell, our approach startalj initio” and even employs
ong-ranged Coulomb force for an ionization degree by ongyq ¢rrect microscopitmoleculay dynamics of the solvent.

counterion (compare the dot-dashed and the short-dashe herefore, it could also be used to address dynamical ques-

"g‘z.”ﬁ thel inset of Fig. 15 Onﬁ?bsalt IS addg%,_ hovxllever, thde tions in equilibrium and nonequilibrium. Important examples
adaditional microscopic ions will be attracted directly towards ..oy the motion of polyions and counterions under the

the ionized polyirc])nsl, and ther:ongl_—ran_get:] Cpulomt; attractionyfence of an external electric field, including effects as the
disappeargsee the c_mg-das ed Ine In the Inset o F'g)-15 electrophoretic mobility50-53, ion migration[54], electro-
Hence, the mechanism of attraction due to metastable iofgnetic propertied55], and electrolyte frictior{56,57). Our
ized states is not stable with respect to added salt, at least f%proach produces both diffusive motion and hydrodynamic

the parameter comblnapon |nvest|gateq in .F'g' 16. We als teractions mediated by the solvent as an output. Of course,
remark that metastable ionized states will disappear for sep ine will not be able to simulate large time scale separations

rations shorter than the characteristic depletion zone lengt etween the Brownian and the structural relaxation time
a. For such close configurations, the mutual attractive Cou[58] but one should try to start with moderate time scale

!omb c_orrelatlons in the counterion cloud aroundl both pOIy'separations in order to test the approximative theories of
ions will lead to a symmetric shearing of counterions by theelectrophoresis
two neighboring polyions. For such small separations, coun- '
terion depletion is responsible for the attraction. As a func-

tlpn of d|sFa_nce, th_e total force is npnmonoto_nlc. For small ACKNOWLEDGMENTS

distances it is dominated by counterion depletion that decays

off rapidly on the scale, while for larger distances the elec-  We thank R. Roth, M. Schmidt, and T. Palberg for helpful
trostatic resulting from the metastable oppositely-ionizedremarks and the Deutsche Forschungsgemeins¢bédit)

colloids leads to a long-ranged attraction. for financial support.
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FIG. 16. Reduced distance-resolved fofe@) o, /kgT versus
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