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Structure and phase behavior of a model clay dispersion:
A molecular-dynamics investigation
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Reversible molecular-dynamid®D) simulations have been carried out on simple models for
dispersions of circular Laponite clay platelets to investigate the local structure on a mesoscopic
scale. The platelets carry discrete charged sites interacting via a screened Coulomb potential. In
model A all surface sites have identical negative charge, while model B also includes rim charges
of opposite sign. These two models were used in a series of simulations in the semidilute regime,
and for three values of the Debye screening length. The structure of the dispersions is characterized
by translational and orientational pair distribution functions, and by the corresponding structure
factors. Qualitative differences in the pair structure arising from variations in concentration and
screening length lead to a tentative identification of sol, gel, and crystal phases. The rim charges
have a dramatic effect on the local structure in the strong screening regime, leading to T-shaped pair
configuration and clustering of the platelets at low clay concentrations, and at higher concentrations
to a space-filling “house-of-cards” structure. @000 American Institute of Physics.
[S0021-960600)70601-5

I. INTRODUCTION much more dilute dispersions of finite platelets with more or
less random orientations, and in particular of the sol—gel
Our understanding of the structure, phase behavior, angtansition. This is partly due to the fact that natural smectite
dynamics of colloidal dispersions has progressed enormousiay particles are highly polydisperse and irregularly
in recent years. This progress is mainly due to the availabilshaped However, the availability of well-characterized syn-
ity of well-characterized synthetic samples, the emergence ahetic clays, like the disc-shaped Laponite particles, opens up
new experimental techniques, including video microscopy Othe prospect of a semirealistic statistical description of the
photon-correlation and two-color spectroscopy, and to thetructure, phase behavior and rheology of such model clays,
successful application of theoretical tools borrowed from thehe more so since Laponite is being thoroughly explored by a
theory of simple fluids, such as density functional theoryyariety of experimental scattering and rheological
DFT.* However, most of the experimental and theoreticalechnique€° A statistical description of Laponite disper-
efforts have focused on monodisperse or polydisperse sugions on the mesoscopic scale of the platelet diameter poses
pensions of spherical particles, because they lead to obvioysformidable challenge, due to the complexity of the highly
simplifications, both in their experimental and theoreticalanjsotropic screened Coulomb interactions between platelets.
analysis, in particular as regards their effective interactionsthe simplest situation of a highly swollen, columnar phase
As to nonspherical colloidal particles, there is a growing lit-of yniformly charged discs may be examined within a
erature on rodlike, natural or synthetic colloids, like the ar-\wjgner—Seitz cell model, by Poisson—Boltzmann thedry.
chetypal tobacco mosaic virgMV), which lead in particu-  This model is, however, of no help when the platelets are
lar to lyotropic nematic ordering of entropic origin, as showngjiowed to rotate. A crude model, whereby Laponite platelets
already 50 years ago by Onsader. and their associated electric double layers are represented by
Clay dispersions, on the other hand, are examples Qionintersecting discs carrying a constant electrostatic quad-
suspensions of lamellgior plateletlikg colloidal particles rupole moment, has been investigated by Monte Carlo
and are the subject of an enormous experimental literatur&jmy|ations? The results of these studies point to a revers-
due to their obvious technological importance in many in-jple sol—gel transition under physical conditions in semi-
dustrial branched.While the one-dimensional swelling of quantitative agreement with experimental dta.
clays, modeled by stacks of infinite lamellae with interca-  The quadrupolar disc model is clearly an oversimplifica-
lated water and counterions, is reasonably well understooglo, which may be criticized on several accounts. In particu-
theoretically, thanks in particular to detailed molecular|,y j; is inadequate at very short range, where any multipolar
simulations®® there is no clear theoretical picture yet of expansion breaks down, and at long range, where electro-
static interactions between mesoparticles are exponentially
dElectronic mail: jph32@cus.cam.ac.uk screened. In this paper an alternative, more realistic model is
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considered, whereby each platelet is characterized by a finite e e e e e

number of discrete charge sitésin total) with a fixed sur- LA A ¢ e s s o0 e e e e e

face distribution. The electrostatic potentials are exponen- ¢ ¢ ¢ ¢ ¢ ¢o000 e MRS

tially screened by the microscopic co- and counterignsi- LA e o e e DRI

croions”), according to linearized Poisson—BoltzmafiB) e o o oo o

theory. The resulting interaction energy between two plate-

lets is the sum of? site—site screened Coulomb interactionsF'_G- 1. Hexagonal grids with 19, 3_7, and 61 charge sites used as model for

of the Yukawa form. This interaction model may be regardeo|Jnlformly charged platelets of radif

as a multisite generalization to nonspherical polyions of the

classic Derjaguin—Landau—Verwey—Overbd€VO) po-  The corresponding spacing between grid pointsa D/6,

tential  between charge-stabilized spherical colloidalandp/s, respectively.

particles™® The same multisite picture may be applied to In model A, all sites carry identical charges=Q/v

describe interactions between charged rdds. =ze, with z= —36.84, —18.92, and—11.47, respectively.
The present paper reports detailed molecular-dynamicgiodel B allows for rim charges, by assigning positive

(MD) simulations of the local translational and orientationalcharges to the outermost shell of sites, such that the total rim

structure of dilute and semidilute dispersions of Laponitecharge amount to 10% of the absolute value of the surface

platelets based on force fields derived from the above intercharge, while keeping the total charge of the platelet at the

action model. The objective is to examine the dependence @fxed value—70Ce. The resulting distribution of charges is

the local structure and osmotic properties on Laponite andymmarized in Table .

microion (sal concentration, and to explore a possible ge- | poth models, the suspending fluigate) is treated as

lation. Recent scattering experiments, combining three radiag mere continuum of dielectric constante= 78 for water at

tion sources, are consistent with a complex fractal gel strucroom temperatupe This assumption is reasonably well jus-

ture spanning several decades in length stalhe present tified on the mesoscopic scale, set by the platelet dianmter

MD simulations are restricted to samples of 32 or 108 plateyhijch far exceeds the correlation length of water. The sus-

lets, and can hence only probe local structures on the scale ggnsjon also contains microiongounterions and added

a few disc diameters. On the other hand, the coarse-graininggiy which will screen the Coulomb interactions between

inherent in the model, which integrates out solvent and Mmisijtes on different platelets. Letdenote the number of plate-

croion degrees of freedom, implies that the simulations canfets per unit volume, .. ,z.) and (_,z_) the concentra-

not account for the molecular details which are known totjons and valences of positive counterions and negative

control the initial swelling stagesHowever, the interaction cgions. Overall charge neutrality requires that

site model adopted in the present work enables us to examine

the effect on the local structure of possible rim charges, of N4+N+zy+n.z_=0. 21

opposite sign to thénegative surface charges carried by the within linearized PB theory, the effective interactions be-

platelets, in a straightforward way. It will be shown in Sec.tween charged sites,, andr;z on platelets andj (1<i,]
VI that such rim charges can have a dramatic effect on thecN: 1<aq, B<v) are of the DLVO forni®

local structure in the strong screenifiggh salt concentra-

2
tion) regime. ZaZp®

Vap(r)= e o', (2.2

IIl. INTERACTION SITE MODELS where r=|rj,—rj4 and kp=1/\p is the inverse of the

Laponite RD is a synthetic clay, made up of nearly Debye screening length of the microions
mo_nodisperse, t_hin cylindrical platelets, with a crys_talli_ne 4m(n, 22 +n_z2)e?
unit cell, rather similar to that of the natural montmorrilonite KZD:
phyllosilicates'® A typical Laponite platelet has the appear- ekgT
ance of a flat coin of diameteD~25nm, thicknessd A justification of the effective pair potential&.2) is given in
~1nm, and carries a charge of0.7e per unit cell, amount- the Appendix. Two remarks are in order concerning these
ing to a total surface charge=Ze of roughlyZ=—700. On  effective potentials. First, no excluded volume is associated
a supramolecular scale, this charge may be considered agth the interaction between charged sites and microions.
uniformly spread over the total areaD%4 of a two-  Within DLVO theory for spherical colloidal particles, the
dimensional disc, corresponding to a uniform surface chargexclusion of the microions from the colloidal spheres leads
o=4Q/(wD?). However, because of the lack of spherical
symmetry, the bare or screened Coulomb interaction be-
tween two uniformly charged platelets is a complicated funC_TABLE I. Assignment of site charges for a platelgt for which the rim charge
. R . . . is 10% of the face charge and the total charg®is —700e (model B.
tion of the vector joining their centers and of their orienta-

(2.3

tional degrees of freedom, which can only be reduced to an number of sites 19 37 61
unwieldy, three-dimensional integral. For that reason, a dis- number of rim sites 12 18 24
crete charge representation was adopted, whereby the totanumber of face sites 7 19 37
. g . charge on rim site 6.48 4.32 3.24
chargeQ is distributed over a hexagonal array ofsites, .
. . . _ charge on face site -111.11 —40.93 —-21.02
each site carrying a chargg=Q/v. The 3 grids ofv=19, spacing between sitda] 62.5 41.66 31.95

37, and 61 sites used in the simulations are shown in Fig.
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to an enhancement of the colloid charge by a factor 1

e“oR/(1+ kpR), whereRis the colloid radius. For platelets, 08 | 3

the relevant length would be the thicknessand the result- ‘\\\\

ing factor hardly deviates from 1. In model B, however, the = 06 ¢ R\

attraction between negative surface charges on one platelet S04t “?\\

and positive rim charges on another would lead to Coulomb 02t ‘tb\\

collapse in the simulations. Hence a short-range repulsion 0 | T i

must be added to prevent this collapse. For numerical con- 0 002 004 006 0.08 0.1
venience, we have chosen a soft repulsion acting between all k[A™]

sites

FIG. 2. Form factor for the 19short dashedand 61(dashed site models

c compared to the analytical result for a uniform two-dimensional @stid
=, 2. 4) curve.

r

Vrep(r):

wherec was taken to be 0.2170 2 eV(nm)®, which yields 1.7 1 _

a repulsive energy of ordéT at room temperature when = e'k"aﬁzj J e’ rdr, (2.7

the sites are about 0.7 nm apart. This choice is somewhat Va=1 A

arbitrary, but convenient for MD purposes. The overall be-and a straightforward calculation leads to

havior of the model is expected to be insensitive to details of

the short-range repulsion. Fr(k)= —>—

. . . R k2R2

The second remark is that the mean-field effective po-

tentials completely ignore the specificity of the microions, yhere J, denotes the cylindrical Bessel function of order 1.
which only determine the Debye screening length. Thiscigyre 2 shows that in the rang®R=<10, the results for the
coarse graining is acceptable as long as only mesoscopg _site grid are very close to the continuous ligit8), while
properties on the scale of the platelet diamé&eare consid-  hose for 19 sites show reasonably small deviations. The dis-

ered. o o . crete nature of the grids only shows up kdR>20, when the
Two characteristics of individual platelets are of interest.gmpjitude of the form factor has dropped below 0.05.

Due to inversion symmetry of the discrete charge distribuxnowledge of the form factor will be important for the in-

tion on a platelet, the electric dipole moment vanishesterpretation of the structure factor data in Sec. IV.

Choosingz along the normal to the platelet, the nonzero

component of the quadrupole tensor may be expressed as ;| MOLECULAR-DYNAMICS SIMULATIONS AND
DIAGNOSTICS

e 14
Qz=3 > | p([82%~r?]dr, (2.9 Model systems consisting i platelets in a cubic box
el under periodic boundary conditions were simulated using

wherep(®(r) is the charge density associated with siten conventional microcgnonical rr_lolecular_ dynami¢siD)
the platelet, as defined in Appendix A. Substitution of theMethods. The dynamics of the discrete site models A and B,
explicit form of Eq. (A8) for p(@(r), as obtained within introduced in Sec. I, was solved using the holonomic con-
linearized PB theory, into Eq2.5) immediately leads to the straints algorithm of Ciccotet al,'® treating the platelets as
conclusion thatQ,,=0. The absence of a quadrupole mo- completely rigid planar molgcules. .In t'his approach a mini-
ment within the present model precludes a direct comparisoRUm number of mass-carrying basic sitgwee for a planar
of the subsequent results with those of Ref. 12. moleculg is selected. These sites form the skeleton of the

A second convenient property is the form factor of amolecule which is kept fixed by imposing quadratic con-
single platelet. Let, denote the position of site with re- straints on the length of the connecting vectors. The remain-

spect to the center of the platelet. The form fadegk) is ing sites, which can be massless, are secondary sites and are
defined as: attached to this frame by fixed linear relations. For the basic

sites of the platelets three rim-sites in an equilateral triangu-
ey 11 1) lar configuration were chosen. These sites were given a mass
= (e alp )sz—;+ ;ZC;B (e, of 747900 relative to the proton mass. Secondary sites were
(2.6) left without mass, which implies that the 19, 37, and 61 site
models havealmosy} identical inertial properties. A typical
where the average is taken over all orientatibns (60, ¢) of  time step used in the Verlet algorithm for iteration of the
the normal to the platelet with respect to the wave vektor (constraineglequations of motion is 20 ps. Apart from infre-
F (k) is easily calculated as a function lofor the three grids  quent scaling of the velocities at the start of a run, the tem-
of Fig. 1, by sampling orientations from an isotropic distri- perature of a system was not controlled and the trajectories
bution of platelet orientations. Results are compared in Fig. 2nust be considered as essentially sampling the microcanoni-
to the analytic result corresponding to a disc of radiuscal ensemble. The screened Coulomb interactions were
R=D/2 and aresh = 7R? with a continuous charge distribu- treated as short range, subject to a spherical cutoff at half the
tion. The sum over sites then goes over into an integrabox length. The image vectors are computed from the posi-
overA tion of the centers of mass of a pair of platelets and applied

1
1—ﬁ31(2kR)}, 2.9

vN||_\

F(k)=
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to all sites. After initial equilibration, trajectories were gen- plateleti, r;, the position of sitea on plateleti, and|;,
erated and averages taken ovef litne steps for the 108- =r, —R, its position relative to the CM. The Fourier com-
platelet sample, and over-25x 10* steps in the case of the ponents of the microscopic density of sites are

smaller 32-platelet system.

N v N v
Reversible MD ignores the random collisions with the _ ikeri ik-R: A
solvent and microions, and the resulting dissipation and hy- p"_gl azl € '“‘21 € 'Zl e @32
drodynamic interactions between platelets, so that no physi- . ,
cal significance can be associated with the dynamical anEhe structure factor is defined as
transport properties derived from the MD simulations. How-
ever, the Brownian and hydrodynamic forces do not affect S(k)= W<pkp—k>
static properties derived from equal time correlations, imply-
ing that such properties may be calculated exactly from MD =F(K) + Sipted k), (3.3
trajectories, up to statistical uncertainties and finite size ef\'/vhere the intramolecular structure facfaorresponding to
fects. Nonetheless, the trajectories were also used to comptﬁ@ei:j self terms in the double sum arising in the first line

some equilibrium time correlation functions to gain SOmeqt £q (3 3] coincides with the form factor introduced in Eq.
qualitative feeling for the translational and rotational motion(2_6) while the intermolecular contribution corresponds to

of individual platelets under various physical conditions, andtheia&j terms. The latter can be expressed in terms of site—
in particular in different phases. site partial structure factors
A number of diagnostics were used to characterize the

simulated samples. Snapshots of instantaneous configura-
tions of the platelets were visualized using three-dimensional
computer graphics and the relative motion of the interactingl_ . ) _
platelets was investigated by animation techniques. Such vithe lattér are Fourier transforntsT) of the set of site—site
sualizations, similar to video microscopy now routinely usedP@ir distribution functions of which a reduced skthe

to observe experimentally prepared samples of micron-siz8ab(r)] has been introduced earlier. In particular the CM
colloidal particles, allow a rapid, qualitative assessment oftructure factor

the local structure and of the possible existence of long range 1 _

order. Examples will be shown and commented in Sec. V. A Scm(K)= NZ >, (e (RimRyy, (3.5
more quantitative characterization of the local structure is b

provided by pair distribution functions. Only site—site distri- is directly related to the FT ofq4(r).

bution functions describing the positional correlations be-  If the CM positions and platelet orientations are assumed
tween sites on different platelets were considered. To thab be uncorrelated, the intermolecular structure factor factor-
purpose, the sites on a platelet were divided into three caizes into

egories: Category one contains the central site only, coincid- _ 2

in% with the cgntgr-of mas&CM); category two ContZins all Snter K) =[Som(k) = 11- [T ()] 3.6

the sites except the central one and the ones on the periphempere f(k) is given by the following average over orienta-
of the grid(i.e., the rim site and the third category includes tions:

only the latter rim sites. This classification allows one to 1

define six different site—site distribution functiogg,(r)(1 f(k)= —<E eik"u> ) (3.7
<a,b=<3), but in practice only the CM-CMg4(r)], Ve Q

face—rim [go3(r)], and rim—-rim[gsx(r)] functions were
considered.

In view of their highly anisotropic shape, orientational
correlations between neighboring platelets are expected to be sirf(kR/2)
strong, particularly so at high platelet concentrations. Such f(k):4W'
correlations are characterized by taking the statistical aver- . | . .
age of the second Legendre polynomial order parameter Deviations of MD data from the approximate relatit6)

provide a measure of the strength of local orientational cor-

P(6;;)=3cod(8;)—1, (3.1)  relations.

The structure factor also provides a direct link with ther-

for a fixed distance =|R;—R;| between the CM of two modynamics, via the compressibility relatiéralid for ionic
platelets. In Eq(3.1), ¢;; is the angle between the normals  fyigs'?

and n; to plateletsi and j. Averaging over all pairs, one ) )

arrives at the orientational pair correlation functigg(r). lim S(k) = lim Sem(k) =nkgTx7, (3.9

When neighboring platelets are nearly paraligl(r) will be k-0 k-0

positive and close to the maximum allowable value 2, whilewhere y1 is the osmotic compressibility of the suspension.

T-shaped configurations lead to negative valueg{fr). Translational and rotational temperatures were estimated
Equivalently, the local structure can also be characterseparately from the kinetic energies associated with the

ized ink-space by considering the experimentally accessibléranslational motion of the CM and the rotational motion

structure factor. LeR; be the instantaneous CM position of (contributing eacBkgT per platelet In most runs, the mean

1
Sniedk)= 72 24 25 Sap(K)- (3.4

For a continuous distribution of sites on a circular platelet of
radiusR

(3.8
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temperatured; andT, differ by less than 5%, indicative of TABLE II. Summary of MD simulations for models with discrete charge
good equilibration between translational and rotational dedistributions on the surface of a sphekeis the total number of spheres,

. . .the number of sites corresponding to the vertices of regular polyh&dsa,
grees of freedom. Occasional larger deviations observed e mean kinetic temperature, abdthe mean Coulomb interaction energy.

32 particle samples are compatible with the small size of the’ =259\ ,=58.9 nm,R=53 nm.

system.

Among other thermodynamic properties, the easiest to T v
. . . . N Y K kJ mol”

compute is the mean potential energywhich follows di-
rectly by subtracting the internal kinetic energy from the 108 60 315.6 101.5
total energy, or by averaging the instantaneous potential en- 198 30 3004 101.3
108 12 3115 101.3
ergy 108 6 3187 101.2
108 4 299.5 100.3

V=2 > Vap([Tia=Tjgl) (3.10

<] a8
No attempt was made to compute the osmotic pressure,

which cannot be expressed in terms of the site—site pair disf4' The slightly enhanced structure in the first peak, ob-

Lo . . served for the case of a uniform charge is a consequence of
tribution functions and would require a knowledge of the full : )
e . . the excluded volume constraint. This good agreement holds
molecular pair distribution function. An alternative way of

obtaining the osmotic equation of state would be to carry ouy;;erfglmz W;;ELTet?:di;in zcr;lreefnr}lnrg[ fxmgg;stﬁggp?ée-
constant pressure MD simulatiotfs. P ' 9 pect, g

ment deteriorates somewhat for shorter screening lengths,

As already stressed earlier, time-dependent correlatio L .
) . - . ut only so for the most sparsely distributed sites-@ and
functions and the resulting transport coefficients derive o .

), when a slight interpenetration of the spheres occurs.

from the MD-generated phase space trajectories are unphysi- The excellent performance of discrete charge models in

cal, since Brownian and hydrodynamic interactions are no h o .
included. Nonetheless the CM velocity autocorrelation func—{he case of spherical charge distributions lends some confi-

. . dence in the results on platelets, to be discussed in the fol-
tion (ACF) as well as the mean-square displacement of th? . . . S . .
. : : owing sections, particularly in view of the two-dimensional

CM of the platelets were monitored as functions of time. The .

. e . o nature of the charged discs.
resulting self-diffusion constanD yields some qualitative
diagnostics of phase behavior, since small or vanishing val-
ues of D and an oscillatory behavior of the velocity ACF V- ANALYSIS OF SIMULATION RESULTS

may be associated with a gel or a crystalline phase. The MD data presented in this section all pertain to

model A, involving only identical sites, all of equal charge;
V. A TEST OF DISCRETE CHARGE re;ults from quel B, involving oppositely charged rim sites,
REPRESENTATIONS will be the §ubject of Sec. _VI.
Simulations were carried out for samples Wf=108
Before embarking on large-scale MD simulations of in- platelets carrying'=19 sites each, and for samples with
teraction site models for charged platelets, these models weke32 and v=61 in a cubic simulation box with periodic
tested in the simpler case of charged colloidal spheres whichoundary conditions; some test runs were also made for
have been extensively investigated in the pdsbue to =37 to investigate the-dependence of the results, which
Gauss’ theorem, the Coulomb interaction between twaurned out to remain mostly within statistical errors, as ex-
spheres carrying a uniform surface charggs identical, for  pected from the previous study on charged spheres. Runs
r>R, to the potential energy of two point charges placed atvere made for three clay concentrations: 1%, 3%, and 5% by
the centers, equal to the total charge=4mR%c on the weight, and for three screening lengthg . In the limit of
surface. Within DLVO theory, the screened Coulomb inter-vanishing clay concentration, these screening lengths would
action is then given by Eq.(2.2, with z,=z,=27' correspond to monovalent salt concentrations 6f100 2,
=Z7eoR/(1+kpR).*® Accurate simulation$ and integral
equatioR’ data are available for the pair structure of this
model. Discrete charge representations were tested by carry-

ing out MD simulations for models where point charges 21
z=Z'lv are regularly distributed over the surface, leading to =~
v? site—site interactions between two spheres. No excluded =

volume (i.e., hard corg constraint for CM—CM distances

less than R is imposed. Five such regular distributions,
summarized in Table Il, were considered, and the resulting 0
MD-generated CM pair distribution functions are compared

in Fig. 3 to the data of Ref. 19 for uniformly charged spheres

for the cas&Z =200,\p=58.9 nm,R=53 nmZ’ =259) and FIG. 3. Center to center pair distribution functigg(r) for discrete charge

; : _ ; _models on spheres compared to the result for a continuous charge distribu-
a packlng fractlonn 0.1. The agreement is seen to be ex tion taken from Ref. 19crosses Indicated are the results for models with

cellent for?’:_G: 12, 30, 60, ane (Unifo_rm surface charge  ihe number of sites=4 (dash dotte} 6 (long dashej] 12 (short dashex
some deviations are observed only in the extreme ease 30 (thin solid), and 60(thick solid).

r/R
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TABLE lll. List of MD runs for model A(A1-A11) and B(B1-B6): BU/N is the mean potential energy per

platelet, divided by the mean thermal enerdy«{T,)/2.

Kutter et al.

w NS T, T, D
Run N v % 7x10 2 nm K K BUIN 10 “cnPs?
Al 108 19 1 0.4 304 301 291 0.37
A2 108 19 1 0.4 9.6 281 313 171
A3 108 19 3 1.2 3.04 318 298 3.9
A4 108 19 3 1.2 9.6 303 301 1510
A5 108 19 5 2 304 316 316 18.4
A6 32 61 1 0.4 0.96 304 297 0.028 15
A7 32 61 1 0.4 304 304 290 0.29 3.7
A8 32 61 3 1.2 0.96 305 325 0.098 3.3
A9 32 61 3 1.2 3.04 287 299 33 0.4
A10 32 61 5 2 0.96 293 304 0.21 1.6
All 32 61 5 2 304 298 308 14.4 0.04
B1 32 61 1 0.4 0.96 326 342 -2.26 12
B2 32 61 1 0.4 3.04 288 299 0.21 3.2
B3 32 61 3 1.2 0.96 348 359 -—2.15 2.8
B4 32 61 3 1.2 3.04 282 343 1.71 0.8
B5 32 61 5 2 0.96 324 333 528 11
B6 32 61 5 2 3.04 335 308 6.4 0.2

and 10 3 M. Although the finite thickness of the platelets is A6 in Table Ill. The corresponding CM pair distribution
not explicitly taken into account in the simulations, one mayfunction g;4(r), orientational pair distribution function
define the platelet volume==R?d (with d=1nm) and Jo(r) and structure factor are shown in Fig. &(r) and
hence the volume fractiop=nv; these are listed in Table Sie(k) are featureless, as for an ordinary molecular gas; the
I, together with other characteristics of the MD runs. Notesame is true of the other site-site functiogg(r) and
that the total energies were always adjusted such as to ensues(r) (not shown here g, (r) indicates preferential parallel
temperature§ =~ T,~300K. orientation of platelets for CM distances of the order of the
In view of the purely repulsive nature of the effective particle radius or less, as expected. Figufe) &lso shows
pair interaction(2.2), the mean potential energy per platelet, the adequacy of approximation E(B.6) in the dilute sol
as obtained by averaging E@_l@' is a|Ways positive_ The phase. Finally, the velocity ACF decays monotonically, and
MD-generated values are listed in Table Ill. As expectéd, the resulting self-diffusion constant is highD¢1.5
increases smoothly with the volume fraction and much  -10"2cn?s™); recall, however, that the absolute valueDof
more sharply with the screening length , due to the much has no physical meaning, since the Brownian and hydrody-
enhanced range of the repulsion between sites. It should &@mic forces are ignored in the simulations; only relative
stressed, however, that does not coincide with the full Vvalues have some physical significance.
excess internal energy of the system, because the effective
pair potential(2.2) is temperature-dependent; moreover the
co- and counterions, which have been integrated out in the 1.5
coarse-graining process resulting in E22), lead to a “vol- (@)
ume” term which would also contribute to the excess inter- 1t
nal energy of the suspensiéh.
The most useful information on the suspensions stems 05 |
from their mesostructure as characterized by the distribution
functions and structure factors defined in Sec. Ill. The insen- 0
sitivity of the pair structure to the number of sites is illus- 0
trated in Fig. 4 which shows CM pair distribution function
011(r) and orientational distribution functiorgg,(r) as cal- ®)
culated fory=19,37,61. The comparison confirms the con- \
clusion of Sec. IV. -
With temperature always close to 300 K, four different =
“phases” could be identified upon varying the clay concen- 5
tration and the screening lengily,, namely dilute(*gas”) 0
and concentrated‘liquid” ) sol phases, as well as gé&dr X . .
“glass”) and crystal phases. For the lowest valuesy@ind 0 2 4 6 8
\p, corresponding to low clay concentration and high salt /R
concentration, the suspension behaved as a structureless ﬂlfng;. 4. (a) Site—site radial distributiog,;(r) and(b) orientational distribu-

or gas, which may, loosely speaking, be referred to as @on g, (r) for model A with »=19 (solid), 37 (short dashex and 61(long
“dilute sol” phase. A good example is provided by run No. dashei sites(1% clay and\p=3 nm).

gu(r)
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FIG. 5. (a) Site—site radial distributiog,4(r), (b) orientational correlation
function g,,(r) and(c) center-of-mass structure fact8gy(k) for run A6
(see Table Iy at 1% clay anch,=0.96 nm. Dashed and full lines indicate 05}
the results after % 10%, respectively, 5 10* MD steps in(a) and(b). In (c)
the dashed line represents approximati8r).

0 25000 50000
pon increasing the clay concentration at constant

screening length, the structure gradually builds up, and the _

diffusion constant drops, as expected, but even at a clay coffi®; 7+ @ 91", () god"), (© Scw(k), and(d) velocity ACF for model
. . . . with 3% clay, and\p=0.96 nm(solid curve$ and A\p=3 nm (dashed

centration of 5% by weight#£=0.02), there is no dramatic ¢ e,

change in the pair distribution functions and structure fac-

tors; the state may still be regarded as a dilute sol.

The results are much more sensitive to the screenin? ) ) ) )
length\p . Upon increasing\p from 1 to 3 nm at constant 0city ACFs obtained with the two screening lengths for the
clay concentration, the structure is dramatically enhancect@me clay concentratiom(=0.012) are compared in Fig. 7.
and is reminiscent of that of a simple molecular liquid. A The velocity ACF forhp=3 nm exhibits a negative dip in-
typical configuration of the 32 platelet system is shown indicative of caging as observed in simple liquids; the resulting
Fig. 6. Pair distribution functions, structure factors and ve-D 1S reduced by an order of magnitude compared to that
observed with the shorter screening length. The highly struc-
tured liquid states may be considered as part of a “concen-
trated sol” phase.

For still larger screening lengti\g=10 nm), crystalli-
zation of the platelets into an almost perfect fface-
centered-cubelattice was observed with the 108 particle
system, upon careful quenching, reheating and re-quenching
the sample starting from an initial fluidlike configuration. A
typical configuration is shown in Fig. 8. Pair distribution
functions and the CM structure factor are plotted in Fig. 9.
The CM pair distribution functiongq4(r) unambiguously
points to an fcc crystal. The orientational pair distribution
function does not show any significant long range orienta-
tional order, so that the crystal of platelets may be regarded
as plastic. The velocity ACF exhibits long-lived oscillations
FIG. 6. Typical configuration sampled from run A9 for 3% clayp resulting from lattice vibrations. The diffusion constailt (
=3nm. ~3-10 " cn?s Y is orders of magnitude smaller than in the
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FIG. 8. fcc crystal configurations for run A2% clay,\p=9.6 nm). Cen-

ters of platelets are represented by small spheres nearly aligned along the

trigonal crystal axis.

concentrated sol phase. The rnsot mean-squajalisplace-
ment of the CM of the platelets from their equilibrium lattice

sites is about 10% of the nearest neighbor distance, which is Ly

typical of molecular crystals close to their melting point
(Lindemann criterion

Crystallization was not always observed in the weak

screening regime. At the higher clay concentratiamp,

=0.012, the quenching led to a glassy phase, as illustrated @

Fig. 10, where the CM pair distribution function differs con-
siderably from its fcc counterpart in Fig. 9; in particular the

Kutter et al.

8n(r)
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8ulr)
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0.04 0.06

k[AT

0.02

G. 10. (8 g14(r), (b) go(r), and(c) Scu(k) for the glassy state of run A4
% clay, A\p=9.6 nm). The arrow points to the radial extension of the
coordination shell containing an average number of 13.2 particles.

coordination number in the first shell is about 13, rather than
12. On the other hand, the peaks of the CM structure factostant vanishes within statistical uncertainties. Such glassy
are rapidly damped beyond the first. The self-diffusion constates may be associated with a gel phase of the clay plate-

gulr)

(®)

Lorl7)

Sem(k)

0.05
k1A
FIG. 9. (@ g11(r), (b) goi(r), and(c) Scm(k) for the crystal state of run A2

(1% clay,A\p=9.6 nm). A coordination number of 12.1 is calculated from
Eq. (6.1) with the upper bound indicated by the arrow.

lets.

Except under strong screening conditions, €1 nm),
corresponding to the “dilute sol” phase, the values of the
CM structure factors extrapolate to values close to zero in the
long wavelength K—0) limit, indicating, according to Eq.
(3.9), a very low osmotic compressibility in the concentrated
sol, “gel,” and crystal phases. The situation will turn out to
be quite different when rim charges of opposite sign are in-
cluded.

VI. EFFECT OF RIM CHARGES

The influence of rim charges on the mesostructure and
phase behavior is best understood by comparing the MD
results for model B, presented in this section, with those of
the previous section pertaining to model A, under similar
physical conditions. The first obvious change is apparent
from inspection of Table Ill: The mean potential energy may
become negative due to the attraction between positive rim
charges and negative surface charges. This attraction domi-
nates the repulsion between surface charges in the strong
screening regime. Inspection of typical configurations in this
regime, like that shown in Fig. 11, clearly points to the for-
mation of small clusters of platelets which tend to be perpen-
dicular to each othefT-shaped pair configurationsAnima-
tion of the platelet trajectories shows that the clusters are
relatively long-lived, with the platelets in an initial cluster
moving together without loosing contact. Such states will be
referred to as “cluster phase.” At higher clay concentrations,
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FIG. 11. Typical cluster configuration sampled from run B0% rim 0 . ,
charge, 1% clayhp=0.96 nm). The arrows point to contacts between plate- 0 1 2 3
lets. /R

clusters coalesce into a single house-of-cards-like network,
similar to that observed in the simulations of the quadrupolar
disc model in Ref. 12gel phasg The clustering tends to
disappear in the weak screening regime, where the platelets
are more uniformly distributed, as in model A where all sites
carry charges of the same sign. 7R
These qualitative observations are confirmed by a more '
guantitative analysis of the pair structure. Figure 12 shows
the pair distribution functions in the strong screening regime
(Ap=1 nm) for two clay concentrations. The sharp first peak
in g44(r) at a distance equal to the platelet radRisonfirms
the predominance of T-shaped pair configurations at short
range. Two features are particularly noteworthy. The small
but significant second peak around 2R is a signature of "R
H-shaped triplet clusters. Secondly, the amplitude of theg. 12. (a) gys(r), (b) gox(r), (©) gax(r), and(d) go(r) for run B1 (solid
main peakdropsas the clay concentration increases; in factcurve, 1% clay and B5(dashed curve, 5% clayoth ath,=0.96 nm. The
the amplitude drops from a value of about 187at 0.004 to ripples are not statisticgl noise but fine structure corresponding to pairs of
roughly 6 at=0.012 before re-increasing to about nine atsnes with different locations on the hexagonal grids of Fig. 1.
7=0.02. While the initial drop reflects a roughly constant

g5(r)

8ulr)

nearest-neighbor coordination number back to the formation and break-up of clusters and to a gel
fe phase percolating throughout the volume at the higher clay
ve=4mn fo gay(r)rdr, (6.)  concentration.

The dramatic influence of the opposite rim charges in the
of about 1.5(with the choicer.=1.5R), the subsequent in- strong screening regime is illustrated in Fig. 14 which com-
crease to about 3.65 signals the coalescence of clusters intgaresg1(r), go(r), andSey(k) under identical conditions
gel-like network. The rim—face and face—face pair distribu-(=0.012 and\p=1 nm) for models A and B. In contrast
tion functions show considerable structure, reflecting the disto the high sensitivity of the pair structure to opposite rim
crete nature of the site—site model. The structure is dampecharges, the velocity ACF shows no qualitative change in
out at higher clay concentrations. Note the rapid increase afoing from model A to model B, and the resulting diffusion
023(r) close to the origin, due to the strong attraction be-constantD only drops by about 20%.
tween oppositely charged rim and face sites. The orienta- The effect of the opposite rim charges is, however, con-
tional pair distribution function shows considerably moresiderably weakened for longer screening lengthsy (
structure than for model A. The deep negative dipaR is =3 nm), corresponding to lower salt concentration. A com-
another clear signature of T-shaped pair configurations.  parison between the pair structure obtained wig+1 and

The corresponding structure factors are plotted in Fig3 nm is made in Fig. 15. No evidence of T-shaped configu-
13. Scu(k) as well asS; (k) rise sharply at smalk in  rations and clustering is left in the weaker screening regime,
marked contrast to the liquidlike behavior observed withwhere the observed pair structure is hardly distinguishable
model A (cf. Fig. 7). According to Eq.(3.9), the peak ak  from that obtained with model A under the same physical
=0 may be associated with a high osmotic compressibilityconditions. These observations make it clear that a house-of-
which in turn signals large concentration fluctuations of thecards structure would require not only the presence of oppo-
platelets; this enhancement of fluctuations may be traceditely charged rim sites, but also strong screening conditions.
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FIG. 13. Structure factors for the same states as in Fig(@ Sy (k) and
(b) Sinie(K). Full curves are for 1%, dashed curves for 5% clay.

VII. CONCLUSION

The present exploratory MD investigation of a simple
model for the synthetic clay Laponite points to a complex
mesostructure and a rich phase behavior, both of which turn
out to be very sensitive to clay and salt concentration, and to

the presence or absence of rim charges of opposite sign

the surface charges. Upon varying these physical parameters,
at least six different phases have been identified, namely di-

lute and concentrated sol phagsanilar to the gas and lig-
uid phases of simple liquidlsan fcc crystal phase, a cluster

phase and two distinct gel phases. One of these gel phases is

&n(r)

8ul1)

Sculk)

0.5

0 0.05 0.1 0.15 02
k[AT)

FIG. 14. Comparison between model#o rim charges, solid curveand B
(10% rim charges, dashed curyésr 3% clay and\p=0.96 nm;(a) g44(r),
(b) godr), and(c) Sem(k).

Kutter et al.

gulr)

84(7)

/R

8od7)

to

Scm(k)

0 0.05 0.1
LA™

FIG. 15. The effect of rim charges at a concentration of 3% clay by weight:
(@ g11(r), (b) g23(r), () golr), and(d) Scp(k). Shown are, for model A,
the \p=3 nm state A9(solid curve$ and for model B, the\p=0.96 nm
(dashed—dottedand A =3 nm (dotted curvesstates B3, respectively, B4.

almost certainly metastable with respect to the crystal phase,
and is observed when the screening length is of the order of
the particle radius, i.e., under strong Coulomb coupling con-
ditions. The second gel phase, on the contrary, is observed
under strong screening conditions, when the platelets carry
rim charges of opposite sign to the surface chargesdel

B); the local structure of this second gel phase is of the
house-of-cards type. The structural signatures of these vari-
ous phases are rather clear-cut, but no attempt at a thermo-
dynamic characterization was made. Such a study would re-
quire much more extensive simulations of models A and B.
In particular, it should be noted that the present exploratory
MD simulations were carried out for three fixed values of the
Debye screening length. A more systematic investigation of
the phase behavior would need to consider the clay and res-
ervoir salt-concentrations as independent thermodynamic
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variables, with a corresponding variation of the Debyewhere an unimportant constant has been left out on the right
screening length. Any attempt to determine a complete phadeand side, and:% is defined in Eq(2.3). Equation(A3) is
diagram would require accurate determinations of the ossolved by Fourier transformation, resulting in the following

motic free energy of the clay dispersion, including the “vol-

ume term,”alluded to earliet* and which arises when the

co- and counterion degrees of freedom are integrated out.
Meanwhile the main conclusion to be drawn from the
present simulation work is that positive rim charges lead to
considerable short-range orientational ordering and cluster-
ing of the negatively charged platelets under strong screen-

linear superposition:

ing conditions. The existence of positive rim charges is beThe corresponding charge density of microions
lieved to depend strongly on the pH of the suspending

fluid.®® In view of the strong structural signature of these

d=2 2 ), (A4)

(@) 3 z,e e*KD‘r*ricJ A5
o (U—TW- (A5)
epc(r)=z.ep.(r)+z_ep_(r), (AB)

rim charges, small angle neutron or x-ray diffraction experi-is linearly related tas(r), and given by the following super-
ments should be able to discriminate easily between the vaosition:

lidity of models A and B to describe clay dispersidisihe

structural differences between the two models are consider-

ably reduced when the screening length incredkss salt

concentratioh In the weak screening limit, the behavior of a
dispersion of clay platelets turns out to be unexpectedly simi-

lar to that of simple fluids.
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APPENDIX: EFFECTIVE SITE-SITE PAIR POTENTIALS

Consider a system dN identical rigid polyions(clay
platelets in the case under consideration in this pagech
containing v interaction sites carrying a chargee(l=sa

<v). Letz, ,p.(r) andz_,p_(r) denote the valences and ,
local densities of the microscopic cations and anions. The

local electrostatic potentiath(r) then satisfies Poisson’s
equation

41re

VE(r)= {[Z+p+(r)+2p(r)]

€

N v
+2 2 za(s(r—ria)]. (A1)
=1 a=1
Within mean-field theory, the density profilgs, (r) and
p_(r) are replaced by the Boltzmann factors

pa(r)=ngexpl— Bz,ed(r)),

where B=1/kgT; substitution of Eq.(A2) into Eq. (Al)
leads to the closed, nonlinear Poisson—BoltzmdRid)
equation forg(r). In the spirit of Debye—Hckel-DLVO
theory?® the Boltzmann factors in EqA2) are linearized,
which is strictly speaking valid only in the low charge limit.
This results in the linearized P& PB) equation

a=+,—, (A2)

4 N v
(V-B)on=-"=3 3 za0-r,  (43)

pc<r>=2 g p{ (1), (A7)

ZaKZD e_KD‘r_rial

|r_ria| ,

4ar (AB)

pi(n=-

which obviously satisfies the global charge neutrality condi-

tion (2.1 after integration over the total accessible volume
V. Equations(A4)—(A8) may then be used to calculate the
effective interaction potential between sitésa() and (j,3).

I,{é@cording to Ref. 23

Vaﬁ(ria!rjﬂ):f Zaea(r_ria)qsl(ﬁ)(r)dr! (Ag)

which leads immediately back to the result in E2.2).
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