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Swelling of colloidal systems
Efrosini Kokkoli and Frank van Swola)

Department of Chemical Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

~Received 1 April 1996; accepted 8 October 1997!

The role of solvent–particle and particle–particle interactions on the swelling of colloidal systems
has been investigated. A density functional theory~DFT! approach is taken here to describe a
colloid–solvent mixture and develop phase diagrams that give a qualitative picture of possible
transitions as a function of the bulk conditions~density and temperature! and the degree of surface
solvophobicity. The solvophobicity of the surface is taken as a measure of how much the surface
dislikes the solvent, and is determined from the contact angle of the solvent on the surface. The
results demonstrate that the nature of the surface~solvophobic or solvophobilic! is a key factor in
shaping the phase diagrams. For example, when the surface is solvophilic, the dominant phase is the
crystalline, where surfaces are spaced by one solvent layer, while when the surface is solvophobic,
the system is most often found in the collapsed state~the surfaces are in contact!. The shape of the
phase diagrams also depends on the particle–particle interaction. When only the repulsive part of
the wall–wall interaction is considered, the collapsed phase is observed less frequently and the
diagrams are insensitive to the strength of the purely repulsive interaction. In contrast, the strength
of the attractive surface–surface potential plays a crucial role in shaping the phase diagrams.
© 1998 American Institute of Physics.@S0021-9606~98!51003-3#
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I. INTRODUCTION

Since the 1950’s, the central paradigm of colloid scien
held that electrostatic and electrodynamic~van der Waals!
forces were the principal determinants of the state of ag
gation of colloid systems. The van der Waals forces are l
range, attractive, and arise from the permanent and/or
duced dipole–dipole interactions. The electrostatic rep
sions arise from like charges on the particle surfaces
overlapping of double layers. These two forces form the
sis of the DLVO theory of colloidal stability.1,2 Recently,
however, experimental and theoretical studies have sh
that when two surfaces or particles approach each o
closer than a few nanometers, continuum theories of att
tive van der Waals and repulsive double-layer forces of
fail to describe their interaction. Forces that have been
rectly measured between minerals and glass,3 all classes of
lipid membranes,4 biological macromolecules such as DN
double helices,5 and proteins6 and stiff polysaccharides,7 all
exhibit features that can not be explained with DLVO theo

The reversibility, sharpness, reproducibility, and t
phase change of clays from a so-called crystalline to swo
gel, show that this transformation is a true thermodynam
transition.8 In DLVO theory though, clays are thermody
namically unstable and therefore a reversible change is
possible within its framework.9 The sensitivity of clay swell-
ing to temperature and electrolyte concentration also can
be predicted by this theory, which does not anticipate
high repulsive pressures observed at small separation
clay dispersions~osmotic swelling regime!. These short-
range forces are dependent on the nature of cations.10 The

a!Present address: Chemical and Nuclear Engineering Department, Un
sity of Albuquerque, Albuquerque, New Mexico 87106.
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surface force and swelling pressure measurements con
the existence of a short-range non-DLVO repulsive for
The excess repulsive pressures at small separations
been attributed to changes in the water structure next to
clay layers, similar to the concentration dependent hydra
forces observed between mica surfaces.11,12 At high electro-
lyte concentrations, interaction forces between mica sh
can no longer be explained by DLVO theory. A strong r
pulsive force is observed which does not decay with the
pected Debye length and which is of sufficient strength
prevent van der Waals forces from pulling the surfaces i
primary minimum contact.11

Biological membranes and macromolecules repel e
other and can swell spontaneously. Abrupt changes in
face separation, and the temperature sensitivity of swell
cannot be predicted by DLVO calculations.13,14The dehydra-
tion of silicotungstic acid and lithium silicotungstate occur
a stepwise manner. The crystallization takes place at spe
numbers of hydration waters, which are not removed one
one but in specific quantities.15,16 This stepwise dehydration
behavior is one more case that cannot be explained by
traditional theory.

The failure to describe the phenomena mentioned ab
is either attributable to the breakdown at small separation
one or both of the continuum theories that form the basis
DLVO theory, or points at the existence of non-DLV
forces. If the DLVO predictions are subtracted from the me
sured forces, the remaining forces can decay monotonic
or be oscillatory with a periodicity equal to the size of th
liquid molecules17–19 and they can be much stronger tha
electrostatic or van der Waals interactions. They arise du
a change in the liquid density at the surfaces as they
proach each other20,21 and are now usually referred to a
solvation forces. They depend not only on the properties

er-
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the intervening medium but also on the chemical and ph
cal properties of the surfaces.3

In this paper we present the contribution of oscillato
solvation forces to phase transitions, observed in swel
colloidal systems. Here we choose to consider a simpli
model that consists of two smooth parallel plates of areaA,
separated by a distanceh, in a reservoir of solvent. One o
the plates is fixed while the other is free to move. The th
modynamic state of the surrounding bulk fluid is fully spe
fied by the system temperature,T, and chemical potential,m.
The key feature of this model, which has made it usefu
previous studies,22–24 is that it couples a fluid system con
fined between the surfaces with bulk fluid, at separati
where the solvation forces are dominant. The solvation fo
arises from the structuring of the solvent in the confin
space between the plates and is defined per unit area a

f s5 p̄2pb~T,m!52S ]~Vs/A!

]h D
T,m

, ~1!

wherep̄ is the normal component of the force on the mov
able wall due to the confined fluid,pb is the bulk pressure
andVs is the surface free energy of the system. In this ca
where we do not consider any additional external press
~see Ref. 17!, the solvation force at equilibrium has to b
zero and the equilibrium state of the system,heq, is found by
minimizing Vs/A with respect toh. The calculation of the
surface free energy is done with the smoothed density fu
tional theory~DFT!.25 Molecular dynamics simulations hav
shown that solvent structuring in confined spaces lead
spatial oscillations in the solvation potentialVs ~h; m, T!,
and these oscillations provide the basis for transitions
tween phases characterized by differentheq.26 The degree of
solvophobicity may lead to variations in equilibrium sepa
tion between the plates and thus to phase diagrams w
vary with the strength of solvent/surface interactions.

The solvophobicity of the surface is taken as a meas
of how much the surface dislikes the solvent, and can
determined from the contact angle of the solvent on the
face. Therefore, different solvent/colloid systems with t
same degree of wetting~i.e., contact angle!, should be rep-
resented by the same phase diagram. Most of what we k
about the wetting properties of ‘‘solid’’ organic surfaces h
been obtained through the application of a very simple
perimental procedure, the measurement of contact an
which is a macroscopic property of the system.27 Contact
angles are sensitive to surface structure28,29 and provide a
useful measurement of the surface wettability.30 In keeping
with the approach taken here, Rabinovich and Yoon31 also
use contact angle to link surface/solvent interactions w
solvation forces.

II. DFT AND CONTACT ANGLE

As discussed in the previous section, the determina
of phase transitions in interparticle spacing involves the c
culation of the free energy of the system. Since the key
studying these transitions is the calculation ofVs(h;m,T),
this problem is ideally suited to the smoothed DFT appro
taken here.32,33 This theory has previously been applied
i-
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wetting and drying phenomena34 and has proven to be espe
cially accurate in predicting wall–fluid interfacial propertie
in the absence of collective fluctuations.35

The surface grand potential,Vs, can be evaluated from
its defining equation,36

Vs[V1pbV, ~2!

where pb is the bulk pressure andV is the total volume
occupied by the fluid.

When applied to wall–fluid interfaces, the smooth
DFT theory is defined by a grand ensemble potential fu
tional V of the form

V5Fex@ r̄ #1kBTE drr~r !$ ln@L3r~r !#21%

1E drr~r !@Vext~r !2m#, ~3!

wherer̄ is the coarse-grained density profile,kB is the Bolt-
zmann constant,r(r ) is the number density distribution,L
[(h2/2mpkBT)1/2 denotes the translational de Brogl
wavelength, andm andT are the bulk thermodynamic field
~chemical potential and temperature, respectively!. Vext(r ) is
a one-body external field andFex@r# is the excess-free
energy functional and is defined in terms of a separation
the bulk equation of state into a hard-sphere term~HS! and
an attractive interaction term~a! and two associated coarse
grained density profiles~r̄HS,r̄a):

Fex@r#5E drr~r !@DcHS~ r̄HS~r !!1Dca~r̄a~r !!#, ~4!

r̄ i~r !5E dr 8r~r 8!v i~ ur2r 8u,r̄ i~r !!, i P$HS,a%, ~5!

where thev i(ur2r 8u,r) are density weight functions25,37

~usually restricted to homogeneous fluid forms! and Dc
5DcHS1Dca denotes the excess free energy per particle
a homogeneous fluid~of number densityr!. The HS term is
taken to be Carnahan–Starling’s result as in Ref. 25. T
attractive term has tended to be treated in strict mean fie

Dca~r̄a~r !!52 1
2ar̄a~r !, ~6!

a[2E drfa~ ur2r 8u!, ~7!

r̄a~r !52~1/a!E dr 8r~r 8!fa~ ur2r 8u!, ~8!

wherefa(r ) denotes the attractive part of the intermolecu
pair potential. Here we follow Ref. 33, and set the attract
fluid–fluid correlation term to:

Dca~r!/kBT5C1~T!r1C2~T!r21C3~T!r3

1C4~T!r41C5~T!r5. ~9!

This expression reflects the equation of state used in
calculations, which combines a five term virial expansion
density, for the attractions, with a hard-sphere term desc
ing repulsions:

bpb5bpHS~r!1C1~T!r212C2~T!r313C3~T!r4

14C4~T!r515C5~T!r6, ~10!
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whereb51/kBT, the hard-sphere pressurepHS is given by
the Carnahan–Starling equation of state17 and the coeffi-
cients C1–C5 were taken to be a function of temperatu
only, as suggested in Ref. 17.

In the model considered here, oscillations in density
cur only perpendicular to the plates. This direction is des
natedz. A Lennard-Jones~LJ! potential, characterized by th
energy« and the particle diameters, was chosen for the
fluid–fluid interactions. This potential is cut and shifted a
separation ofr c52.5s. To obtain the attractive part of th
interactions the potential is split at the position38 of the po-
tential minimum:r min521/6s, thus

fa~r !5H fLJ~r min!2fLJ~r c!, r<r min ,

fLJ~r !2fLJ~r c!, r min,r<r c ,

0, r .r c ,

~11!

where the LJ potential is defined as

fLJ~r !54«F S s

r D 12

2S s

r D 6G . ~12!

The wall–fluid potential is defined as a cut and shifted 9
LJ potential:

Vext~z!5H f9 – 3~z!2f9 – 3~zc!, z<zc ,

0, z.zc,
~13!

where

f9 – 3~z!5A2

5
«wfF1

5 S swf

z D 9

2
3

2 S swf

z D 3G , ~14!

zc52.5s, swf5s, and«wf is the potential well depth which
we vary to control the wetting properties of the fluid on t
wall.

In order to isolate the effects of the solvation forces,
wall–wall potential is initially set to zero:

Vww~z!5H `, z,0

0, z>0
. ~15!

When we do include a nonzero interaction potential betw
the two surfaces, we consider the walls to be thin plates~i.e.,
one molecule thick! interacting via a 9–3 LJ potential repre
sented by Eqs.~16! and ~17!

Vww~z!5H f9 – 3~z!2f9 – 3~zc!, z<zc

0, z.zc
, ~16!

f9 – 3~z!5A2

5
«ww* F1

5 S sww

z D 9

2
3

2 S sww

z D 3G . ~17!

The diameter of the wall particles is set equal to that of
fluid, sww5s, and«ww* 5«ww /«, is the reduced well depth
which determines the strength of the particle interactions
make up the plate. The value of thezc /s is (2/5)1/6 when we
want to consider purely repulsive wall–wall interactions, a
is set to 2.5 when both repulsive and attractive interacti
are included.

The degree of wetting may be characterized by the
sine of the contact angleu, which ranges from21 to 1. The
-
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contact angle describes the equilibrium thermodynamics
adsorbed fluids at bulk two-phase coexistence and is defi
by the equation:35

VLV
s cosu5VWV

s 2VWL
s . ~18!

In a macroscopic system, Eq.~18! is often considered a force
balance between coexisting liquid~L! and vapor~V! in the
presence of a wall (W). Clearly, in order to model a contac
angle measurement properly, one needs to be able to ob
wall–liquid ~WL! and wall–vapor~WV! surface free ener-
gies at specified values of the bulk fluid boundary conditio
Because of our desire to link surface free energies and
vation forces, we chose to work with the smoothed DF
since it can accurately calculate surface free energies a
interface.

When cosu521, complete drying conditions hold, th
wall is in contact with a gaseous film, and is described
dry. When21,cosu,1, the surface is partially wet by th
fluid, while at cosu51 the wall is wet by a macroscopic film
of liquid and is considered a completely wetting phase.35

A. Partial wetting: 21<cos u<1

In this section we concentrate on the partial wetting st
and distinguish two cases. If the colloid surface likes t
solvent, cosu.0, we call this asolvophilic surface, whereas
if the surface dislikes the solvent, cosu,0, we refer to it as
a solvophobic surface. We will consider how the solvation
potential per unit area,Vs/A, changes with the cosu, the
temperature, and the bulk density of the system. Direct wa
wall interactions are taken to be hard@Eq. ~15!#. Figure 1
gives the density–temperature coexistence envelope for
LJ fluid as calculated by the equation of state described
Eq. ~10!.

Figure 2 shows the reduced surface grand poten
Vs* /A5Vss2/(A«) for a solvophilic surface as a functio
of the separation distance between the two walls, scaled
the solvent diameters. The solvation potential is shown fo
two different values of the reduced bulk density,rb*
5rbs3. An interesting phenomenon takes place at a b
densityrb* 50.01, which is a vapor density. At a separatio
of h/s'5.7, a break in the slope of the potential occurs. T

FIG. 1. The coexistence density (r* coex5rcoexs
3)-temperature (T*

5kBT/«) phase diagram for the LJ fluid. The triple point temperature
0.62 and the critical point is 1.11.
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is an indication thatcapillary condensationhas occurred.
Capillary condensation is a first-order phase transition wh
the confined fluid changes from a vaporlike state into a
uidlike state while the bulk is still a vapor. Here the tran
tion occurs when surface separation of the two parallel pla
is decreased. The reverse of this phenomenon,capillary
evaporation, occurs when the confined fluid turns into a v
porlike state when the bulk fluid is still a liquid.17 Capillary
evaporation is expected when the surfaces are solvopho
To further demonstrate that capillary condensation has
curred, we plot in Fig. 3 the density profiles ath/s55.5, and
h/s56 for rb* 50.01. A vaporlike density profile is found a
h/s56, while a liquidlike profile is present ath/s55.5.
Figure 4 shows the solvation potentials for a solvopho
surface at two different bulk densities. Comparing with F
2, we note that the amplitude of the solvation potential
reduced upon decreasing cosu. For rb* 50.01, the energy
barrier between the solvation minima gradually disappear
the surface becomes more solvophobic.

B. Phase transitions of colloidal systems

The primary topics of this paper are transitions in pla
spacing and the determination of phase diagrams for co
dal surfaces with different wetting properties. As mention

FIG. 2. Solvation potentials per unit area for a solvophilic surface.«w*
52.8, cosu50.8328 andT* 50.8.

FIG. 3. Density profiles for wall separations ofh/s55.5 andh/s56.0 for
rb* 50.01,T* 50.8,«w* 52.8, cosu50.8328. Theh/s55.5 case exhibits a
liquidlike profile while theh/s56.0 shows a vaporlike profile.
re
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the key to studying these transitions is the calculation of
surface grand potential. The global minimum in the surfa
grand potential defines the stable equilibrium phase. As
surface field and the bulk conditions are varied, the locat
of the global minimum may change abruptly, signaling
discontinuous phase transition in plate separation.

Figure 5 shows an oscillatory surface potential w
three energy minima. The first minimum occurs at an eq
librium separation of 0.05 solvent diameters and correspo
to a collapsed phase, i.e., the two plates are in contact,
cluding the solvent completely. The second minimum occ
at a separation of two molecular diameters. For this c
there is only a single layer of solvent between the surfac
Adopting the terminology used for clays,8 we refer to this
state as the crystalline state. This does not imply that
confined fluid is anything other than fluid, rather it refers
the fact that in clay systems a stack of clay platelets wo
have the appearance of a crystal. Finally, there is the
called swollen phase, with two layers of confined fluid ch
acterized by the third minimum which is found around
separation of three solvent diameters. Figure 6 displays
density profiles for both the crystalline and swollen phas

To determine the equilibrium state of the system a
generate phase diagrams we proceeded as follows. We fi

FIG. 4. Solvation potentials per unit area for a solvophobic surface.«w*
51.68, cosu520.1176, andT* 50.8.

FIG. 5. Solvation potential per unit area forT* 51.4, rb* 50.3, «w*
51.71, cosu50.0017.
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temperature,T, the strength of the wall–fluid interaction po
tential, «w , the bulk density,rb , and we calculate the sol
vation potential per unit area,Vs/A, for a plate separation
ranging fromh50.05s to 7s, using a step size of 0.05s.
We continue by increasing the bulk density for this tempe
ture. A complete phase diagram can then be constructe
repeating the procedure for the temperatures of interest.
temperature range considered here is 0.66,TkB /«,2,
which corresponds to the range of applicability of the eq
tion of state used in the DFT.39 For methanol, for example
«56.383310221 J,40 and therefore this range corresponds
32 °C,T,651.5 °C and for cyclohexane,«56.893
310221J40 and 56.3 °C,T,725.4 °C.

III. RESULTS

A. Phase diagrams

In this section we will explore the effects of the solv
tion forces on the equilibrium separation of parallel plat
To highlight the role of solvation forces we set the dire
wall–wall interactions to zero@Eq. ~15!# and restrict our-
selves to solvent–solvent and solvent–wall interactions. T
constraint is relaxed in the next sections.

Figure 7 shows the bulk density–temperature phase
grams for ~a! a solvophilic surface, cosu50.9277 andu
'22°, ~b! a ‘‘neutral’’ surface, whose cosu50.0014 andu
'90°, and~c! a solvophobic surface, cosu520.2657 and
u5105.4°. Three phases are observed as defined in the
vious section: the swollen, the crystalline, and the collap
phase. In Fig. 7~a! the collapsed phase occupies a relativ
small portion of the diagram. This is to be expected; sin
the surfaces like the solvent, it is reasonable to find so
fluid between the two walls. However, increasing the te
perature stabilizes the collapsed state. We note that the
lapsed state is the only state observed for a system of
spheres between hard walls, and this is most likely a prop
of purely repulsive fluids between purely repulsive wal
Since our system in the high temperature limit approac
such a purely repulsive system, we would expect the c
lapsed phase to prevail at high temperatures. The crysta
phase is more common than the swollen phase. The swo

FIG. 6. Density profiles forT* 51.4, rb* 50.3, «w* 51.71, and cosu
50.0017, at surface separations of 2s ~crystalline phase! and 3s ~swollen
phase!.
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phase is present at lower temperature,T* 5kBT/«<1.3. For
a fixed bulk density the general trend is to see decrea
swelling with increasing temperature.

Figure 7~b! presents the phase diagram for a ‘‘neutra
surface. The surface can be considered either solvophili
solvophobic, since the contact angle is virtually 90°. T
phase diagram is quite different from the one in Fig. 7~a!.
The collapsed phase dominates more, and generally spea
the phase transitions have shifted to lower bulk densities.
no longer exclusively observe at most bulk densities
simple trend of a stepwise decreased swelling with increa
temperature. Instead, we also find transitions betwee
swollen and a collapsed state. The swollen state is o
present for an intermediate range of temperatures and de
ties.

FIG. 7. Bulk density–temperature phase diagrams. The dotted line is
liquid–vapor coexistence bulk density.~a! Phase diagram for a solvophilic
surface.«w* 52.8, cosu50.9277.~b! Phase diagram for a ‘‘neutral’’ sur-
face, «w* 51.71, cosu50.0014.~c! Phase diagram for a solvophobic su
face.«w* 51.44, cosu520.2657.
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Figure 7~c! presents the density–temperature diagr
for a solvophobic surface. The phase diagram is qualitativ
similar to the phase diagram for the ‘‘neutral’’ surface. T
collapsed state is even more predominant, and the reg
where one observes the other states have more or less s
uniformly.

B. The role of repulsive wall–wall interactions

This and the next section focus on the role of dire
interactions between two surfaces. In this section we w
only consider purely repulsive wall–wall interactions. T
functional form of the latter is given by Eqs.~16! and ~17!
with zc /s5(2/5)1/650.8584.

The phase transitions are rather insensitive to
strength of the wall–wall interaction. This stems from t
short range of the potential. We generated results for a
vophilic surface, «w* 52.8, where «w* 5«wf /«, cosu
50.9277, for two values of the«ww* 51.5 and 1, and have
found identical phase diagrams. Hence, we will restrict
discussion to a single value of the wall–wall streng
namely «ww* 51. Figure 8~a! presents the bulk density
temperature phase diagram. The diagram clearly illustr
that for a solvophilic surface the collapsed phase is s
pressed over this range of temperatures. With the wall–w
repulsion present, plates in direct contact experience a l
positive energy. In other words, with a wall–wall repulsio
acting, two plates have a nonzero excluded volume. W
the surfaces are immersed into a fluid, the collapsed sta
considerably less favorable compared to the zero wall–w
interaction.

For low temperatures, up toT* 51.3, the following set
of transitions is observed, as the bulk density is increas
starting from a crystalline phase one enters the swollen s
and then returns to the crystalline phase. The crystal
phase is most prevalent and is the only relevant phase at
temperatures.

Figure 8~b! shows the bulk density–temperature pha
diagram for a ‘‘neutral’’ surface,«w* 51.71, cosu50.0014
and «ww* 51. Reducing the wall–fluid interactions bring
back the collapsed phase into the phase diagram, but c
pared to the zero wall–wall interaction shown in Fig. 7~b!,
the collapsed phase is much less dominant. For high de
ties, the walls are in contact, and as the density is decre
there are either one or two layers of fluid at all temperatu
considered.

The phase diagram for a solvophobic surface is p
sented in Fig. 8~c!. This plot appears very similar to th
previous one. The main difference is that the transition fr
the crystalline to a collapsed phase has been shifted to lo
densities, making the collapsed phase more common. F
this and from a comparison of Figs. 7~b! and 7~c!, we con-
clude that the phase diagrams for a ‘‘neutral’’ and solvop
bic surface are qualitatively the same.

C. Effect of repulsive and attractive wall–wall
interaction

In this section we extend the wall–wall interactions
include both repulsive and attractive contributions. A rep
ly
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sentative potential is the 9–3 LJ potential, cut and shifted
zc52.5s. This potential is defined by Eqs.~16! and ~17!.

In contrast to the purely repulsive case, the strength
the wall–wall interactions does play an important role. W
start with the bulk density–temperature phase diagram fo
solvophilic surface @Fig. 9~a!#, where «w* 52.8, cosu
50.9277 and«ww* 51. For low temperatures and low dens
ties the walls are in contact. By increasing the density,
system goes to the crystalline and finally to the swollen st
This transition is illustrated in more detail in Fig. 9~b!, for
temperatures up toT* 50.8, and densities up torb* 50.01.
The swollen phase occupies only a small part of the ph
diagram. The phase boundaries of the three phases appr
each other very closely aroundrb* 50.002 andT* 50.71.
We have not resolved these boundaries in enough deta
decide whether there exists triple points in this regio

FIG. 8. Bulk density–temperature phase diagrams. The dotted line is
liquid–vapor coexistence bulk density.~a! Surfaces are solvophilic.«w*
52.8, cosu50.9277, «ww* 51, and zc50.86s. ~b! «w* 51.71, cosu
50.0014 ~‘‘neutral’’ surface!, «ww* 51, and zc50.86s. ~c! «w* 51.44,
cosu520.2657~solvophobic surface!, «ww* 51, andzc50.86s.
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Above T* 50.8 we no longer observe the swollen state, a
the only transitions are those between a collapsed and a
talline phase. Finally, for high temperatures,T* .1.6, only
the collapsed state is found.

When the colloidal surfaces are ‘‘neutral’’ or solvoph
bic, the collapsed phase extends over the entire phase
gram. This is true for both«ww* 51 and 0.5. In order to
stabilize other phases for the ‘‘neutral’’ surface, the stren
of the attractive wall–wall potential must be significant
reduced. At a value of«ww* 50.1, the density–temperatur
phase diagram does display all phases@see Fig. 9~c!#. At low
temperatures the stable phase is the collapsed state. At h
temperatures the phase diagram is more similar to that fo
for the purely repulsive wall–wall interaction@cf Fig. 8~b!
8~c!#. However, the wall–wall attractions introduce the co

FIG. 9. Bulk density–temperature phase diagrams. The dotted line is
liquid–vapor coexistence bulk density.~a! Phase diagram for a solvophilic
surface.«w* 52.8, cosu50.9277,«ww* 51, andzc52.5s. ~b! Details from
the bulk density–temperature phase diagram in Fig. 9~a!, for small tempera-
tures and densities.~c! Surfaces are ‘‘neutral.’’«w* 51.71, cosu50.0014,
«ww* 50.1, andzc52.5s.
d
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lapsed phase at low densities, where the fluid is unable
push the plates apart. This applies to all types of wall–fl
interactions.

IV. CONCLUSIONS AND DISCUSSION

The simple colloidal model of parallel plates~or walls!
investigated here exhibits three possible phases: swo
crystalline, and collapsed. As the solvent conditions va
i.e., when the bulk density or temperature are changed, t
sitions between these states of plate separation occur.
wetting properties of the single plate fluid interface play
key role in shaping the phase diagrams. We have chose
characterize the solvent/surface interactions through the
tact angle atT* 50.8 to facilitate experimental identification
In the partial wetting regime the contact angle is, of course
sensitive function of the strength of the wall–fluid potenti

When the surface is solvophilic and no direct wall–w
interactions exist, the most dominant phase occurs when
plates are separated by a single solvent layer. For solvop
bic surfaces the most frequently encountered state is the
lapsed state that entirely excludes confined fluid. The ph
diagrams for a ‘‘neutral’’ and a solvophobic surface are ve
similar, suggesting that the phase diagram is relatively ins
sitive to the wall–fluid strength once the contact angle
larger than 90 deg.

When the repulsive part of the wall–wall interaction
taken into account, the collapsed phase is suppressed. D
the short range of the repulsive potential considered,
phase diagrams are insensitive to the strength of a pu
repulsive wall–wall interaction.

The phase diagrams are much more sensitive to
strength of the surface/surface potential when attractions
included. It appears that for a ‘‘neutral’’ and solvophob
surface, only one~collapsed! phase is observed, independe
of the bulk density or temperature. Only for very small va
ues of the wall–wall strength do we see phase transitio
Finally, we note that in the presence of wall–wall attractio
the phase diagrams always exhibit a collapsed phase at
bulk densities, as opposed to the crystalline phase.

Experimental systems that also have the simple para
plate geometry considered here, and which display ph
transitions driven by solvation forces, include clay susp
sions. Clays such as smectite,10 sodium montmorillonite,42,43

lithium and potassium montmorillonite and lithium
vermiculite,43 all exhibit a swollen phase that is a twofol
expansion of the crystalline phase, whilen-butylammonium
vermiculite8,9 shows a sixfold expansion. Certain clays, su
as potassium and cesium vermiculite and cesium montm
lonite, are collapsed in dilute electrolyte solutions,43 whereas
clays like mica,11,43,44 kaolinite, and illite10 do not swell at
all.

As we have demonstrated, our model system exhibi
swollen phase that is a twofold expansion of the crystalli
and further, under different conditions, the system can
found in a collapsed state. This quantitative difference, i
no sixfold expansions, in swelling behavior was expected
several reasons. Our colloidal model is highly simplified, t
plates are both perfectly smooth and rigid, and we have
included the effects of ions and surface charges. Also,

he
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results that have been presented here are for the caser c

5zc52.5s, for the fluid–fluid and wall–fluid interactions
respectively. With longer cutoffs,17 the first two minima are
shallower than those at larger separations, suggesting tha
equilibrium configuration for the colloidal system may occ
at larger separations. However, we would not expect
qualitative results to change from the case ofr c5zc52.5s.
We believe that the present model captures important asp
of the physics, particularly the dependence on the bulk c
ditions and the role of the direct wall–wall interaction
Moreover, it is relatively straightforward to extend the cu
rent approach of determining equilibrium separations to
system containing charged ions and neutral solvent as
recently shown by Frink and van Swol.45

Clays that do not swell spontaneously, like mica for e
ample, appear to have a high surface charge density.
high lattice charge apparently prevents swelling and in fa
large amount of work is required in order to initially separa
the crystal along the basal plane in water.11 It has also been
shown that once the mica crystal has been forced apart
the surfaces exposed to electrolyte solution they no lon
readhere.46 The surfaces then behave like a swelling cla
and it is for this system that it is feasible to accurately m
sure the force interaction from large separations down
about the last molecular layer of water.11 This nonswelling
behavior cannot be predicted with our model because o
lack of charges.

In conclusion, the phase diagrams presented in this p
give a qualitative idea of swelling transitions in a colloid
system. In particular, we have illustrated the role of the b
state point and the degree of surface/surface and solv
surface affinity. The approach presented here can be
tended to include ions and surface charges~see Ref. 45!. In
essence, such an extension would constitute an augme
DLVO theory of colloid stability. It would capture the famil
iar dependence on surface charge and added salt of t
tional DLVO theory, as well as the role of hydrostatic pre
sure and wetting properties presented here.
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