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Measurement of the second virial coefficient for the interaction
of dilute colloidal particles in a mixed solvent

M. L. Kurnaz and J. V. Maher
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

~Received 7 June 1996; revised manuscript received 15 August 1996!

Colloidal suspensions of charge-stabilized polystyrene latex spheres in near-critical mixtures of 2,6-lutidine
and water aggregate reversibly on the side of the coexistence curve rich in the nonpreferred liquid. We have
used static light scattering and a Zimm analysis to determine the second virial coefficientB2 for this system.
Measurements were made as a function of temperature for different solvent compositions. On the aggregation
side of the coexistence curve, as the temperature is brought near but not into the aggregation zone, the virial
coefficient plunges through zero to large, negative values. On the nonaggregating side of the coexistence curve,
the virial coefficient drops to a small negative value very close to coexistence. On the critical trajectory we
have observed similar behavior of the virial coefficient to that seen on the aggregating side even though
aggregation does not occur on this thermodynamic trajectory. We have also used lower surface charge density
particles where the aggregation occurs on the opposite side of the coexistence curve. The results are similar to
those just described for the high surface charge density particles. The combined evidence points to a gradual
and continuous change in solvent fluctuation-colloidal particle interaction near the solvent coexistence curve,
as solvent composition is varied through the critical composition.@S1063-651X~96!02212-X#

PACS number~s!: 68.45.Gd, 64.70.Ja, 78.35.1c, 82.70.Dd
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I. INTRODUCTION

Colloidal particles in mixed solvents can show reversi
aggregation in the one-phase regime of the mixture near
mixture’s phase separation temperature@1–5#. This aggrega-
tion condition has been shown to be related to the affinity
the colloidal surfaces for one of the solvent compone
@4,5#. In particular, for a 2,6-lutidine plus water~LW! mix-
ture with colloidally dispersed polystyrene latex sphe
~PLS! in a temperature range near the critical temperat
Tc in the mixture’s two-phase region, the particles will pa
tition into one of the solvent phases, with the meniscus
tween the liquid phases clear to the eye and showing no
of population by colloidal particles. Which phase of the s
vent attracts the particles depends on the surface charge
sity of the particles, with high surface charge density p
ticles preferring the water-rich phase and low charge den
particles preferring the lutidine rich phase. As temperatur
advanced deeper into the two-phase region~all effects dis-
cussed here are equilibrium effects!, there is a temperatur
TW at which particles appear on the meniscus~most particles
remain in the preferred phase, whose population depletio
too small to measure!. TW changes with the surface charg
density of the particles@4#, but not with radius or with num-
ber density of the particles in the sample. The aggrega
observed in the one-phase region@5# is then restricted to the
side of the solvent’s coexistence curve poor in the com
nent which is rich in the partitioning-favored phase.

In a recent paper@6#, we have reported a measurement
the second virial coefficientB2 for colloidal particle interac-
tions in the nonaggregating, one-phase temperature reg
as the aggregation temperature of one of our samples
approached. For our very dilute colloids whose departu
from ideal gas behavior are small, this virial coefficient c
ries the information on the sign and importance of any we
551063-651X/97/55~1!/572~5!/$10.00
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interparticle interactions. While there were some puzzl
features involving the magnitude of the virial coefficien
Ref. @6# showed a dramatic change in the interparticle int
actions, from strongly repulsive at temperatures far from
aggregation pointTa to strongly attractive at the tempera
tures nearest toTa ~obviously once the aggregation temper
ture is reached no equilibrium measurement of the interp
ticle interaction is possible!. On the thermodynamic
trajectory reported in Ref.@6#, the change of sign ofB2 from
repulsive to attractive interactions occurred at a tempera
1 K away fromTa .

In this paper we report the measurement ofB2 as a func-
tion of temperature on a variety of thermodynamic trajec
ries, two of which never touch the aggregation zone~one of
these on the critical composition of the mixed solvent! and
one of which approaches the aggregation zone which
been shifted to the opposite side~from Ref. @6#! of the sol-
vent coexistence curve by changes in the surface proces
of the colloidal particles. The interest in observing these
ditional thermodynamic trajectories is both to compare re
tive magnitudes of attraction strength and to gain insight i
whether the apparently abrupt transition from aggregating
nonaggregating behavior as solvent composition is varied
sults from an abrupt or continuous variation of the net attr
tive interaction.

II. EXPERIMENTAL DESIGN AND DATA ANALYSIS

As in our earlier work@4–7#, dilute suspensions of well
characterized, monodisperse PLS~Interfacial Dynamics,
Portland, OR! in near-critical mixtures of 2,6-lutidine~Ald-
rich Chemical, Milwaukee, WI! and water~LW! were stud-
ied. PLS was prepared using a surfactant-free emuls
polymerization technique, where stabilization again
aggregation is provided by a net surface charge density
severalmC/cm2 sulfonated end groups preferentially locat
572 © 1997 The American Physical Society
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55 573MEASUREMENT OF THE SECOND VIRIAL . . .
on the surface of the sphere.~We use surface charge densi
as measured by titration as a measure of sulfonic gro
available on the surface for solvation. The actual surf
charge density should depend on the local solvent comp
tion near the particle surface and has not been measure
this experiment.!

In our earlier work@4,5# we measured the onset of th
aggregation zoneTa . Figure 1 shows the results of thos
measurements for PLS particles of several surface ch
densities, as well as the measured phase separation tem
ture Tps at each of the solvent compositions used~at each
point in Fig. 1 when theTa and Tps symbols overlap, no
aggregation was observed!. It is worth mentioning that the
LW system has a lower consolute point.

In the present study, samples were made with a wide
riety of colloidal volume fraction, two different kinds of PLS
and at various different solvent compositions. Table I lists
the samples reported in this paper. Static light scattering
measured as a function of wave number and number den
of colloidal particles at each of a variety of temperatures
each of the samples. In our earlier work@4,5# we have ob-
served aggregation over a much wider range of colloidal v
ume fractions, but the most reliable light scattering resu
were obtained for colloid particle volume fractions report
herein for each sample. Below these concentrations
colloidal-particle light scattering signal becomes too we
for accurate separation from the solvent-fluctuation sign

FIG. 1. Measured difference of phase separation tempera
(,) Tps , and aggregation temperature (h) Ta , from the critical
temperatureTc , vs solvent compositioncL . Also shown are the
coexistence curve~solid line!, the aggregation curve,~dashed line,
drawn to guide the eye!, and expected complete wetting regio
~hashed region, from Ref.@9#!. Particle types are left,d50.371
60.02 mm, s50.38 mC/cm2; middle, d50.37860.06 mm,
s53.85 mC/cm2; right, d50.55560.03 mm, s55.70 mC/cm2.
The vertical dotted lines on the figure show the trajectories repo
on in this work.

TABLE I. The samples used for the second virial coefficie
measurements.

Type d(mm) s(mC/cm2) CL f

A 0.5556 0.03 5.70 0.224 3310272331026

A 0.5556 0.03 5.70 0.287 1310262831026

A 0.5556 0.03 5.70 0.350 3310272331026

A 0.5556 0.03 5.70 0.400 3310272331026

B 0.3456 0.02 0.33 0.250 1310262831026
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and far above this concentration multiple scattering pose
problem. Accordingly the quantitative results presented
low were all obtained in the range favorable to light scatt
ing. In addition, measurements were made at one temp
ture for a series of samples of varying colloidal partic
density in pure water for purposes of calibration.

The colloidal particle radius was chosen large enough
it was much larger than the correlation length for solve
fluctuations throughout the range of our measurements
was then possible to subtract the essentially flat Lorentz
background scattering from solvent fluctuations and treat
remaining scatteringI ex(u) as pure colloidal-particle scatter
ing. This colloidal scatteringI ex(u) could then be written as

I ex~u!5NS~u!P~u!, ~1!

whereP(u) is the form factor for the scattering of a beam
intensity I 0 from an isolated colloidal particle,S(u) is the
structure factor which carries all the information about c
relations among colloidal particles, andN is the number den-
sity of colloidal particles.

The scattered light intensity atu50° is only a function of
the number density of the particles and the structure fa
S(0), i.e.,

I ex~0!5NS~0!K, ~2!

where@8#

K5P~0!5
32p4R6um221u2

9l4r 2
I 0 . ~3!

We can also rewrite this equation in a more useful form

1

S~0!
5

K

I ex~0!
N. ~4!

In the dilute colloid limit where the colloidal particle
might be expected to approach ideal gas behavior, the d
sity expansion of the zero-wave-number limit of the structu
factor can meaningfully be truncated to retain only the fi
term correcting the ideal gas approximation, the term c
tainingB2, the second virial coefficient

1

S~0!
511

2NB2
NA

, ~5!

whereNA is Avogadro’s number, and

B2~T!52pNAE
0

`

@12e2U~r !/kT#r 2dr, ~6!

wherer is the distance between the particles, andU(r ) is the
interaction potential.

Having established the relation between the static li
scattering and the second virial coefficient we turn our att
tion to the extrapolation ofS(q) to determineS(0), where
we made use of a Zimm analysis. This analysis allows us
extract the structure factorS(q) from the measured intensi
ties I (u) whereq5 (4pn/l)sin(u/2) is the wave vector of
the scattering. In this experiment we have the advantage
we are performing our measurements at extraordinarily sm
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574 55M. L. KURNAZ AND J. V. MAHER
values of the colloidal-particle number density; such sm
values that reasonable estimates of theq andN dependence
of the structure factor in the region of the first form fact
maximum should have their firstq-dependent terms of orde
1025, if we assume a hard-core potential for the PLS
water and expandS(q) in terms ofq. As was discussed in
Ref. @6#, we do not understand the origin of the simultaneo
appearance of the very smallq dependence exhibited by th
data and the very largeN dependence presented below. T
effect is, however, very reproducible.

Figure 2 shows the previously reported@6,7# virial coef-
ficients for the high surface charge density P
(s55.70 mC/cm2) on the aggregating side of the aggreg
tion curve (cL50.350) as a function of the absolute tempe
ture difference from the coexistence temperature for that
vent composition. In addition, a horizontal line shows t
value of the measured virial coefficient for the pure-wa
sample.

As was noted above, the present experiment supplem
the data of Fig. 2 by extending the measurements to o
thermodynamic trajectories and to particles with oppos
solvent affinities. The behavior of the virial coefficient on t
nonaggregating side of the coexistence curve (cL50.224)
can be seen in Fig. 3. The virial coefficient shows no
crease as the temperature approaches the coexistence
until the temperature is brought within 1 K of TC , and even
nearTC the observed negative values of the virial coefficie
are compatible with zero~no interaction! or a slightly attrac-
tive interaction, but in any case are much smaller in mag
tude than in the preceding~aggregating! case.

The measured virial coefficients for the same PLS on
critical trajectory (cL50.287) are shown on Fig. 4. We hav
never observed aggregation on the critical trajectory in
of our earlier measurements. However, the virial coefficie
show somewhat similar behavior to that seen for the ag
gating sample in Fig. 2, with smaller magnitudes in the

FIG. 2. Temperature dependence of the measured second
coefficient fors55.70 mC/cm2 at cL50.35. The horizontal dotted
line shows the value of the measured virial coefficient for the pu
water calibration samples. The arrow indicates the temperaturTa
at which aggregation sets in.
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parently attractive region~and somewhat larger uncertaintie
nearTC , as critical opalescence forces a larger subtract
for solvent composition fluctuations in the data analysis!.

As was noted above, in our earlier measurements@4,5# we
observed that the low surface charge density P
(s50.33 mC/cm2) aggregate on the water-rich side of th
coexistence curve. Figure 5 shows the result of virial coe
cient measurements on the aggregating side (cL50.250) for
these low surface charge density spheres. The behavio
quite similar to the high surface charge density spheres
their aggregating side of the coexistence curve, with the
tractive region confined to a narrower temperature zone
with a large magnitude virial coefficient in this zone.

As discussed in our earlier work@6,7#, the magnitude of
the virial coefficient deep in the repulsive regime is ve
large. If one naively modeled the particles as hard sphe
this magnitude would correspond to a hard sphere radiu
R54.2 mm, roughly ten times the radius of the particles a

ial

-
FIG. 3. Temperature dependence of the measured second

coefficient fors55.70 mC/cm2 at cL50.224.

FIG. 4. Temperature dependence of the measured second
coefficient fors55.70 mC/cm2 at cL50.287~critical!.
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55 575MEASUREMENT OF THE SECOND VIRIAL . . .
comparable to the average interparticle spacing. A h
sphere model with a repulsive-core radius of two parti
radii (0.6 mm! should be plausible in this case, since
reasonable estimate of the Debye screening length all
that length to be comparable to the colloidal particle si
Using the published electrolytic dissociation constant
2,6-lutidine@9#, in our earlier paper we estimated the Deb
screening length to be 7–10 nm@5#. This large-apparent
radius effect has been measured by Philipse and Vrij i
different system and treated with a speculation that
spheres interact significantly over distances of several r
@10#. Similarly, Thirumalai@11# found a need to set the e
fective hard sphere radius of colloidal particles to the me
interparticle distance in his calculations in order to expl
colloidal crystallization at observed volume fractions.

If we restrict our discussion to ignore the long-range
pulsion and look for inconsistency with the assumption t
the temperature-dependent reduction of the virial coeffic

FIG. 5. Temperature dependence of the measured second
coefficient fors50.33 mC/cm2 at cL50.250.

FIG. 6. Variation of the measured correlation length for solve
composition fluctuation j with temperature uT2Tcoexu, for
cL50.25 (n), cL50.35 (,), andcL50.40 (h). Also shown is the
correlation length for the critical composition~solid line, from Ref.
@4#!.
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results from solvent-composition fluctuations, it seems r
sonable to crudely model the attraction as arising when
surfaces of two particles are separated by only a few solv
correlation lengthsj. Figure 6 shows the correlation length
measured for the trajectories mentioned above. Using th
correlation lengths at eachuT2Tcoexu and choosing 10 cor-
relation lengths arbitrarily as the maximum range of a pla
sible overlap of adsorption layers, it is instructive to define
potential

U~r !5H ` r,2R

2U0 2R,r,2R110j

0 r.2R110j .

~7!

The value ofU0 needed to reproduce the virial coefficie
nearest the point of aggregation for each of the three tra
tories on which aggregation occurs is approximately 12
On the critical trajectory and the other nonaggregating
jectory, the value ofU0 at the point closest to the solvent
coexistence curve is approximately 9 kT. These interact
energies are fairly insensitive to the arbitrary choice of
range of the potential, namely, doubling or decreasing
range by half changes the energies mentioned above by
than 10%. Also if we use this simple model potential f
higheruT2Tcoexu we observe that the required well depth
obtain the measured virial coefficient gets smaller as
move away from the aggregation region. Given the simp
ity of this model and the wide variation (3230 nm! of the
correlation lengths at the end points of the measured tra
tories, the consistency of the well depths is striking. T
small but consistent difference of model well depths on d
ferent trajectories suggests that the energetics underlying
reversible aggregation involve continuous changes of f
energy across the entire range of temperature and sol
composition and no abrupt change at the point of aggre
tion.

III. SUMMARY AND CONCLUSIONS

We have measured second virial coefficients for very
lute colloidal dispersions of charge-stabilized polystyrene
tex spheres in the one-phase region of the mixed solv
2,6-lutidine plus water on thermodynamic trajectories kno
to vary the appearance of aggregation and the importanc
critical effects. These measurements were made as a fun
of temperature for PLS of two different surface charge d
sities and various solvent compositions. The tempera
ranges started deep in the one-phase region and approa
the coexistence curve. Far from the coexistence curve, a
the systems showed similar behavior, with virial coefficien
large and positive, indicating significant repulsion at a mu
longer range than would be expected from the known p
ticle diameter and any reasonable estimate of the De
screening length. As the temperature is brought nearer,
definitely not into, the aggregation zone, on the aggrega
side of the coexistence curve and on the critical trajecto
the virial coefficient plunges through zero to large negat
~attractive interaction! values, whereas on the nonaggreg
ing side the virial coefficient remains positive until the coe
istence curve is nearly reached. These results suggest t
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576 55M. L. KURNAZ AND J. V. MAHER
mere change from repulsion to attraction is not enough
aggregation, and aggregation sets in at much larger, neg
values of the second virial coefficient, hence, a much str
ger attraction between the particles. While no aggrega
has been observed on the critical trajectory, a simple ca
lation shows that the strength of attractive interaction is o
slightly reduced in comparison with the aggregating ca
Further, on the noncritical, nonaggregating trajectory a s
91
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n
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nificant reduction of repulsion was observed, even thou
attractive effects never became sufficiently strong to prod
aggregation. The evidence thus points to a gradual and
tinuous change in solvent-fluctuation–colloidal-particle
teraction near the coexistence curve as solvent compos
is varied through the critical composition.
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