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Interaction of dilute colloidal particles in a mixed solvent
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We have measured the second virial coefficient Bz of very dilute colloidal dispersions of charge-
stabilized polystyrene latex spheres in the one-phase region of the mixed solvent 2,6-lutidine plus
water. These measurements were made as a function of temperature for two solvent compositions,
both of which are richer in 2,6-lutidine than the binary liquid mixture’s critical composition. The
temperature ranges started deep in the one-phase region and approached the coexistence curve but
did not penetrate the region of reversible aggregation near the coexistence curve. Very large, positive
(repulsive-interaction) virial coefficients are observed at temperatures far from the aggregation zone
and for calibration samples whose solvent is pure water. These large values of B are impossible
to model without invoking long-range repulsive interactions whose origin is difficult to explain. As
the temperature is brought nearer to the aggregation zone, the virial coefficient plunges through
zero to large negative (attractive-interaction) values. Crude modeling suggests that the observed
changes in the interactions are not inconsistent with a temperature-dependent attraction arising from
adsorption layer energetics operating at distances of a few solvent-fluctuation correlation lengths
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from the particle surfaces.

PACS number(s): 68.45.Gd, 64.70.Ja, 78.35.4c, 82.70.Dd

I. INTRODUCTION

Recent experiments have shown that colloidal parti-
cles in mixed solvents can show reversible aggregation
in the one-phase regime of the mixture near the mix-
ture’s phase separation temperature [1-5]. Most of these
experiments have used 2,6-lutidine plus water (LW) as
the mixed solvent and either silica or polystyrene latex
spheres (PLS) as colloidal particles. In our work on PLS
in LW [4,5], the aggregation condition has been shown to
be related to the affinity of the colloidal surfaces for one of
the solvent components. In particular, in a temperature
range near the critical temperature, 7., in the mixture’s
two-phase region, the particles will partition into one of
the solvent phases, with the meniscus between the liquid
phases clear to the eye and showing no sign of population
by colloidal particles. Which phase of the solvent attracts
the particles depends on the surface charge density of the
particles, with high surface charge density particles pre-
ferring the water-rich phase and low charge density par-
ticles preferring the lutidine-rich phase. As temperature
is advanced deeper into the two-phase region (all effects
discussed here are equilibrium effects), there is a tem-
perature T, at which particles appear on the meniscus
(most particles remain in the preferred phase, whose pop-
ulation depletion is too small to measure). T, changes
with the surface charge density of the particles [4], but
not with radius or with number density of the particles in
the sample. The aggregation observed in the one-phase
region [5] is then restricted to the side of the solvent’s
coexistence curve poor in the component which is rich in
the partitioning-favored phase.

While these phenomena are almost certainly related to
the energetics of wetting-adsorption, we currently lack a
complete understanding of the aggregation phenomenon,
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particularly since aggregation can occur both far into the
solvent’s one-phase region, distinctly beyond the critical
temperature, and also along the side of the solvent coex-
istence curve far beyond the wetting temperature.

In this paper we present a measurement of the second
virial coeflicient for the interaction of very dilute colloidal
particles deep in the one-phase region of the solvent, at
temperatures ranging from very far from the point of on-
set of aggregation where the particle-particle interaction
is clearly repulsive to near the temperature at which ag-
gregation first appears.

II. EXPERIMENTAL DESIGN AND DATA
ANALYSIS

As in our earlier work [4,5], the system studied was di-
lute suspensions of well-characterized, monodisperse [6]
PLS in near-critical mixtures of 2,6-lutidine [7] plus wa-
ter. PLS was prepared using a surfactant-free emulsion-
polymerization technique, where stabilization against ag-
gregation is provided by a net surface charge density of
several pC/cm? from sulfonated end groups preferentially
located on the surface of the sphere. (We use “surface
charge density” as measured by titration as a measure
of sulfonic groups available on the surface for solvation.
The actual surface charge density should depend on the
local solvent composition near the particle surface and
has not been measured in this experiment.)

In our earlier work [4,5] we have measured the onset
of the aggregation zone T,. Figure 1 shows the results of
those measurements for PLS particles of several surface
charge densities, as well as the measured phase separa-
tion temperature Tps at each of the solvent compositions
used (at each point in Fig. 1 when the T, and Tps symbols
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FIG. 1. Measured difference of phase separation tempera-
ture (V) Tps and aggregation temperature (O) T, from the
critical temperature T, vs solvent composition c. Also shown
are the coexistence curve (solid line), the aggregation curve
(dashed line, drawn to guide the eye), and expected com-
plete wetting region (hashed region, from Ref. [9]). Parti-
cle types are left, d = 0.371 £ 0.02 ym; o = 0.38 uC/cm?;
middle, d = 0.378 4+ 0.06 um, o = 3.85 uC/cm?; right,
d = 0.555 + 0.03 um, o = 5.70 £C/cm?.

overlap, no aggregation was observed). In this work we
used dilute suspensions of PLS of diameter d = 0.555 pm
(based on electron micrography) and surface charge den-
sity 0 = 5.70 uC/cm? (as reported by the manufacturer),
and thus the aggregation zone is as shown in Fig. 1(c).

Samples were made with a variety of colloidal-
particle volume fraction ¢ (2x 1077 < ¢ < 2 x 107%)
and two different solvent compositions cr (¢ = 0.35
and cr = 0.40). Static light scattering was measured
as a function of wave number and number density of
colloidal particles at each of a variety of temperatures
[(Teoex — 4 K) < T < T,] for each of the two solvent com-
positions where T¢oex is the coexistence temperature and
T, is the aggregation temperature for each LW com-
position. While identical aggregation behavior was ob-
served over the full range of colloidal-particle number
density, the most reliable light scattering results were ob-
tained for colloid-particle volume fractions in the range
(3 x 1077 < ¢ < 3 x 107°). Below this concentration the
colloidal-particle light scattering signal becomes too weak
for accurate separation from the solvent-fluctuation sig-
nal, and far above this concentration multiple scattering
poses a problem. Accordingly the quantitative results
presented below were all obtained in the range favor-
able to light scattering. In addition, measurements were
made at one temperature for a series of samples of vary-
ing colloidal-particle density in pure water for purposes
of calibration.

The colloidal-particle radius was chosen large enough
that it was much larger than the correlation length for
solvent fluctuations throughout the range of our mea-
surements. It was then possible to subtract the essen-
tially flat Lorentzian background scattering from solvent
fluctuations and treat the remaining scattering as pure
colloidal-particle scattering,

I.x(0) = Is(solution) — I,(solvent). (1)

This excess colloidal scattering Iex(6#) could then be writ-
ten as

Iex(e) = NS(Q)P(O)’ (2)
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where P(6) is the form factor for scattering of a beam
of intensity Ip from an isolated colloidal particle, S(8)
is the structure factor which carries all the information
about correlations among colloidal particles, and N is the
number density of colloidal particles.

For spherical particles of radius R [8],

32m*R8|m? — 1|2 _ 9(sinz — z cos x)?
P6) = 9A4r2 ko z (3)
with
o= 3R G 0)2), (a)

where n is the refractive index of the solvent, m is the rel-
ative refractive index of the particles, A is the wavelength
of the light used in vacuo, and I is the incoming light in-
tensity. In the present case, m < 1.14, 4wR/X = 5.5, and
this places the present results in the range [9] where the
Rayleigh-Gans-Debye approximation of Eq. (3) should be
correct to better than 10%.

I, was measured by a photodiode and I,(f) by a
Thorn-EMI model RFI/B263 photomultiplier tube oper-
ated in the photon counting mode. To determine the
relation between measurements of scattered light and
measurements of intensity of the incoming laser beam,
we calibrated a series of filters using a beam-power me-
ter, used these filters to deliver an attenuated laser beam
into the photomultiplier, and measured I and I,(0) si-
multaneously. We used this constant conversion factor
throughout the experiment to obtain the absolute scat-
tering intensity.

Figure 2 shows a Zimm plot for a typical case. In
the Zimm analysis using a Guinier approximation the
form factor is approximated as a straight line, but as
our particles are large we have to use the full expres-
sion for the form factor given in Eq. (3) which results in
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FIG. 2. Measured variation of % as a function of col-

loidal number density plus the scattering angle (Zimm plot)
at |T — Tecoex| = 2.80 K and ¢z = 0.35. The lines drawm
through the data are fits to the full form of the form fac-
tor. The extrapolations of these fits to # = 0 are shown by
the solid diamonds.
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the fit shown in Fig. 2. This fit allows us to extract the
structure factor S(q) from the measured intensities I(6)
where ¢ = #5™sin(0/2) is the wave number of the scat-
tering. The problem remains to extrapolate S(q) to de-
termine S(0). In this experiment we have the advantage
that we are performing our measurements at extraordi-
narily small values of the colloidal-particle number den-
sity, such small values that reasonable estimates of the
q dependence of the structure factor in the region of the
first form factor maximum have their first g-dependent
terms of order 10~ times the constant term which repre-
sents the value of the structure factor at zero wave num-
ber. This approximately flat expected structure factor
is quite consistent with our observations, as can be seen
from Fig. 3 which shows scattering for colloidal particles
in pure water at two values of the number density. We
do not understand the origin of the simultaneous appear-
ance of the very small ¢ dependence exhibited by the data
and the very large N dependence presented below. The
effect is, however, very reproducible.

The scattered light intensity at 6 = 0° is then only a
function of the number density of the particles and the
structure factor S(0), i.e.,

Ix(0) = NS(0)K , (5)
where

3214 R8|m?2 — 1|2

K =P(0) = 9A4r2

Iy . (6)
We can also rewrite this equation in a more useful form
as

1 K

50) = oY @)

The largest single source of error in the absolute determi-
nation of ﬁ is expected to arise from the use of filters
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FIG. 3. Measured variation of ﬁ as a function of
the wave number at two different number densities (e for
cprs = 11.6 x 10° particles/ml and O for cprs = 4.5 x 10°
particles/ml) in pure water. Points for ¢ > 11 x 10 m™?! arise
from analysis of intensities which fall in the first minimum of

the form factor P(q).

to determine the absolute ratio z—f—‘—zo—) as discussed above.
The uncertainty associated with this procedure could be
as large as a factor of 2. A factor of 2 uncertainty in
the absolute scale of §(0) could in turn propagate into a
factor of 2 uncertainty in the absolute value of the virial
coefficient, an uncertainty far smaller than the large ef-
fects discussed below. As was mentioned above, the use
of the Rayleigh-Gans-Debye approximation to extrapo-
late to P(0) should produce uncertainties only at the
level of 10% or less.

In the dilute colloid limit where the colloidal particles
might be expected to approach ideal gas behavior, the
density expansion of the zero-wave-number limit of the
structure factor can meaningfully be truncated to retain
only the first term correcting the ideal gas approxima-
tion, the term containing Bj, the second virial coefficient

1 2NB,
50 -1t N, (8)

where N4 is Avogadro’s number and

By (T) = 27rNA/ (1 — e UV/kT) 2y 9)

0

where 7 is the distance between the particles and U(r) is
the interaction potential.

Figures 4 and 5 show examples of measured values of
3:(1?) as a function of colloidal number density. Note that
Fig. 4 shows the extrapolation to § = 0 given in Fig. 2
but at an expanded scale. The slope of these lines de-
termine the second virial coefficient through application
of Eq. (8). Also note that the data extrapolate closely
to the ideal gas limit [S(0) = 1] at vanishing number
density. The slope of the line in Fig. 4 yields the virial
coefficient.

Figures 6 and 7 show measured virial coefficients for
each of the two different solvent compositions as a func-
tion of absolute temperature difference from the coexis-
tence temperature for that solvent composition. In each
case the temperature T, at which aggregation sets in is
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FIG. 4. Measured variation of % as a function of colloidal

number density at |T" — Tcoex| = 2.80 K and cr = 0.35.
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FIG. 5. Measured variation of % as a function of colloidal
number density at |T — Teoex| = 0.48 K and ¢z = 0.35.

indicated. In addition, a horizontal line shows the value
of the measured virial coefficient for the pure water sam-
ple.

Figure 8 shows the solvent-fluctuation correlation
length £ measured with dynamic light scattering for both
of our solvent compositions throughout a temperature
range which covers the range of our virial coefficient mea-
surement. The figure clearly shows that £ is, at all tem-
peratures and compositions, much smaller than the parti-
cle size and correspondingly gives a static light scattering
signal which can be subtracted reliably.

III. DISCUSSION

For each of the two mixed solvent compositions, there
is a temperature regime, far from the coexistence curve,
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FIG. 6. Temperature dependence of the measured second
virial coefficient for ¢y = 0.35. The horizontal dotted line
shows the value of the measured virial coefficient for the
pure-water calibration samples. The arrow indicates the tem-
perature T, at which aggregation sets in.
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FIG. 7. Temperature dependence of the measured second
virial coefficient for ¢y = 0.40. The horizontal dotted line
shows the value of the measured virial coefficient for the
pure-water calibration samples. The arrow indicates the tem-
perature T, at which aggregation sets in.

where the particle interaction is repulsive. This repulsive
virial coefficient is very close to that exhibited by the
same particles in water for the ¢=0.35 sample and only
slightly larger for the ¢=0.40 sample. While the virial
coefficient does not change appreciably with tempera-
ture far (more than 3 K) from the coexistence curve, as
the temperature is moved toward the coexistence curve,
each of the mixed solvent samples shows a reduction in
the virial coefficient which eventually (approximately 1 K
from coexistence for each different composition) changes
sign, indicating a net attractive interaction. Because of
the obvious limitations coming from the kinetics of aggre-
gation, it was not possible to follow the virial coefficient
into the aggregation regime, but in each case, the coef-
ficient was negative and of significant magnitude (com-
pared with the magnitude of the repulsion in pure water)
before aggregation set in.
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FIG. 8. Variation of the measured correlation length
for solvent-composition fluctuations £ with temperature
|T — Tcoex|, for ¢ = 0.35 () and cr = 0.40 (O). The solid
lines through the data are drawn to guide the eye. Also shown
is the aggregation temperature T, for each sample.
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In trying to understand the data shown in Figs. 6
and 7, several issues must be considered.

(1) The magnitude of the virial coefficient deep in the
repulsive regime is very large. If one naively modeled
the particles as hard spheres, this magnitude would cor-
respond to a hard sphere radius of R = 4.2 um, roughly
ten times the radius of the particles and comparable to
the average interparticle spacing. A hard sphere model
with a repulsive-core radius of two particle radii (0.6 pxm)
should be plausible in this case, since no reasonable es-
timate of the Debye screening length allows that length
to be comparable to the colloidal-particle size. Using
the published electrolytic dissociation constant for 2,6-
lutidine [11], in our earlier paper we estimated the De-
bye screening length to be 7-10 nm [5]. Goulian reports
evidence for a somewhat larger Debye screening length
from measured pH values [12], but it should be noted
that it is difficult to remove ions so effectively to raise this
length to even as much as 100 nm. This large-apparent
radius effect has been measured by Philipse and Vrij in
a different system and treated with a speculation that
the spheres interact significantly over distances of sev-
eral radii [13]. Similarly, Thirumalai [14] found a need
to set the effective hard sphere radius of colloidal parti-
cles to the mean interparticle distance in his calculations
in order to explain colloidal crystallization at observed
volume fractions.

(2) It is very difficult to explain the large positive
virial coefficients observed far from the aggregation tem-
perature. While long range forces are expected in non-
equilibrium systems [15], at thermodynamic equilibrium
net hydrodynamic interactions are expected to be of
short range [16]. Interactions connected with solvent
composition fluctuations would not be present in the
pure-water sample (which exhibited the same magnitude
for the virial coefficient) and, in any case, should not have
arange greater than a few solvent correlation lengths (see
Fig. 8).

(3) If we restrict our discussion to ignore the long-range
repulsion and look for inconsistency with the assumption
that the temperature-dependent reduction of the virial
coefficient results from solvent-composition fluctuations,
it seems reasonable to crudely model the attraction as
arising when the surfaces of two particles are separated
by only a few solvent correlation lengths £. Choosing ten
correlation lengths arbitrarily as the maximum range of
a plausible overlap of adsorption layers, it is instructive
to define a potential

00 r<2R
U(r) =< —Upr 2R <r < 2R+ 10¢ (10)
0 r> 2R 4 10€ .

The value of Uy needed to reduce the virial coefficient by
the measured reduction (2 x 10'® ml/mol) in this model
is 1.7 kT. Thus no inconsistency is found with assuming
a role for adsorption-layer energetics in the aggregation
problem.

IV. SUMMARY AND CONCLUSIONS

We have measured the second virial coefficient of
very dilute colloidal dispersions of charge-stabilized
polystyrene latex spheres in the one-phase region of the
mixed solvent 2,6-lutidine plus water. These measure-
ments were made as a function of temperature for two
solvent compositions, both of which are richer in 2,6-
lutidine than the system’s critical composition. The tem-
perature ranges started deep in the one-phase region and
approached the coexistence curve but did not penetrate
the region of reversible aggregation near the coexistence
curve. Far from the aggregation zone, the virial coef-
ficients are large and positive, indicating significant re-
pulsion at much longer range than would be expected
from the known particle diameter and any reasonable
estimate of the Debye screening length. As the tem-
perature is brought nearer, but definitely not into, the
aggregation zone, the virial coefficient plunges through
zero to large negative (attractive-interaction) values. It
is difficult to model the interactions in terms of known
particle properties because the long range of the repul-
sive interactions is difficult to explain. Crude modeling
suggests that the observed changes in the interactions
are not inconsistent with a temperature-dependent at-
traction arising from adsorption-layer energetics operat-
ing at distances of a few solvent-fluctuation correlation
lengths from the particle surfaces. It is plausible that
long-standing work on attractions of walls across mixed
solvents [17,18] and recent work on interactions of poly-
mer brushes with mixed solvents [19] could be adapted
to shed light on these colloidal-particle interactions if the
unexpected repulsive effects can be separated out of the
problem.
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