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Pretransitional Phenomena of a Colloid Polymer Mixture Studied with Static and Dynamic
Light Scattering
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A mixture of hard-sphere colloidal silica particles (radius 48 nm) and a nonadsorbing polymer (poly-
(dimethylsiloxane), radius of gyration 23 nm) is studied by means of static and dynamic light scattering near
the binodal. The spinodal is determined from an extrapolation of the diffusion coefficient as measured in the
one-phase region, where it is essential to take the hydrodynamic interactions into account. The distance
between the binodal and spinodal is small in the entire region so that it is difficult to locate the critical point
accurately. The correlation length, measured with static light scattering, increases drastically on approaching
the binodal. From these measurements the spinodal could be determined as well. For not yet understood
reasons, there is a considerable discrepancy between the location of the spinodal as found from extrapolated
dynamic and static light scattering data.

I. Introduction The aim of this paper is to determine the location of the
Attractive interactions between hard-sphere colloidal particles Pinodal and spinodal by means of visual observation and light
can be induced by adding nonadsorbing polyferThis scattering experiments, respectively. Static and dynamic light

depletion-induced attraction can be tuned by the concentrationSCattering experiments are performed in the stable part of the
and the size of the polymer. On increasing the attractive Phase diagram, and data are suitably extrapolated to obtain the
interactions, a phase separation will occur. The type of phaseSPinodal. , o ,
separation depends on the size ratio of the colloidal particles N Section Il a short overview of the theory is given according
and the polyme#-10 Our interest in this article is focused on to which the data are analyzed. It tl_Jrn_s out th_at, for colloidal
the experimental determination of the location of phase lines, Systems, long-ranged hydrodynamic interactions affect the
relating to the gasliquid transition (dilute and concentrated ~Pehavior of the diffusion coefficient close to the spinodal in an
disordered phases). essential way. !n section Il 'Fhe system and the exlpenm.ental

Light scattering studies, probing pretransitional phenomena, setup are descnbed._ In section I\( th_e results of direct V|_sual
are performed to locate the spinodal. Although the spinodal Observation and static and dynamic light scattering are given.
cannot be measured directly, due to the existence of a metastabl&inally in section V we end with some concluding remarks.
region between the binodal and spinodal, it is possible to
measure quantities that change significantly in the stable region”' Theory
of the phase diagram due to the presence of the spinodal. The A. Static Light Scattering. The intensity of light scattered
diffusion coefficient, for instance, vanishes at the spinodal. In by a monodisperse suspension is given by
the unstable region of the phase diagram, this diffusion
coefficient is negative, giving rise to spinodal decomposition. 1(K) ~ P(K) (k) (1)
This lowering of the diffusion coefficient in the vicinity of the . ) ]
spinodal is usually referred to as critical slowing down. In WhereP(K) is the form factor, which depends on the optical
addition to a vanishing of the diffusion coefficient, the correla- Properties of the individual particles, ai#k) is the structure
tion length diverges at the spinodal, giving rise to critical fa_ctor, which measures the microstructural order. Fyrthermore,
opalescence. The correlation length is directly related to the K is the wave vector, which is related to the scattering afigle
small angle scattered intensity. as

Phase separation into a dilute and a dense disordered colloidal
phase is also found in adhesive hard-sphere suspensions. In k=4—nsin(g) 2
addition, in adhesive hard-sphere suspensions a gel-line is A 2
found}?13 which seems to intersect with the critical potft.
Such a gel-line is not observed in colloid polymer mixtures
studied here, making the critical region better accessible for the

study of critical phenomena. An essential difference between the microstructure of the dispersion. Close to the spinodal,

the two types of systems is that in colloid polymer mixtures large-scale microstructures exist, giving rise to large scattered
the concentration of polymer sets the strength of the attractions,. g » gving 9

contrary to the adhesive hard-sphere system discussed in reILntensmes at small scattering angles. The size of these structures

13, where the temperature is the relevant variable. The polymerIS characterized by the correlanor_\ Ien@ﬂwhlch_ IS proportional
. o . to the square root of the osmotic compressibilipyfoll,
concentration plays qualitatively the role of an inverse temper-

with 4 the wavelength of the light in the suspension.
The structure factor is essentially the Fourier transform of
the pair-distribution function and contains information about

ature: lowering the concentration of the polymer reduces the S
magnitude of the attraction, which is otherwise accomplished E= J ()
by increasing the temperature. oll/op

® Abstract published irddvance ACS Abstract®yovember 1, 1996. which becomes infinite at the spinodal since th&lrHdp = 0.
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The quantityX is related to the CahrHilliard square gradient
coefficient}* which is well behaved in the vicinity of the
spinodal. To determine the correlation length from scattering

D= DOB(% + Zkz) —DBDEZ+K)  (11)

curves, the OrnsteinZernike approximation is used for the Close to the spinodal, where direct interactions become long-
structure factor, ranged, hydrodynamic interactions must be included, giving rise
to an extra term for the diffusion coefficient, which will become
- dominant near the spinodal.
K > 4 I
) =5 ) E24 k2 ) Due to the long-range character of the Oseen contribution to

the hydrodynamic interaction matrices, the hydrodynamic
This approximation, which is valid near the spinodal, neglects mobility function H(k), at zero wave vector, diverges on the
terms of orderk* and higher. The correlation length is spinodal. Higher order hydrodynamic interactions than the
experimentally found by measuring the wave vector dependenceOseen contribution give rise to finite contributionsH¢k) and
of the scattered intensity and taking the square root of the ratio need not be considered here. Up to the Oseen level, the diagonal
of the intercept and the slope of plots of the reciprocal scattered hydrodynamic interaction matrices are equal to
intensity againstk’.. The spinodal can then be found by N
extrapolating the correlation length to infinity or, equivalently, D; = Dyl (12)
the reciprocal correlation length to zero. ] )
B. Dynamic Light Scattering. With dynamic light scat-  and the off-diagonal terms are given by
tering the intensity autocorrelation function is measured. For _ .
monodisperse suspensions and short times, the following Dj = DobneaT(r), 1] (3)

expression holds for the normalized correlation funcfigkit), wherea is the radius of the particlego the viscosity of the

gkt =1+ o 2Dkt ) solvent, andT (r) the Oseen matrix
whereD is the short time collective diffusion coefficient. For T(r) = #% I+ 7] (14)
0

slightly polydisperse systems a small quadratic term in time

must be added to the argument of the exponential function. o
with f = r/r.

Substitution of eqs 9, 12, 13, and 14 into eq 8Hi{k) leads
to the following expression for the diffusion coefficient, which
is essentially eq 11 with an extra term due to the hydrodynamic
interactionst

©|(k,t) =1+ e—ZD(k)kzt‘FE(k)‘2 (6)

The diffusive behavior of a system changes dramatically when
the spinodal is approached: the short time collective diffusion
coefficient D becomes zero on the spinodal, for zero wave 5 a, .o
vector. After crossing the spinodal the diffusion coefficient D = Dy|(BE)(E * +K) +E(k§) F (k&) (15)
becomes negative for small wave vectors, giving rise to spinodal
decomposition. The following expression givgsn terms of with F the Kawasaki function,
the static structure factdk) and the hydrodynamic mobility

function H(k):241¢ F@Q=1+7+@F -2 Yarctand]  (16)
H(k)
D=Dgg SK) (7) This function was first encountered by Kawasaki and rederived
by Ferrell in their seminal studies on critical phenomena in
where DO is the Stokes Einstein diffusion coefficient. The f|UIdS 17.18 N0t|ce that we f|nd that for C0”0|da| SystemS the

static structure factor is given in eq 4, and the hydrodynamic Kawasaki function appears as an additive term instead of a
mobility function is given by multiplicative factor as in fluids.
Expanding eq 15 in a Taylor series irk§ for largeks yields

1 ADijA)-k.__D
H(K) = — Ke—-k | gkt ®) P ﬁE al af1
Ni;m D, . D[ b 85('@ 2 Euey &\

which is an ensemble average involving hydrodynamic interac- = D, [ﬂZ (ka)® + =~ (ka) + pz +2 = 1 >+ glO(is)
tion matricesD;.1>1¢ Close to the spinodal this ensemble & 5 (CS (S

average is essentially an integral weighted by the total correla- a7
tion functionh(r), given by

Notice that the first two terms are independengp$o that for

1 1 e large k& the k dependence db is independent of the distance
h(r) = B dmp T 9) to the spinodal, except that curvesldfersusk have a different
P “offset” equal toD¢B=/E2. The form of thek dependence db
Without hydrodynamic interactions, the matricg are  (curvature and slope) are independentobutD is displaced
simply given by by a constanbgS5/£2, which depends strongly on the distance
. to the spinodal. Hence, on approach of the spinodal, curves of
Dj = Dyl 9; (10) D versusk all have the same form and are displaced relative to

each other, depending on the correlation length.
in which d;; is the Kronecker delta. Substituting this into eq 8, Note that the first term in eq 1B=k?, is much larger than
it follows that H(k) = 1. Substitution of eq 4 for the static  the offset termBX/&2, for large values oké. The former term
structure factor together with eq 3 for the correlation length determines the correlation lengthdependent shapef the
into eq 7 then yields curves ofD versusk, whereas the latter sets the correlation
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lengthdependent offsetThis is why, on varying the distance
to the spinodal, the terfiz/£2 cannot be neglected: this term
is the only term that is responsible for a changéofersusk
curves on approach of the spinodal.

A crude estimate of the dimensionless nump&yR2 is
1/101920 Using this value withRy ~ 2a, one finds from eq
17, for largeké, that the first term, Z/a?)(ka)?, is less than
10% of the second term, £28)(ka), for ka < 1/4. In this wave
vector rangepP versusk is then expected to be approximately
a linear function ok with a correlation length independent slope.
Linear extrapolation oD versusk to k=0 then yieldsD(k=0)
= DoBZIE2

Ill. Experimental Methods

A. The System. The system under study consists of

sterically stabilized stearylsilica, synthesized according to refs

21-23. The particles have an average radius of 48 nm,
determined with dynamic light scattering. With transmission
electron microscopy a relative polydispersity of 10% is found.

The shape of the particles is not perfectly spherical, but there

is no significant anisotropy. The system is dispersed in

cyclohexane, where the interaction potential resembles a hard

sphere potential.

The polymer used is poly(dimethylsiloxane) (PDMS, Janssen)

with a molecular weight of 204K and a radius of gyration in
cyclohexane of 23 nm at 2%C.

With this size ratio of polymer/colloid of 0.48 a gakquid
phase transition is expected as well as a-gadid phase
transition, on the basis of the theoretical predictions of Lek-
kerkerker et af.

B. Binodal. The binodal was determined by visual observa-
tion. This was done in the following way. A suspension with
fixed amounts of colloid and polymer is concentrated by slowly

evaporating cyclohexane under a nitrogen flow. A suspension

is diluted by simply adding cyclohexane. In this way a so-
called dilution line in the phase diagram with a constant colloid/
polymer concentration ratio is probed. For each dilution line
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elements and the glass ring is established via two Teflon rings
to prevent leakage of toluene. (ii) It is filled with toluene that
matches the refractive index of the glass of the cuvette so as to
avoid spurious scattering from optical imperfections of the
cuvette. Inside the toluene bath there is a beamguide between
the beam inlet and the cuvette, to prevent the detection of any
stray light scattered from the inlet. (iii) It serves as a lens for
the scattered light: the radius of the glass ring is such that the
scattered intensity at any scattering angle is focused onto the
detector at a distance of 179 mm from the cuvette.

The detector is a linear diode array camera, model M1452A
of EG&G, where each of the 512 diodes has the dimensions
2.5 mmx 25um. The time resolution of this camera is 10
ms, its dynamic range is'2 and its sensitivityx 1 per 2800
photons at a wavelength of 550 nm. The camera is cooled to
5°C. To prevent condensation it is flushed with dry nitrogen.
The detector can be moved around the toluene bath in order to
select the desired scattering angle range.

The static light scattering curves were measured at@5
The samples were allowed to equilibrate for about %8 min.

The scattered intensity was measured in the scattering angle
range 1.87-5.95 in steps of 0.008 The samples were

contained in a rectangular quartz cuvette of Lxxrh cm. Within

a series of measurements along a single dilution line the intensity
of the primary beam was kept constant, so that also the various
scattered intensities can be compared.

2. Dynamic Light ScatteringDynamic light scattering (dls)
measurements were performed in a similar setup as described
above for static light scattering. The detector is a photo-
multiplier tube connected with a Malvern 7032 CE correlator.

The dIs measurements were done in a cylindrical glass tube
with a diameter of about 2 cm. A laser with a wavelength of
514.5 nm was used. The samples were measured &€ 26
angles between 26-50° with steps of 8. Each sample was
allowed to equilibrate for 1560 min.

IV. Results and Discussion

the binodal is determined as the middle between the last point A. Binodal. The time required to observe phase separation
where the equilibrated system is still homogeneous and the firstvaries from several minutes to hours, depending on the colloid/
point where phase separation is observed within a few hours. polymer concentration ratio. When the volume of the separated
This phase boundary is crossed several times, by dilution andphases are almost equal, the phase separation time increases,
concentration, in order to determine the binodal to within the indicating so-called critical slowing down. This is observed in
desired accuracy. The concentrations were calculated from thethe region where the volume fraction of colloigh, is between
known amounts of colloid and polymer in the sample and the 19% and 23%. This is the region where the critical point is
total weight of the sample. expected. The binodal is the lower curve in the phase diagram
After a subsequent series of light scattering measurementsin Figure 1. In the inset a theoretically calculated phase diagram
along a single dilution line, some colloid was added to the is given for comparison. The calculations are based on the
sample, resulting in a system with a different colloid/polymer theory given by Lekkerkerker and Stroobafftslt should be
concentration ratio. Along this new dilution line the binodal mentioned that this theory is less reliable for the large polymer
was determined again and a new series of measurements wergolume fractions that we are dealing with experimentally.
performed. Relatively large amounts of colloid and polymer  For static light scattering measurements, samples were
were used, in order to minimize the error due to evaporation. prepared independently, for each of which the binodal was
C. Spinodal. 1. Static Light Scattering.The static light determined separately. Afterward the location of the binodal
scattering setup consists of a 5 mW-Hge laser (wavelength  is scaled onto the previously determined binodal. This is done
638.2 nm), of which the intensity is controlled by attenuating because the error in concentration of an independently prepared
the primary beam with two polarizers. Two mirrors are used sample is about the same order as the difference in location of
for ease of the alignment. A pinhole and a diaphragm are usedthe binodal and spinodal: the experimental error in the colloid
in order to be able to vary the scattering volume in the cuvette volume fraction of independently prepared samples is about
and to prevent other than the laser light from entering the light 0.2% in¢c, while the differenceA¢. between the binodal and
scattering apparatus, which itself is enclosed in a light-tight box. the spinodal is also about 0.2%.
The cuvette is placed in a container filled with toluene. This  B. Spinodal. 1. Static Light Scattering To obtain the
container serves three purposes. (i) It serves as a thermostatcorrelation length, the reciprocal scattered intensity is plotted
A cylindrical glass ring of optical quality with a beam inletis against the square of the wave vector. An example of such a
clamped between two metal elements through which the plot for various concentrations along a dilution line is given in
thermostating water flows. The connection between the metal Figure 2. The squared correlation length is equal to the ratio
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Figure 1. Experimental phase diagram of a colloid polymer mixture with a polymer/colloid size ratio of 0.48. The system phase separates into a
dilute and a dense disordered phase. The lower curve represents the binodal. The data points are spinodal points as determined from extrapolated
static light scattering data and dynamic light scattering data. Two examples of dilution lines are/givehe lines that belong to Figures 2, 3 and

to Figures 5, 6. The errors in the static light scattering spinodal points are about 0.03%, and in the dynamic light scattering spinodal points are about
0.3%. The inset gives a theoretical phase diagram for comparison.
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Figure 2. Example of an OrnsteinZernike plot, where the reciprocal
scattered intensity is plotted versus the square of the wave vector. The Peoiioid (%)
various curves relate to different concentrations along one dilution line.

For the sake of clarity not all measurements are shown. Figure 3. The inverse correlation length plotted versus the volume

fraction of colloid, indicating a linear dependence. The data are from
the same series of measurements as in Figure 2. The spinodal is

of the intercept and the slope. When plotting the inverse at g = 23.71+ 0.03%.

correlation length versus the volume fraction of colloid, a linear
dependence is found as illustrated in Figure 3. Thisis in contrast 2. Dynamic Light Scattering.The polymer solution itself
with the critical exponent found for the divergence of the scatters very little compared with the total scattered intensity,
correlation length as a function of the temperature, which is so this will be neglected in the analysis, and all the scattered
1/2 in the mean field region and 0.63 beydAd. intensity will be attributed to the colloidal particles.

A strong increase of the correlation length occurs within a  The effective diffusion coefficient is obtained from the
small region of about 1% ig. below the binodal in the stable intensity autocorrelation function using a second cumulant fit,
part of the phase diagram. The extrapolations to determine thewhere the first cumulant is proportional to the diffusion
location of the spinodal points are given in Figure 4. Note that coefficient.
the difference between the binodal and the spinodal is found to In the region where the volume fraction of colloid at the
be in the range of 0.1%. These spinodal points are depicted inbinodal is smaller thag, ~ 12%, the dls measurements could
Figure 1 with open circles. The error in determining the not be analyzed according to the Ornstefrernike approxima-
spinodal concentration with use of static light scattering is about tion: the diffusion coefficient was found to decrease with
0.03%. increasing wave vector, which would lead to an unphysical
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Figure 4. Inverse correlation length, as determined from static light
scattering, plotted againgi.. The solid curves are linear fits, which
are used to determine the location of the spinodal points. The errors
are of the same order as in Figure 3.
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Figure 5. Example of a series of dynamic light scattering curves, where

the diffusion coefficient is plotted versus the wave vector for different

concentrations along one dilution line. For the sake of clarity not all
measurements are shown.
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negative correlation length. The spinodal in this part of the
phase diagram is too far away from the binodal, so that
attractions do not lead to the Ornsteifiernike behavior.

As mentioned in the Theory section, linear extrapolation of
D versusk to k=0 yieldsD(k=0) = D¢82/£2, and the slope of
these curves is independent of the correlation length. An
example of a set oD versusk curves along a dilution line is
given in Figure 5. To within experimental error we indeed find
a linear dependence 6f onk, and theD(k=0) values decrease
on approach of the spinodal. Extrapolationi{k=0) versus
¢c to D(k=0) = 0 results in a point in the phase diagram for
the spinodal at that specific colloid/polymer concentration ratio.
An example of such an extrapolation is given in Figure 6. The
spinodal points found in this way are the upper filled squares
in Figure 1. An accurate location of the critical point cannot
be determined from these spinodal points.

An overview of all values oD(k=0) and the extrapolations
is given in Figure 7. From this figure it is also not directly

Bodna et al.
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Figure 6. Example of an extrapolation @ (k=0) versusg. to find
a spinodal point. The data are the same as in Figure 5. The spinodal is
at¢c = 19.2+ 0.3%.
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Figure 7. Zero wave vector diffusion coefficient plotted against the
volume fraction of colloid for all the dilution lines measured. The solid
curves are linear fits, which are used to determine the location of the
spinodal points. The errors are of the same order as in Figure 6.

even in the region where the critical point is expected, based
on visual observations.

It is expected that on the left as well as on the right of the
critical point the distance between the binodal and spinodal
increases when the distance from the critical point increases.
This is not observed, although there is a single point that is
closer to the binodal. It seems that the spinodal is almost
parallel to the binodal. Compared with a theoretical phase
diagram for a colloid polymer mixture with a size ratio of 0.5,
this is not too surprising, because the distance between the
spinodal and binodal is indeed small in the entire region studied
here. This renders the experimental determination of the exact
location of the critical point problematic.

The fact thatD(k=0) is not very much enhanced at larger
volume fractions may also be due to an increase of the solvent
viscosity. In our case the solvent for the colloidal particles
consists of a polymer solution. At first glance it seems that
the viscosity of the solvent will decrease with increasing
concentration ratio of colloid/polymer, because the binodal shifts
to lower polymer concentration with increasipg However,

clear where the critical point is situated, because there is nothis is an overall concentration, which has to be corrected for

significant change in the diffusion coefficient measured at the
binodal. It is remarkable th&@(k=0) remains relatively large,

the fact that for increasing. the free volume available for the
polymer decreases. In other words the colloidal particles
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exclude a part of the total volume for the polymer, so that the found on approach of the spinodal along different paths. Notice,
effective concentration of polymer increases, with an increasing however, that the various dilution lines show the same critical
colloid concentration. Using the following expression for the exponent.
free volumé There are two discrepancies to be noted between static and
s dynamic light scattering results. First of all, there is a difference
a=(1— ¢ —Cr (18) between the location of the spinodal found with the two different
techniques. Secondly, the extrapolated values of the diffusion
in whichy = ¢J(1 — ¢c), A= 30 + 30? + 0%, B = 9042 + coefficient,D(k=0) O £-2, are found to be linear in the volume

3 ¢% and C = 3¢ (where o denotes the size ratig/ro), it fraction. From this, one should expect that the correlation length
follows that the polymer concentration in the solvent at the is proportional to the square root ¢f — ¢s, in contrast with
binodalincreaseswith a factor 2, going from ap; of 4% to the linear dependence found with static light scattering. Both

33%. This increase of the polymer concentration gives rise to discrepancies are not yet understood.
a lowering ofDo. However, correction ob for this will not
result in a different location for the spinodal from the extrapola- ~ Acknowledgment. We thank B. M. |. van der Zande for

tions but will only result in an increasing value Bi{k=0) at carrying out preliminary investigations on the dynamic light
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