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Neutron Scattering Study of Depletion Interactions in a Colloid-Polymer Mixture
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We report a neutron scattering study of depletion interactions in a mixture of colloid an
nonadsorbing polymer. It is found that the measured colloidal structure factor can be well describ
by an effective interaction potential for the polymer-induced depletion attraction between the colloid
particles. The amplitude of the attraction is found to increase linearly with the polymer concentrati
but it levels off at higher polymer concentrations. [S0031-9007(96)00388-2]

PACS numbers: 82.70.Dd, 61.12.Ex, 61.25.Hq, 65.50.+m
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The recent calculations [1] for the entropy-driven pha
separation in binary mixtures of hard spheres have sti
lated considerable experimental efforts to study the ph
behavior of various binary mixtures of colloidal par
cles [2], surfactant aggregates [3], and polymer molec
[4]. While the phase behavior of these mixtures is g
erally in agreement with the theory, they are neverthe
not strictly hard-sphere systems. The colloidal partic
used in these experiments were stabilized either by sur
charges or by a layer of surfactant molecules, and henc
interparticle potential has a weak repulsive tail. The int
action potentials for the surfactant aggregates and poly
molecules are probably much softer than that of the h
spheres. Macroscopic phase measurements are use
studies of the structure and phase behavior of the bin
mixtures, but they are much less sensitive to the de
of microscopic interactions in the mixtures. Direct me
surements of the microscopic interactions, therefore,
needed in order to correlate then with the phase beha
of the mixtures.

In a mixture of hard spheres with two different size
small particles are expelled from the region between
large particles when the large particle surface separa
becomes less than the size of the small particles. This
pletion effect leads to an unbalanced osmotic pressure
ference pushing the large particles together, which res
in an effective attraction between the two large partic
At sufficiently high particle concentrations and large s
differences, the depletion attraction can cause the mix
to segregate into two different phases [1,5,6]. The de
tion attraction can be expressed in terms of an effec
potentialUsrd, which is the work required to bring the tw
large particles from infinity to a distancer in an environ-
ment of the small particles. It has been shown thatUsrd
has the form [7]

Usrd 

8<: 1` r # s ,
2PpV0srd s , r # s 1 2Rg ,
0 r . s 1 2Rg ,
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where Pp is the osmotic pressure of the small par
cles; s and 2Rg are the diameter of the large and sm
particles, respectively. The volume of the overlapp
depletion zones between the two large particles is gi
by [7]
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whereyp is the volume of a small particle andl  1 1

2Rgys. In this Letter we report a small-angle neutr
scattering (SANS) study of the depletion attraction in
colloid-polymer mixture. In the experiment we measu
the colloidal (partial) structure factor,ScsQd, which is
directly related to the potentialUsrd between the colloida
particles. (In the discussion below, we will view th
polymer molecules as the small particles mentioned ab
and use the subscriptsc andp for colloid and polymer, re-
spectively.) An advantage of using SANS is that one
eliminate the undesirable scattering from the polym
chains by using isotopically mixed solvents. In addition
its fundamental importance in statistical physics, the st
of colloid-polymer mixtures also has a myriad of industr
applications [5].

The colloidal particles used in the experiment consis
of a calcium carbonate (CaCO3) core with an adsorbe
monolayer of a randomly branched calcium alkylbenz
sulphonate surfactant. These particles have been
characterized previously using SANS and small-angle
ray scattering (SAXS) techniques [8]. Our recent SA
and SAXS measurements [9] revealed that the particle
a core radius,R0  2.0 nm, and a monolayer thicknes
d  2.0 nm. The colloidal suspensions were prepared
diluting known amounts of the concentrated suspens
with the solvent, decane. The suspensions were then
trifuged at an acceleration of 108 cmys2 (105 g) for 2.5 h
to remove any aggregates and dust. The resulting
pensions were found to be relatively monodispersed w
© 1996 The American Physical Society
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,10% standard deviation in the particle radius, as det
mined by dynamic light scattering [10].

The polymer used in the study was hydrogenated po
isoprene (poly-ethylene-propylene or PEP), a stable ch
polymer. The PEP is a model polymersMwyMn , 1.1d,
which has been well characterized previously using v
ous experimental methods [11]. The molecular weight
the PEP wasMp  26 000 amu. Decane has been foun
to be a good solvent for both the colloid and PEP [1
Because decane and PEP are both protonated, the pol
chains in the mixture are invisible to neutrons. Our Zim
analysis of the SANS data from the pure PEPydeuterated-
decane solution has shown [9] that the polymer cha
have a radius of gyrationRg  8.3 nm and their second
virial coefficient A2Mp  44.4 cm3yg. With the mea-
suredA2 one can define an effective hard-sphere radiusRhs

via 4s4py3dR3
hs  A2M2

p. Thus we haveRhs  4.8 nm,
which agrees well with our previous light scattering me
surement [10]. The light scattering experiment has
vealed that the PEP chains do not adsorb onto the collo
surfaces, and the phase separation in the colloid-PEP
ture samples occurs at the concentrations very close to
depletion prediction [10]. Because the basic molecular
teractions are tuned to be simple, the SANS measurem
in the colloid-PEP mixture can be used to critically exa
ine the current depletion theory.

The SANS measurements were performed at the H
Flux Beam Reactor in the Brookhaven National Lab
ratory. The incident neutron wavelengthl0  7.05 6

0.4 Å, and the usable range of the scattering wave nu
ber Q [ s4pyl0d sinsuy2d, with u being the scattering
angle] was0.007 # Q # 0.15 Å21. The scattering cells
were made of quartz, and had a path length of 1 mm.
raw scattered intensityIrsQd (countsyh) was measured a
room temperature by a two-dimensional detector. The c
rected intensity,IsQd, was obtained by computing the az
muthal average and subsequently applying the stan
corrections due to the background intensity, solvent s
tering, and sample turbidity. The structure factorScsQd
was obtained using the equationScsQd  IsQdyrcPcsQd,
whererc is the colloid number density andPcsQd is the
scattering intensity per unit concentration measured i
dilute pure colloidal suspension, in whichScsQd  1.

To fit the scattering data, we calculate the Four
transform,CsQd, of the direct correlation function,Csrd.
When the potentialUsrd consists of a hard core plus a
attractive tail as in Eq. (1),Csrd can be obtained unde
the mean spherical approximation (MSA), which is
perturbative treatment to the Percus-Yevick equation [1
Under MSA, we have

Csrd 

Ω
Chssrd r # s ,
2UsrdykBT r . s , (3)

wherekBT is the thermal energy andChssrd is a known
direct correlation function for the hard-sphere system [1
Note thatCsrd is constituted by two parts: (i) a hard co
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which involves the colloid diameters and its volume
fraction fc, and (ii) an attractive tail with the dimension
less amplitudeeP  PpypykBT and the range paramet
l. With the calculatedCsQd, we obtain the structure
factorScsQd via the well-known relation [12]

ScsQd  1yf1 2 rcCsQdg . (4)

Figure 1 shows the measuredScsQd of the pure colloidal
suspension for two volume fractions: (a)fc  0.146 and
(b) fc  0.086. The solid curves are fits by the simp
hard-sphere structure factor [13], which can be obtai
by taking Usrd  0 for r . s in Eq. (3). In the fitting
s is found to remain constant for different colloid co
centrations, and its best fit value iss  7.7 nm. This
value is very close to the measured particle size2sR0 1 dd
s 8.0 nmd as mentioned above. Because the surfac
shell of the colloidal particle is “soft,” we expect its effe
tive hard shell thickness to be slightly smaller thand. It
is also found that the ratios of the fittedfc agree well with
the corresponding ratios of the known mass concentra
of the colloidal samples [14]. It is seen from Fig. 1 that t
hard-sphere model fits the data well, except in the smaQ
region. Since the measuredScs0d is smaller than the hard
sphere value, the deviation in the small-Q region can be
attributed to a weak repulsion between the soft surfac
shells. Because the deviation is small, the measuredScsQd
is found to be insensitive to the detail functional form
the soft repulsion inUsrd. To have a meaningful compar
son with the fitting results for the mixture samples, we u
the sameUsrd as in Eq. (1) but change the sign ofUsrd for
r . s. The dashed curves in Fig. 1 show the calcula
ScsQd for the hard spheres with the soft repulsion, wh
fits the data better than the hard-sphere model in the sm
Q region. The fitted values ofs andfc are the same a
rd
t-

a

r

].

].

FIG. 1. Measured structure factorScsQd of the pure colloidal
suspensions for two volume fractions: (a)fc  0.146 and
(b) fc  0.086. The solid curves are the fits to the har
sphere model, and the dashed curves correspond to a hard
potential with a repulsive tail.
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those from the hard-sphere model. The fitting parame
for the repulsive tail will be discussed later together w
the mixture data.

To reduce the fitting ambiguity and pinpoint the co
trol parameters for the depletion effect, we prepared th
series of mixture samples withfc  0.146, 0.086, and
0.038, respectively. For each series of the samples,fc was
kept the same and the polymer concentrationCp (gycm3)
was increased until the mixture became phase sepa
(except for the series withfc  0.038) with a visible in-
terface, which separates the dark brown colloid-rich ph
from the light brown colloid-poor phase. Figure 2 co
pares the measuredScsQd for three values ofCp when
(a) fc  0.146 and (b)fc  0.086. It is seen that the
main effect of adding PEP is to increase the value
ScsQd in the small-Q region, whereas the large-Q behavior
of ScsQd remains nearly unchanged. The solid curves
Fig. 2 show the fits by Eq. (4) using the potentialUsrd in
Eq. (1). For a fixed colloid concentration, the fitted valu
of s andfc for the mixture samples with differentCp do
not change very much, and they are very close to those
tained from the corresponding pure colloidal suspensi
Furthermore, the fittedl also remains constant for diffe
entfc andCp, and its best fit value isl  2.9. This value
is close to the calculatedl  1 1 RgysR0 1 dd  3.07.
Because polymer chains are penetrable, the actual co
polymer interaction radius [Rg was used as this interactio
radius in Eq. (1)] should be in between the radius of gy
tion Rg and the effective polymer-polymer interaction r
diusRhs. From the fitted value ofl, we find the effective
nd
ted
FIG. 2. Measured colloidal structure factorScsQd of the
colloid-PEP mixtures for different polymer concentrationCp
when (a)fc  0.146 and (b)fc  0.086. The values ofCp
(gycm3) in (a) are 0.0039 ssd, 0.0165 s,d, and 0.0308 shd,
and those in (b) are0.0038 ssd, 0.0233 s,d, and 0.0652 shd.
The solid curves are the fits by Eq. (4) using the potentialUsrd
in Eq. (1).
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colloid-polymer interaction radius to be 7.6 nm, which
about 10% smaller thanRg but 60% larger thanRhs. With
the above three fitting parameters fixed, we were able
fit all the scattering data from different mixture sampl
(19 samples in total) with only one free parameter—
interaction amplitudeeP.

It should be pointed out that in the above data analy
we have assumed the colloidal particles to be identical
ignored the small polydispersity in particle sizes. Beca
the colloidal parameters are the same for each serie
the mixture samples with the samefc, the effect seen
in Fig. 2 is solely due to the addition of PEP into th
colloidal suspension. Furthermore, the main effect of
small polydispersity is to average out the oscillations
ScsQd in the large-Q range beyond the first peak positio
whereas the effect of adding polymer, as shown in Fig
is to increase the value ofScsQd in the small-Q range.
Therefore, the small size polydispersity is unlikely
affect our analysis of the depletion effect.

Figure 3(a) shows the fittedeP as a function of the effec
tive polymer volume fractionfp  CpyCp, whereCp 
Mpys4py3dR3

g is the polymer overlap concentration. It

seen thateP first increases linearly withfp up tofp . 1,
and then it levels off. For a givenfp, eP also depends upon
fc. If the polymer molecules in the mixture are treat
as an ideal gas, their osmotic pressurePp  npkBT and
hence eP  PpypykBT  fp. Recently, Lekkerkerker
et al. [4,6] pointed out that the polymer number dens
np should be defined asnp  NpyVf , whereNp is the to-
tal number of the polymer molecules andVf  asfcdV is
the free volume not occupied by the colloidal particles a
their surrounding depletion zones. They have calcula
asfcd as a function offc [6]. It is seen from Fig. 3(b)
FIG. 3. Fitted interaction amplitudeeP as a function of
(a) fp  CpyCp and (b)fpya. The colloid volume fractions
in the mixtures arefc  0.146 ssd, 0.086 s,d, and0.038 shd.
The solid curve in (b) is the fitted functioneP  20.054 1
0.178sfpyad 2 0.0245sfpyad2.
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that oncefp is scaled by the calculatedasfcd [15], the
three curves in Fig. 3(a) collapse into a single mas
curve. The solid curve in Fig. 3(b) is the fitted functioeP  20.054 1 0.178sfpyad 2 0.0245sfpyad2.

The fittedeP consists of three terms. The small negat
intercept indicates that there is a weak repulsive interac
between the soft surfactant shells of the colloidal partic
[To have a meaningful comparison with the fittedeP for
the mixture samples, we used the same value ofl s 2.9d
to fit the repulsive tail for the pure colloidal sample
The linear coefficient should be unity for noninteracti
polymer chains (an ideal gas), but our fitted value is0.178.
One plausible reason for the deviation is that with
effective potential approach, the polymer molecules
assumed to be smaller than the colloidal particles
their number density should be much higher than t
of the colloidal particles. In our experiment, howev
these two assumptions are not strictly satisfied, and the
the overlap volumeV0srd in Eq. (2) is overestimated
As a result, the fittedeP becomes smaller than its actu
magnitude, becauseUsrd in Eq. (1) is proportional to the
product of V0srd and eP. Another possibility is that in
calculating fp, a smaller characteristic length thanRg

should be used for the polymer chains. For example
Rhs is used to estimatefp, the linear coefficient will be
increased by a factor ofsRgyRhsd3 . 5.2.

The polymer-polymer interaction, which gives rise
the quadratic term in the fittedeP, can have two competin
effects on the depletion attraction. It may either incre
the osmotic pressure (and henceeP) because the polyme
chains have a positive second virial coefficient or red
the depletion attraction because it requires the sys
to do more work to expel the polymer molecules fro
the depletion zones. Figure 3(b) clearly shows that
polymer-polymer interaction tends to reduce the deple
attraction. A similar suppression effect is also found
recent theoretical calculations of the depletion attrac
between two parallel plates immersed in an interac
polymer (or particle) solution [16]. The suppression eff
may be used to explain why it is easier to induce ph
separation in colloid-polymer mixtures than in colloi
colloid mixtures under similar conditions. Because
colloidal particles have a larger second virial coefficie
than the corresponding polymer molecules, the interac
amplitude eP in the colloid-colloid mixtures will start to
level off at lower concentrations.
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