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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 and
nonadsorbing polymer. It is found that the measured colloidal structure factor can be well described
by an effective interaction potential for the polymer-induced depletion attraction between the colloidal
particles. The amplitude of the attraction is found to increase linearly with the polymer concentration
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

The recent calculations [1] for the entropy-driven phasevhere I1,, is the osmotic pressure of the small parti-
separation in binary mixtures of hard spheres have stimwles; o and 2R, are the diameter of the large and small
lated considerable experimental efforts to study the phasearticles, respectively. The volume of the overlapping
behavior of various binary mixtures of colloidal parti- depletion zones between the two large particles is given
cles [2], surfactant aggregates [3], and polymer moleculeby [7]

[4]. While the phase behavior of these mixtures is gen-

erally in agreement with the theory, they are nevertheless A 3(r 1/ r )

not strictly hard-sphere systems. The colloidal particles Volr) = vP(,\ — 1) [1 ) <E> + ) <J> }

used in these experiments were stabilized either by surface )
charges or by a layer of surfactant molecules, and hence the

interparticle potential has a weak repulsive tail. The intery,nare,, is the volume of a small particle and= 1 +
action potentials for the surfactant aggregates and polym P

R,/o. In this Letter we report a small-angle neutron
molecules are probably much softer than that of the har cattering (SANS) study of the depletion attraction in a

spheres. Macroscopic phase measurements are usefuldg|oiq_nolymer mixture. In the experiment we measure
studies of the structure and phase behavior of the binany,. qli0idal (partial) structure factoss,(Q), which is

n}ixtqres, but they are much I?]SS sensitive to the detailgjrecily related to the potential () between the colloidal
of microscopic interactions in the mixtures. Direct mea-paricies. (In the discussion below, we will view the

surements of the microscopic interactions, therefore, ar olymer molecules as the small particles mentioned above,
needed in order to correlate then with the phase behavi

) nd use the subscriptsandp for colloid and polymer, re-
of the mixtures. , _ _ spectively.) An advantage of using SANS is that one can
In a mixture of hard spheres with two different sizes

. , ‘eliminate the undesirable scattering from the polymer
small particles are expelled from the region between WQhains by using isotopically mixed solvents. In addition to

Offs fundamental importance in statistical physics, the study

becomes less than the size of the small particles. This deg ¢qj10ig-polymer mixtures also has a myriad of industrial
pletion effect leads to an unbalanced osmotic pressure di ypplications [5].

ference pushing the large particles together, which results' o ¢igidal particles used in the experiment consisted

in an effective attraction between the two large particles ¢ o caicium carbonate (CaGDcore with an adsorbed

At sufficiently high par.ticle concgntrations and large _Sizemonolayer of a randomly branched calcium alkylbenzene
differences, the depletion attraction can cause the m'Xt“rgquhonate surfactant. These particles have been well

to segregate into two different phases [1,5,6]. The deplegparacterized previously using SANS and small-angle x-

tion at.traction can bg expressed in.terms of an effectiv?ay scattering (SAXS) techniques [8]. Our recent SANS
potentialU (r), which is the work required to bring the two 504 SAXS measurements [9] revealed that the particle has
large particles from |nf_|n|ty to a distancein an environ- 5 ;e radiusR, = 2.0 nm, and a monolayer thickness,
ment of the small particles. It has been shown #iat) 5 _ 5 o nm. The colloidal suspensions were prepared by
has the form [7] diluting known amounts of the concentrated suspension
with the solvent, decane. The suspensions were then cen-

+o r=o, trifuged at an acceleration of $@m/s? (10° g) for 2.5 h
U(ry=1 —H,Vo(r) o <r=o+2R,, (1) toremove any aggregates and dust. The resulting sus-
0 r>o + 2R, pensions were found to be relatively monodispersed with
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~10% standard deviation in the particle radius, as deterwhich involves the colloid diametes- and its volume
mined by dynamic light scattering [10]. fraction ¢, and (ii) an attractive tail with the dimension-
The polymer used in the study was hydrogenated polytess amplitude®? = I1,v,/kgT and the range parameter
isoprene (poly-ethylene-propylene or PEP), a stable chain. With the calculatedC(Q), we obtain the structure
polymer. The PEP is a model polyme¥,, /M, < 1.1),  factorS.(Q) via the well-known relation [12]
which has been well characterized previously using vari-
ous experimental methods [11]. The molecular weight of S.(Q) = 1/[1 = p.C(Q)]. (4)
the PEP wag/, = 26000 amu. Decane has been found _
to be a good solvent for both the colloid and PEP [10]. Figure 1 shows the measur&d Q) of the pure colloidal
Because decane and PEP are both protonated, the polynfégtspension for two volume fractions: (@) = 0.146 and
chains in the mixture are invisible to neutrons. Our Zimm(b) ¢. = 0.086. The solid curves are fits by the simple
analysis of the SANS data from the pure PBEButerated- hard-sphere structure factor [13], which can be obtained
decane solution has shown [9] that the polymer chain®Y takingU(r) = 0 for r > o in Eq. (3). In the fitting
have a radius of gyratioR, = 8.3 nm and their second ¢ iS fognd to remain constant for _dlfferent colloid con-
virial coefficient A,M, = 44.4 cn/g.  With the mea- centrations, and its best fit value is = 7.7 nm. This
sured, one can define an effective hard-sphere rastiys ~ value is very close to the measured particle gi#® + )
via 4(47 /3)R}, = AzMﬁ- Thus we have®,, = 4.8 nm, (= 8.0nm) as m_entlone(_j ab_ove. Because the_surfactant
which agrees well with our previous light scattering mea-Shell of the colloidal particle is “soft,” we expect its effec-
surement [10]. The light scattering experiment has relive hard shell thlcknes§ to be sllghtly smaller th&an _It
vealed that the PEP chains do not adsorb onto the colloid# aso found that the ratios of the fitt¢d agree well with -
surfaces, and the phase separation in the colloid-PEP mi%0€ corresponding ratios of the known mass concentration
ture samples occurs at the concentrations very close to ti¥ the colloidal samples [14]. Itis seen from Fig. 1 that the
depletion prediction [10]. Because the basic molecular inhard-sphere model fits the data well, except in the s@all-
teractions are tuned to be simple, the SANS measuremerfigdion. Since the measursg(0) is smaller than the hard-
in the colloid-PEP mixture can be used to critically exam-SPhere value, the deviation in the smallregion can be
ine the current depletion theory. attributed to a weak repulsion between the soft surfactant

The SANS measurements were performed at the Highells. Because the deviation is small, the meassired)
Flux Beam Reactor in the Brookhaven National Labo-iS found to be insensitive to the detail functional form of
ratory. The incident neutron wavelength = 7.05 = the soft repulsion i/ (r). To have a meaningful compari-
0.4 A, and the usable range of the scattering wave numSOn with the fittin'g results for the mixture sgmples, we use
ber Q [= (47 /) sin(6/2), with 6 being the scattering the samd/(r) as in Eq. (1) bu'Fchgnge the sign©fr) for
angle] was0.007 = Q = 0.15 A~!. The scattering cells " = 0- The dashed curves in Fig. 1 show the.calcula_ted
were made of quartz, and had a path length of 1 mm. Théc(Q) for the hard spheres with the soft repulsllon, which
raw scattered intensity; (Q) (counts’h) was measured at fits thg data bettgr than the hard-sphere model in the small-
room temperature by a two-dimensional detector. The cor@ region. The fitted values of and ¢, are the same as
rected intensity/(Q), was obtained by computing the azi-
muthal average and subsequently applying the standard ' T ' '
corrections due to the background intensity, solvent scat-
tering, and sample turbidity. The structure facf¥Q)
was obtained using the equatiSa(Q) = 1(Q)/p.P.(Q),
wherep. is the colloid number density ang.(Q) is the

scattering intensity per unit concentration measured in a ™
dilute pure colloidal suspension, in whish(Q) = 1. ~

To fit the scattering data, we calculate the Fourier n " (b) ' '
transform,C(Q), of the direct correlation functior¢ (r). 1.0k XD o |
When the potential/(r) consists of a hard core plus an 00

attractive tail as in Eq. (1)C(r) can be obtained under
the mean spherical approximation (MSA), which is a

perturbative treatment to the Percus-Yevick equation [12]. 0.5 ’
Under MSA, we have : '
0.00 0.05 0.10
_ [Cns(r) r=o, q (‘A7Y
Clr) = {—U(r)/kBT r> o, (3)

FIG. 1. Measured structure factSr(Q) of the pure colloidal

. . suspensions for two volume fractions: (&). = 0.146 and
wherek;T is the thermal energy anns(r) is a known ()75 "7 086 The solid curves are the fits to the hard-

direct correlation function for the hard-sphere system [12]sphere model, and the dashed curves correspond to a hard core
Note thatC(r) is constituted by two parts: (i) a hard core potential with a repulsive tail.
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those from the hard-sphere model. The fitting parametersolloid-polymer interaction radius to be 7.6 nm, which is
for the repulsive tail will be discussed later together withabout 10% smaller thaR, but 60% larger tha®,,,. With
the mixture data. the above three fitting parameters fixed, we were able to
To reduce the fitting ambiguity and pinpoint the con-fit all the scattering data from different mixture samples
trol parameters for the depletion effect, we prepared thre¢l9 samples in total) with only one free parameter—the
series of mixture samples witth. = 0.146, 0.086, and interaction amplitude®.
0.038, respectively. For each series of the sampfesyas It should be pointed out that in the above data analysis
kept the same and the polymer concentratign(g/cm®  we have assumed the colloidal particles to be identical and
was increased until the mixture became phase separat@ghored the small polydispersity in particle sizes. Because
(except for the series witkh, = 0.038) with a visible in-  the colloidal parameters are the same for each series of
terface, which separates the dark brown colloid-rich phasthe mixture samples with the sam#., the effect seen
from the light brown colloid-poor phase. Figure 2 com-in Fig. 2 is solely due to the addition of PEP into the
pares the measure$i.(Q) for three values ofC, when colloidal suspension. Furthermore, the main effect of the
(@) ¢. = 0.146 and (b) ¢, = 0.086. It is seen that the small polydispersity is to average out the oscillations of
main effect of adding PEP is to increase the value ofs.(Q) in the large@ range beyond the first peak position,
S.(Q) inthe small@ region, whereas the large-behavior  whereas the effect of adding polymer, as shown in Fig. 2,
of S.(Q) remains nearly unchanged. The solid curves iris to increase the value o.(Q) in the smallQ range.
Fig. 2 show the fits by Eq. (4) using the potenti&lr) in  Therefore, the small size polydispersity is unlikely to
Eq. (1). For afixed colloid concentration, the fitted valuesaffect our analysis of the depletion effect.
of o and ¢, for the mixture samples with differeidt, do Figure 3(a) shows the fittell as a function of the effec-
not change very much, and they are very close to those olgye polymer volume fractionp, = C,/C*, whereC* =

tained from the corresponding pure colloidal suspensionsys, /(47 /3)R? is the polymer overlap concentration. Itis
Furthermore, the fitted also remains constant for differ- seen thaP first increases linearly WNitIf;b,, uptog, = 1,

ent¢. andC,, and its best fit value i = 2.9. This value and then it levels off. For a give,, P also depends upon

is close to the calculatedl = 1 + R,/(Ry + &) = 3.07. i )
' . ¢.. If the polymer molecules in the mixture are treated
Because polymer chains are penetrable, the actual colloid- . : ;
as an ideal gas, their osmotic presslirg = n,kzT and

polymer interaction radiusk], was used as this interaction - -
radius in Eq. (1)] should be in between the radius of gyralence? = 1l,v,/ksT = ¢,. Recently, Lekkerkerker
tion R, and the effective polymer-polymer interaction ra- €t @l-[4.6] pointed out that the polymer number density

diusRy,. From the fitted value o, we find the effective ”» Should be defined as, = N),/Vy, whereN,, is the to-
tal number of the polymer molecules avig = a/(¢.)V is

the free volume not occupied by the colloidal particles and
their surrounding depletion zones. They have calculated
a(d.) as a function ofp,. [6]. It is seen from Fig. 3(b)

(o)
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FIG. 2. Measured colloidal structure factd.(Q) of the P

colloid-PEP mixtures for different polymer concentratidh . . ) L~ .

when (a)¢. = 0.146 and (b) ¢, = 0.086. The values ofC, FIG. 3. Fltted* interaction amplitude® as a function of
(g/cmd) in (a) are0.0039 (O), 0.0165 (V), and 0.0308 (O), (@) ¢, = C,/C"and (b)¢,/a. The colloid volume fractions
and those in (b) are.0038 (O), 0.0233 (V), and0.0652 (0).  in the mixtures arep. = 0.146 (O), 0.086 (V), and0.038 (0J).
The solid curves are the fits by Eq. (4) using the poterifia) The solid curve in (b) is the fitted functioR = —0.054 +
in Eq. (1). 0.178(¢p, /@) — 0.0245(¢p, /).
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