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We present a neutron-scattering study of depletion interactions in a mixture of a hard-sphere-like colloid and
a nonadsorbing polymer. By matching the scattering length density of the solvent with that of the polymer, we
measured the partial structure fac&X Q) for the colloidal particles. It is found that the measu&¢Q) for
different colloid and polymer concentrations can be well described by an effective interaction pdiénjial
for the polymer-induced depletion attraction between the colloidal particles. The magnitude of the attraction is
found to increase linearly with the polymer concentration, but it levels off at higher polymer concentrations.
This reduction in the depletion attraction presumably arises from the polymer-polymer interactions. The ex-
periment demonstrates the effectiveness of using a nonadsorbing polymer to control the magnitude as well as
the range of the interaction between the colloidal partidl84063-651X%96)10911-9

PACS numbgs): 82.70.Dd, 61.12.Ex, 65.56m, 61.25.Hq

[. INTRODUCTION faces through a loss of conformational entropy. Colloidal
surfaces are then maintained at separations large enough to

Microscopic interactions between colloidal particles indamp any attractions due to the depletion effect or London—

colloid-polymer mixtures, which are directly of interest to 5’| ' ddition to its i ant tical licati th
industries. Lubricating oils and paint are examples of the "l addition to 1is important practical applications, the

colloid-polymer mixtures in which phase stability is desired study of the colloid-polymer mixtures is also of fundamental
poly P Yy ‘interest in statistical mechanics. The recent theoretical calcu-

The mteractlon between the_ colloidal .part|cles. can be exlations[?—lO] for the entropy-driven phase separation in bi-
pressed in terms of an effective potentir), which is the  nary mixtures of hard spheres have stimulated considerable
work required to bring two colloidal particles from infinity to experimental efforts to study the phase behavior of various
a distance in a given polymer solutiofil]. In the study of  pinary mixtures, such as liquid emulsiofist], binary colloi-
the interactions in colloid-polymer mixtures, it is important dal mixtures[12—15, colloid-surfactant mixture$16], bi-
to distinguish between polymers that are adsorbed on thgary emulsiong17], and mixtures of colloids with nonad-
colloidal surfaces and those that are free in solutions, besorbing polymerg18]. While it is successful in explaining
cause the two situations usually lead to qualitatively differenthe phase behavior of these mixtures, the binary hard-sphere
effects. In a mixture of a colloid and a nonadsorbing poly-model is nevertheless a highly idealized theoretical model. In
mer, the potentialU(r) can develop an attractive well be- reality, there are many complicated, non-hard-sphere colloi-
cause of the depletion effet,2] in that the polymer chains dal mixtures. Even in the study of the model colloidal mix-
are expelled from the region between two colloidal particlesures, the particles used in the experiments are stabilized ei-
when their surface separation becomes smaller than the sizieer by surface charges or by a layer of surfactant molecules
of the polymer chains. The exclusion of polymer moleculesand hence the interparticle potential has a weak repulsive
from the space between the colloidal particles leads to atmil. The interaction potentials for the surfactant aggregates
unbalanced osmotic pressure difference pushing the colloidzind polymer molecules are probably much softer than that of
particles together, which results in an effective attraction bethe hard spheres. Measurements of phase behavior and other
tween the two colloidal particles. If the attraction is large thermodynamic properties are useful in studies of macro-
enough, phase separation occurs in the colloid-polymer mixscopic properties of the binary mixtures, but they are much
ture [3,4]. In the case of adsorption, the adsorbed polymetess sensitive to the details of the molecular interactions in
chains, in a good solvent, resist the approach of other suthe system. Microscopic measurements, such as radiation-
scattering experiments, therefore are needed to directly probe
the molecular interactions in the mixtures. With this knowl-
* Author to whom correspondence should be addressed. edge, one can estimate the phase stability properties of the-
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binary mixtures in a straightforward wayThe reverse pro- Il. THEORY

cess of inferring the intermolecular interactions from the
phase behavior is much more problematic and unpsiliee
study of microscopic interactions complements the macro- ) ) _ _
scopic phase measurements. With both microscopic and Consider the scattering medium to be made of a mixture
macroscopic measurements, one can verify assumptions afél colloidal particles and nonadsorbing polymer molecules.
test predictions of various theoretical models for the deple:r e total scattered intensity from the mixture can be written
tion effect[3,4,19,20. These measurements are also usefuﬁs[zg'zzﬂ

for the further development of the depletion theory to a more

general form, so that non-hard-sphere interactions can be in- 1(Q)= KZ30(Q) +2(KKp) 2 cp(Q)+K2Z,0(Q), (1)
cluded.

In contrast to many previous experimental studi#8—  where the subscripts andp are used, respectively, to iden-
22], which mainly focus on the phase behavior of thetify the colloid and polymer and, is the scattering length
colloid-polymer mixtures, we have recently carried out a la-density of thew component, which has taken into account the
ser light-scattering study of the depletion interaction in acontrast between the component and the solvent. The scat-
mixture of a hard-sphere-like colloid and a nonadsorbinge€ring wave numbeQ= (4/\)sin(6/2), with N, being the
polymer[23]. In the experiment, the second virial coefficient wavelength and the scattering angle. The functian, ;(Q)
of the colloidal particles as a function of the free-polymerin Ed. (1) has the form
concentration was obtained from the measured concentration
dependence of the scattered light intensity from the mixture. o
The experiment demonstrated that our light-scattering Ea,;(Q)=2 2| (e711 _r'ﬁ)% )
method is indeed capable of measuring the depletion effect ]

in the colloid-polymer mixture. However, the interpretation o . .
; wherer {* is the position of thgth monomer of thex com-
of the measurements was somewhat complicated by the un- J

wanted scattering from the polvmer. ASSUMDLONS Weréaonent and\,, is the total number of the monomers in the
. 9 . _Polymer. P sample volumé/. The angular brackets indicate an average
made in order to deal with the interference effect between th

. Bver all possible configurations of the molecules.

colloid and the polymer. . The functionX ,4(Q) measures the interaction between

In this paper we report a small-angle neutron scatteringhe components and in the mixture. In the experiment to
(SANS) study of the depletion interaction in the samepe described below, we are interested in the polymer-induced
colloid-polymer mixture. The use of SANS with isotopically gepletion attraction between the colloidal particles and thus
mixed solvents eliminates the undesirable scattering from thehe scattering length density of the solvent is chosen to be the
polymer. In the experiment, we measure the colloigeelr-  same as that of the polymer. In this case, the polymer mol-
tial) structure factoS;(Q) over a suitable range of the scat- ecules become invisible to neutronk (=0) and Eq.(1)
tering wave numbef. The measure®.(Q) is directly re-  becomes
lated to the interaction potentidl(r) and therefore it
provides more detailed information about the colloidal inter- 1(Q)=K2pP(Q)S,(Q). 3)
action in the polymer solution than the second virial coeffi-
cient does. The colloidal particle chosen for the study con;

. ) . In the abovep, is the number density of the colloidal par-
sisted of a calcium carbonat€aCQ) core with an adsorbed ticles andP,(Q) is their scattering form factor. The partial

monolayer of a randomly branched calcium alkylbenzengy,cyyre factolS,(Q) measures the interaction between the
sulphonate surfactant. The polymer we used was hydroggs|oidal particles and it is proportional to the Fourier trans-

nated polyisoprene, a stable straight-chain polymer. Both thg,m of the radial distribution functiog,(r) for the colloidal

polymer and the colloidal particles were dispersed in a goo%articles. ExperimentallyS,(Q) is obtained by
solvent, decane. Such a nonaqueous colloid-polymer mixture

is ideal for the investigation attempted here since the colloi-

dal suspension is approximately a hard-sphere system and Q)

both the colloid and the polymer have been well character- Se(Q)= KchPc(Q) ' )
ized previously using various experimental techniques. Be-

cause the basic molecular interactions are tuned to be simplg, .. 2p (Q) is the scattered intensity per unit concentra-
. . . c'c
the SANS measurements in the colloid-polymer mixture cani,n measured in a dilute pure colloidal suspension, in which

b_e used to critically examine the current theory for the depleihe colloidal interaction is negligible and thes(Q) =1.
tion effect[3,4,19,20Q.

The paper is organized as follows. In Sec. Il, we review
the scattering theory for a mixture of a colloid and a nonad-
sorbing polymer and present the calculation of the colloidal
structure factorS.(Q) using the potentialU(r) for the
polymer-induced depletion attraction. Experimental details As mentioned in Sec. |, our colloidal particle consists of a
appear in Sec. lll, and the results are discussed in Sec. I\¢alcium carbonate core with an adsorbed monolayer of sur-
Finally, the work is summarized in Sec. V. factant molecules. A simple core-shell model, as shown in

A. Scattering from a mixture of colloidal particles
and polymer molecules

N, Ng

B. Calculation of the form and structure factors
for colloidal particles
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To calculate the structure fact8(Q), one needs first to

solve the Ornstein-Zernike equation for the direct correlation
functionC(r) using a known interaction potentidl(r) [30].
Asakura and Oosawfl] have derived an effective interac-
tion potentialU(r) for the colloidal particles in a nonadsorb-
ing polymer solution. It is assumed in the model that the

b colloidal particles are hard spheres and the polymer mol-

m ecules behave as hard spheres toward the colloidal particles

but can freely penetrate with each other. Under this approxi-
mation,U(r) takes the fornj1,2]

+ oo, r<o

FIG. 1. Simple core-shell model for a colloidal particle consist- U(r)=1 ~1IpVo(r), o<r<o+2Rq ©

ing of a CaCQ core with an adsorbed monolayer of surfactant 0, r>o+2R,,

molecules. HerdR; is the core radius§ is the shell thickness, and

be, bs, andb,, are the coherent scattering length densities of thewhereo is the particle diametell, is the osmotic pressure

core, shell, and solvent, respectively. of the polymer molecules, arfg, is their radius of gyration.
The volume of the overlapping depletion zones between the

Fig. 1, has been used to characterize the microstructure of tH@o colloidal particles at a separationis given by[1,2]

particles[25—27. The form factorP.(Q) for the core-shell

model is NV 3y e
, VO(r)_U”()\—l [ 2 ax)’Lz m\) } (10
4mRL
P(QRe) =1 (bc—by) 3 f(QRe) +(bs wherevp=(4w/3)Rg is the volume occupied by a polymer
chain and\=1+2Ry/o. This potential has been used to
47(Rs+ 6)3 2 calculate the phase diagram of the binary sysf8m], and
—bm) -3 fIQ(R+ )] . (9 recent phase measurements of several colloid-polymer mix-
tures have shown qualitative agreement with the calculation
with [18-20.
When the potentidl (r) is constituted by a hard core plus
3(sinXx—X cosx) a weak attractive tail as in Ed9), the direct correlation
f)=——3 (6)  functionC(r) can be obtained under the mean spherical ap-

proximation(MSA), which is a perturbative treatment to the

In the aboveR, is the core radiusé is the shell thickness, Percus-Yevick equatiof80J. Under the MSA, we have

andb,, bg, andb, are the coherent scattering length densi- Cua(r) r<o
ties of the core, shell, and solvent, respectively. C(r)= RS (11)
When the particles are not uniform in size, the average —U(r)/kgT, r>o,

form factor takes the form
where kgT is the thermal energy an@,4(r) is a known

© direct correlation function for the simple hard-sphere system
(P(Q))= J P(QR.g(R.)dR;, (7) [31,32. Note thatC(r) is constituted by two partsi) a hard
0 core that involves the colloid diameter and its volume

. e . fraction ¢._and (ii) an attractive tail with the dimensionless
whereg(R,) is the probability distribution for the core radius amplitudeP =T1,v,/(ksT) and the range parameter With

R.. To reduce the fitting parameters, we have assumed IBgs. (9)—(11), we calculate the Fourier transfor@(Q) of

Eq..(7) that the shell thicknesé is a constant. Pre\_/ious.ex_— C(r) (see the Appendixand obtain the structure factor
periments 28,29 have shown that for a narrow size distri- S.(Q) via the well-known relatiorj30]

butiong(R.), the measuredP.(Q)) is not very sensitive to
the detail functional form o§(R;). For simplicity, we now 1

use the Schultz distribution to model the size distribution of S(Q)= 1=p.C(Q)°
our particles. The Schultz distribution function has the form Pe

(12

(z+1)#*1 (Rc C. Scattering from flexible polymer chains

z
—— 7 | L] e~ (@tDR:/Rg
Re)= RiT(z+1) Ro)e o ®

Because of the chain flexibility and interchain penetration,
the scattered intensitl( Q) from a polymer solution cannot
whereR, is the mean core radius adi(x) is the gamma be generally written as a product of the form facRy(Q)
function. The normalized standard deviati@n the polydis- and the structure factds,(Q). However, Zimm has shown
persity € is related to the parameterz via [33,34 that when two different polymer chains are assumed
e=((R.—Rp)?)™Ry=(z+1)~ 2 With the Schultz distri- to have only a single contad®,,(Q) can still be factored out
bution function, one can calculat®.(Q)) in Eq.(7) usinga from the measureti(Q). Under this single-contact approxi-
simple numerical integration method. mation, 1 (Q) takes the form
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OPEM Pp(Q) TABLE |. Scattering length densities of the colloid, polymer,
1(Q)= ; : (13  and solvents.
1+ Z(AZ)pM ppppp(Q)
. . , . Scattering length density

In the aboveK is an instrumental constan, is the poly- (10° cm™?)
mer concentration in g/ciM p Is the molecular weight, and . Mass density
(A), is the second virial coefficient. Zimm initially derived Material (glent) X ray neutron
Benoit and Benmouni5,38 generalized the equation fo & CIC2 e 2 165 348

o 0 9 urfactant shell 0.9-1.0 8.0-9.5 0.35

high concentration regime using the mean-field theory o

Ornstein and Zernikg35). For a dilute polymer solution, Eq. dEP polymer 8336 NZ';E _g'j;
(13) can be rearranged to read ecane ' ~o. -
decaned,, 0.84 ~6.78 6.58
Kop, M p 1 ,
o7 = Bior T 2(A)eMupy. (14) . _
Q) (Q) using u-Styragel columns and tetrahydrofuran as the elution

_ 2 solvent. To vary the scattering contrast, both hydrogenated
Fhor slgnalllzalgjes o, we haveP,(Q)=1-(QRy73 and  yecangAldrich, >99% puré and deuterated decai€am-
thus Eq.(14) becomes bridge Isotope Laboratories;99% deuteratedwere used as
Koo' M 1 solvents. Decane has been found to be a good solvent for
% =1+ 3 (QRy)%+2(A) M oPh- (15)  both the colloid and PEF23]. The scattering length densities
of the colloid, the PEP polymer, and the solvents used in the

. . 5 experiment are listed in Table . Some of the values in the
With Eq. (15 one can obtain values dfoM,, Rg, and table are taken from Ref§25—27.

(A2)pM, by linearly extrapolating the scattering data
pr’,/I(Q) to the limits 0fp£’—>0 and Q>—0, respectively.
Using Eg.(13), one can also obtain the polymer structure

factor S,(Q) =1(Q)/[KoppM,P,(Q)1, which has the form The SANS measurements of the pure colloidal samples
and the mixture samples were performed at the High Flux

Beam Reactor in the Brookhaven National Laboratory. The
(16)  incident neutron wavelengtky=7.05+0.4 A and the usable

Q range was 0.007 A'<Q=0.15 A"1. The SANS measure-

ments of the pure polymer samples were performed on a
Ill. EXPERIMENT SANS instrumentNG-7) at the National Institute of Stan-
dards and Technology. The incident neutron wavelength
Ao=5.000.35 A and the usableQ range was 0.01

As mentioned in Sec. |, our colloidal particle consists of aA "1<Q=0.142 A1, The SAXS measurements of dilute

CaCQ core with an adsorbed monolayer of a randomlycolloidal samples were performed on a high-resolution spec-
branched calcium alkylbenzene sulphonate surfactant. Thgometer at the Oak Ridge National Laboratory. The incident
synthesis procedures used to prepare the colloid have begrray wavelengthny=1.54+0.04 A and the usabl® range
described by Markoviet al.[25]. These particles have been was 0.014 A'<Q=<0.31 A" All the scattering measure-
well characterized previously using SANS and small-anglenents were conducted at room temperature. The neutron-
x-ray scattering(SAXS) techniques[25-27 and they are scattering sample cells were made of quartz and the x-ray-
used as an acid-neutralizing aid in lubricating oils. The mo-scattering cells were made of Kapton; both types of cells had
lecular weight of the particle i1.=300 000t 15%, which  a path length of 1 mm. The raw scattered intensjQ)
was obtained from a sedimentation measurenj28L The  (counts/h was measured by a two-dimensional detector. The
colloidal suspensions were prepared by diluting knowncorrected intensity (Q) was obtained by applying the stan-
amounts of the concentrated suspension with the solveniard corrections due to the background intensity, solvent
decane. The suspensions were then centrifuged at an accetattering and sample turbility via
eration of 18 cm/< (10° g) for 2.5 h to remove any colloidal

B. Small-angle neutron- and x-ray-scattering measurements

Sp(Q)= 1+ 2A;Mpp/Po(Q)

A. Sample preparation

aggregates and dust. The resulting colloidal suspensions 1 (Q)=1,(Q)  1(Q)—1p(Q)

were found to be relatively monodispersed witli0% stan- Q)= T, Ts (17

dard deviation in the particle radius, as determined by dy-

namic light scattering23]. and subsequently computing the azimuthal average. In the

The polymer used in the study was hydrogenated polyisoabove,l ,(Q) is the background scattering when the neutron
prene [poly-ethylene-propylene(PEPR], a straight-chain beam is blocked|¢(Q) is the scattered intensity from the
polymer synthesized by an anionic polymerization schemeolvent, andl, and T are the transmission coefficients for
[37,38. The PEP is a model polymdwith M, /M <1.1), the scattering sample and the solvent, respectively. To elimi-
which has been well characterized previously using variousate the inhomogeneity of detector’s sensitivity at different
experimental techniqug87-39. The molecular weight of pixels, we normalized the scattering ddketh neutron and
the PEP wasvl,=26 000 amu. The molecular weight char- x-ray) with isotropic scattering standards. The structure fac-
acterization was carried out by size exclusion chromatogrator S;(Q) for the pure colloid samples and the mixture
phy, which was made with a Waters 150-C SEC instrumensamples were obtained by using Ed).
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TABLE |II. Fitting results from dilute colloid and polymer
samples.

Samples Ro (nm) §(nm) z Ry, (nm) Ry (nm)

0.01
0.0

100

Colloid-decane 2.0 151
(SAXS)

Colloid—decaned,, 2.0 20 120
(SANYS

PEP-decand-, 8.28 4.85
(SANS

lated (P;(Q)) for the polydispersed core-shell particles us-
ing Egs.(7), (5), and(8). In the calculation, the neutron-
scattering densities for the Cag@ore, the surfactant shell,
and deuterated decane are taken from Table IRyid fixed

at the value determined from the SAXS data. As a result,

° there are only three parameters left in the fittiagz, andl .

The fitting results for the dilute colloidal suspension are
listed in Table Il and they agree well with previous SAXS
and SANS measuremenit85-27. From the fitted value of

z, we find the polydispersity of the core radius tode25%,
which is slightly larger than that determined by dynamic
light scattering(e=10%) [23]. The fact that the value of
obtained from the SANS data is smaller than that from the
SAXS data suggests that the surfactant shell is also some-
what polydisperse@@27].

We now discuss the structure fac®y(Q) of the concen-
trated pure colloidal suspensions in decane measured by
SANS. Figure 3 shows the measurgqQ) for three colloid
concentrations(a) p.=26.2 wt. %,(b) 17.5 wt. %, and(c)

for the dilute pure colloidal suspension® SAXS data from the ~8-7 Wt. %. The solid curves are the fits to the simple hard-
colloid-decane suspension at the concentraipm 1 wt. % and(b) ~ SPhere structure factd@0,41, which can be obtained by
SANS data from the colloid—deuterated-decane suspensigi at taking U(r)=0 for r>o in Eq. (11). There are two fitting
=1 wt. %. The solid curve ira) is a fit to the form factor of the ~Parameters in the hard-sphere model: the volume fragtion
polydispersed spheres and thatfiis a fit to the form factor of the ~and the hard-sphere diameterThe fitted values ofp, and
polydispersed core-shell particles. o for different colloidal concentrations are given in Table II1.
Because the centrifugation process removed some colloidal
aggregates and dust from the master colloidal solution, the
nominal mass concentration of the colloidal samples has
some uncertainties. However, the ratios of the concentrations
Figure 2a) shows the SAXS data for the dilute pure col- are accurate and the ratios of the fitiggin Table 1l agree
loidal suspension in decane at the concentratigr=1  well with them. It is seen from Table IIl that the fitted
wt. %. Because the x-ray-scattering length density for the@emains constant for different colloid concentrations and its
surfactant shell is about the same as that of de¢seeTable best fit value isoc=7.7 nm. This value is very close to the
), the scattering is dominated by the Ca{®@re[27]. The measured particle size Rf+ ) (=8.0 nm as listed in
solid curve in Fig. 2a) is the calculated P.(Q)) for the  Table IIl. Because the surfactant shell of the colloidal particle
polydispersed spheres using Ed3), (5), and (8) with  is “soft,” we expect its effective hard-shell thickness to be
b,=b,,. Since the shell thicknessis absent from the fitting, smaller thans.
one can determine the core radius more accurately from the Figure 3 clearly shows that the hard-sphere model fits the
SAXS data. There are three fitting parameters in the plot: théow concentration data well. As the colloid concentration
mean core radiuRy, the polydispersity parameter and the  increases, the measured}(Q) starts to deviate from the
scattered intensity, at Q— 0. Figure Zb) shows the SANS hard-sphere model in the sm&ll-region. The deviation can
data for the dilute colloidal suspension in deuterated decanige attributed to a weak repulsion between the soft surfactant
at p.=1 wt. %. Because the neutron-scattering length denshells, since the measur&j(0) is smaller than the hard-
sity of the surfactant shell is much different from that of sphere value. The colloidal particles “feel” more and more
deuterated decar(see Table), the scattering from the sur- repulsion when their separation is decreased. Because the
factant shell is more pronounced in the SANS data. It is seedeviation in the smalR region is small, the measur&j(Q)
from Fig. 2b) that the scattering from the surfactant shell becomes insensitive to the detail functional form of the soft
exhibits a sharp minimum, which entails a tight fit for the repulsion inU(r). We have tested several functional forms
shell thicknesss. The solid curve in Fig. @) is the calcu- for the repulsive tail, such as an exponential decaying func-

10 b .

1(Q)

0.00 0.05 0.10 0.15
0 -1
Q(a)

FIG. 2. Measured scattering intensit{Q) as a function ofQ

IV. RESULTS AND DISCUSSION

A. Pure colloids
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TABLE llI. Fitting results from concentrated colloid samples.

. Hard sphere Hard core plus a square barrier
Colloidal samples

(wt. %) ¢ oM g omm 7(keT) A
26.2 0.146 7.8 0.146 78 —-0.1 2.0
17.5 0.086 7.7 0.086 77 —0.06 2.0
8.7 0.038 7.7 0.038 77 —-0.03 20

Table 1ll. It is seen that the fitted values @fand ¢ are the
same as those from the hard-sphere model. The fitted barrier
height » is found to be small compared to the thermal energy
kgT (the negative sign indicates repulsjcend it increases
slightly with the colloid concentration as discussed above. It
is also found from the fitting that a fixed value ®»f(=2.0)

can be used to fit all the data with different concentrations.
This value of\ suggests that the soft repulsion range is ap-
proximately the same as the hard-core diametePrevious
SANS measurements for the same colloid have also shown
this relatively large interaction randg@6]. The above mea-
surements for the pure colloidal samples reveal that the mi-
crostructure of the particles can be well described by the
simple core-shell model and the colloidal suspension is ap-
proximately a hard-sphere system. Our data analysis for the
particle form factor is somewhat complicated by the small
polydispersity of the samples and the interparticle potential
is slightly affected by the weak repulsion between the soft
surfactant layers.

B. Pure polymers

Figure 4a) shows the Zimm plot of the SANS data for the
pure PEP in deuterated decane with the polymer concentra-
tion p;, ranging from 0.0072 to 0.0634 g/CmThe SANS
data are found to be well described by the Zimm relation as
shown in Eq.(15) [for clarity we did not draw the linear
extrapolation lines in Fig.@]. From the Zimm analysis, we
find that the polymer chains have a radius of gyration
Ry=28.28 nm and their second virial coefficieh§M ,=44.4
cm’/g. With the measured, one can define a thermody-
namic radius (an effective hard-sphere radjuR; via
4(4m3)RI=A,M 3. Thus we haveR;=4.85 nm, which

FIG. 3. Measured structure fact@(Q) of the concentrated 29rees well with our previous light-scattering measurement

colloid-decane suspensions for three concentrati@sp,=26.2

[23]. It is shown in Eg.(14) that when the scattering data

wt. %, (b) 17.5 wt. %, andc) 8.7 wt. %. The solid curves are the Pp/!(Q) at a fixedQ is plotted as a function gf,, a linear
fits to the hard-sphere model and the dashed curves correspond t&trapolation tOpr')—>0 gives KoM P,(Q)] ~1. The zeroth
hard-core potential with a repulsive barrier.

curve in Fig. 4a) shows the extrapolatedKpM ,P(Q)] -1
Using the known value df oM, (=0.0036, determined from

tion and a square barrier, and found that all these functionthe Zimm plo}, we obtain the polymer form factét,(Q) as
fit the data equally well. The dashed curves in Fig. 3 showshown in Fig. 4b). The largeQ portion of P,(Q) is found to
the calculatedS,(Q) for the hard spheres with a square re- be well described by the power law 1/[0.€#R;)"] (solid
pulsive barrier, which fit the data better than the hard-spherine), with v=2 being the Flory exponent for three-

model in the small® region. Sharma and Sharrfé2] have
calculatedS,(Q) for a hard-core potential with an attractive

dimensional polymer chair€3].
With the extrapolate®,(Q), one can obtain the polymer

square well. Here we simply change the sign of the attractivstructure factorS,(Q)=1 (Q)/[Kopl’JM pPp(Q)] from the
well to model the repulsive barrier.
There are four parameters in the model: the volume fracS,(Q) of the PEP polymer in deuterated decane for three

tion ¢., the diametero, the barrier heighty (in units of
kgT), and the barrier widthy. A dimensionless paramet&r

concentrated polymer samples. Figure 5 shows the measured

polymer concentrations. The solid curves show the calcu-
lated S,(Q) using Eq.(16) and the extrapolate®,(Q) in

is defined a3 =1+ /0. The fitting results are summarized in Fig. 4(b). Because hydrogenated polymer samples are used
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P’e/1(Q)

1072

deuterated decane with the polymer concentra;bip(g/cn?) being
(1) 0.0072,(2) 0.0151,(3) 0.0223,(4) 0.0352,(5) 0.0452, and6)

Q ("a™h

FIG. 4. (8 Zimm plot of the SANS data for the pure PEP in (polymer at® poinf). These two models have been widely
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TABLE IV. Fitting results from concentrated polymer samples.

pp, (glcn) A M, (cmPig) T
0.0038 45.0 0.02
0.0072 475 0.005
0.0151 41.0 0.02
0.0223 40.8 0.03
0.0276 43.0 0
0.0352 415 0.04
0.0452 42.0 0.05
0.0634 47.0 0.04

duce an additive noise termto the calculate,(Q) in Eq.

(16). The fitted values oA,M , and 7 are listed in Table IV.

It is seen from Table IV that the contribution of the incoher-
ent scattering to the total intensity is at a few percent level.
This is consistent with our calculation of the incoherent scat-
tering intensity for the PEP using the known incoherent cross
section of the hydrogen atoms. The fitted valuesg¥ , are
very close to that obtained from the Zimm analysis and they
do not change very much in our working range of the poly-
mer concentration. Figure 5 thus demonstrates that @#8s.

and (16) can indeed be used to describe the scattering data
from the concentrated polymer samples. The measured
S,(Q) in Fig. 5 shows a typical correlation hole for the poly-
mer chaing43] and is very different from the structure factor
of either a hard-sphere systefsee Fig. 3 or an ideal gas

used to describe the polymer molecules in the colloidal sus-
pension[2,22].

0.0634. The zeroth curve is the extrapolat&g¥ ,P,(Q)] ~1and

the scale constank=0.8. (b) Extrapolated polymer form factor
Pp(Q) as a function ofQ. The solid line is the fitted function

1/[0.64QR,)*? to the circles at large®.

in the experiment, the hydrogen atoms in the polymer sampl

total intensity 1 (Q) [which is proportional toS,(Q)]. To
describe theQ-independent incoherent scattering, we intro-

1.0

0.0

0.00

FIG. 5. Measured structure factgg(Q) for the PEP polymer in
deuterated decane. The
(g/cmg):0.0072(open circley, 0.0276(closed circles and 0.0634
(open triangles The solid curves are the calculat€g(Q) using

0.05

0.10

Q ("7

polymer

Eq. (16) and the extrapolateB,(Q) in Fig. 4(b).

0.15

concentrations

C. Mixtures of colloids and polymers

We now discuss the SANS data from the colloid-PEP-
decane mixtures. Some of the results in this section have
been briefly reported in Ref44]. Because decane and the
PEP are both protonated, the polymer chains in the mixture
&re invisible to neutrons. To reduce the fitting ambiguity and
pinpoint the control parameters for the depletion effect, we
prepared three series of mixture samples with=26.2,
17.5, and 8.7 wt. %, respectively. For each series of the
samplesp, was kept the same and the polymer concentra-
tion p;) was increased until the mixture became phase sepa-
rated (except for the series with,=8.7 wt. %9 with a vis-
ible interface, which separates the dark-brown colloid-rich
lower phase from the light-brown colloid-poor upper phase.
In this way all the colloidal parameters remain unchanged
and one can clearly see the effect of adding polymer to the
colloidal suspensions. Our previous light-scattering measure-
ments[23] have revealed that the PEP chains do not adsorb
onto the colloidal surfaces and the phase separation in the
colloid-PEP mixture samples occurs at the concentrations
very close to the depletion prediction.

Figure 6 compares the measu®dQ) for three values of
pF’) when (a) p.=26.2 wt. %, (b) p.,=17.5 wt. %, and(c)
p.=8.7 wt. %. It is seen that the main effect of adding PEP
e is to increase the value .cﬁc(Q) in the smaIIQ region,
whereas the larg® behavior ofS;(Q) remains nearly un-
changed. As the colloid concentration increases, the effect of
adding PEP becomes more and more pronounced. Since
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FIG. 6. Measured colloidal structure fact®y(Q) of the colloid-
PEP mixtures for different polymer concentratipp when (a) p¢
=26.2 wt. %,(b) p,=17.5 wt. %, andc) p.=8.7 wt. %. The val-
ues Ofpr') (g/cn®) in (@) are 0.00390), 0.0165(V), and 0.0308
(O); those in(b) are 0.00380), 0.0233(V), and 0.0652); and
those in(c) are 0.0081(O), 0.0226(V), and 0.048). The solid
curves are the fits to Eq12) using the potential (r) in Eq. (9).

S.(0) is proportional to the isothermé&smotio compress-
ibility of the colloidal solution, an increasing.(0) with p{)

TABLE V. Fitting results from three series of the colloid-PEP
mixtures with three different colloid concentrations) p.=26.2
wt. %, (b) p.=17.5 wt. %, andc) p,=8.7 wt. %.

Sample  p; (g/cn?) o o (nm) P \

(€Y
1 0.0 0.146 7.80 -0.1 2.9
2 0.004 0.136 7.45 —-0.01 2.9
3 0.009 0.130 7.45 0.095 29
4 0.017 0.123 7.30 0.175 2.9
5 0.024 0.123 6.90 0.228 2.9
6 0.031 0.123 6.80 0.265 2.9

(b)
1 0.0 0.086 7.70 —0.06 2.9
2 0.004 0.081 7.70 —0.019 2.9
3 0.009 0.081 7.70 0.066 29
4 0.016 0.080 7.55 0.143 29
5 0.023 0.080 7.20 0.180 2.9
6 0.030 0.080 7.10 0.214 2.9
7 0.049 0.083 6.65 0.260 2.9
8 0.065 0.080 6.85 0.250 29

(©
1 0.0 0.038 7.70 —0.033 2.9
2 0.004 0.038 7.70 —0.007 2.9
3 0.008 0.038 7.70 0.054 2.9
4 0.016 0.038 7.50 0.110 2.9
5 0.023 0.038 7.20 0.141 2.9
6 0.029 0.038 7.10 0.172 2.9
7 0.037 0.038 6.90 0.200 29
8 0.048 0.038 6.90 0.220 29

tudeP and the range parameterdescribe the attraction tail.
The fitting results are summarized in Table V.

It is seen from Table V that for a fixed colloid concentra-
tion, the fitted values ofr and ¢, do not change very much
with the polymer concentration and they are close to those
obtained from the corresponding pure colloidal suspensions
(p{):O). Furthermore, the fitted also remains constant for
differentp, andp, and its best fit value is=2.9. This value
is close to the calculateN=1+Ry/(Ry+ )=3.07. In the
literature, Ry is commonly used as the effective colloid-
polymer interaction rang¢18] and we have adopted the
same convention in Eq9). Because polymer chains are pen-
etrable, we expect that the actual colloid-polymer interaction
range is in between the radius of gyratiBg and the ther-
modynamic radiuf, which measures the polymer-polymer
interaction range. From the fitted value ®f we find the
effective colloid-polymer interaction range to be 7.6 nm,
which is about 10% smaller thd®, but 60% larger thaiRy .

To the authors’ knowledge, this is the first time that a micro-
scopic measurement is performed to provide quantitative in-

indicates an increase in the attraction between the colloidgbrmation about the interaction range of the depletion attrac-
particles. Figure 6 thus reveals a notable feature for th&ion. With the above three fitting parameters fixed, we were
polymer-induced depletion attraction between the colloidabble to fit all the scattering data from different mixture

particles. The solid curves in Fig. 6 are the fits to EtR)

using the potential(r) in Eq. (9). There are four param-
eters in the fitting: The volume fractios, and the diameter

sampleq19 samples in totalwith only one free parameter:
the interaction amplitud®.
It should be pointed out that in the above data analysis,

o are for the hard-core potential; and the interaction ampliwe have assumed that the colloidal particles are identical and
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0.30 F " ! ] effect of adding polymer, as shown in Fig. 6, is to increase

o v the value ofS;(Q) in the smallQ range.

v o Figure {a) shows the fitted® as a function of the effec-

a tive polymer volume fraction ¢,=py/p*, where p*

=M p/[(417/3)Rg] is the polymer overlap concentration. It is

R, < seen thaP first increases linearly witl®, up to ¢,~1 and

g then it levels off. For a givenp,, P also depends upon
0.00 - i pe - If the polymer molecules in the mixture are treated as an

¥9 ideal gas, their osmotic pressuié,=nykgT and hence
-0.15 .

P=IIv,/(kgT)=¢,. Recently, Lekkerkerkeet al. [4,18]
(a) have pointed out that the polymer number densjtyshould

: be defined as,=N,/V;, whereN, is the total number of

2 the polymer molecules in the mixture aug= a(¢.)V is the
¢p free volume not occupied by the colloidal particles and their
. : surrounding depletion zones. The free voluheis propor-
0.30 - i tional to the sample volum¥ and the proportionality con-
stanta(¢;) (=1 has the forn{4]

0.15 a(pe)=(1— po)e™ AY+BY+Cy) (19)

R,

0.00

where y= ¢ /(1— ¢), A=3&+38%+ &3, B=9£2/2+3¢3,
andC=3¢3. In the above{=2R//o is the size ratio of the
polymer chain to the colloidal particle. At low,., we have
a(d)=1—¢(1+¢)3, where ¢ (1+£)% is the volume
(b) fraction occupied by the colloidal particles and their sur-
—0.15 . . rounding depletion zones. It should be mentioned that Eq.
2 4 8 (18) holds only whené<1. For our mixture samples, how-
¢ /Ol ever, the polymer chains are larger than the colloidal par-
P

ticles. In this case, Eq18) overestimates the volume frac-
tion of the depletion zones and the resultinfp.) becomes
FIG. 7. Fitted interaction amplitudE as a function of(a) the undgggestlmated. For example, Whembc=g.14 and

effective polymer volume fractionb,=p,/p* and (b) the scaled §=%0-2.07, we have a(dc)=1~d(1+¢)"=—3.05.
polymer volume fractiong,/a. The colloid concentrations of the Clearly, this is an unphysical value far(¢.). Gast, Hall,
mixture samples arp,=26.2 wt. %(O), p.=17.5 wt. %(V), and  and Russe(3] have shown that this failure in getting the
p.=8.7 wt. % (). The solid curve in(b) is the fitted function ~COrrect volume for the overlapping depletion zones results
P=—0.054+0.178(p,/ a) — 0.0245 /). from the many-body effect on the mutual overlap of the ex-

cluded shells of three or more colloidal particles. In analyz-
have considered only the polymer-induced depletion interacing the fitting results folP, we find that ifo/(2R), instead
tion between the colloidal particles. In principle, the polydis-of 2R,/ a, is defined as the size rat& Eq. (18) can still be
persity in particle size and a small amount of surfactant agused to calculater(¢c). As shown in Fig. T), once s, is
gregates in the mixture could also introduce depletionrscaled by the calculatedx(¢.;) using Eq. (18) with
attractions, which may cause some degree of fractionation af=o/(2R,), the three curves in Fig.(@ collapse into a
association in the pure colloidal suspensidd,45. How-  single master curve. The solid curve in Figbyis the fitted
ever, because the size difference between the colloidal pafunction P= —0.054+ 0.178(¢p/a)—0.0245(¢p/a)2.
ticles is small and the polymer chains are much larger than The fitted P consists of three terms. The small negative
the surfactant aggregates, the depletion effect due to the suntercept indicates that there is a weak repulsive interaction
factant aggregates and the polydispersity in particle sizbetween the soft surfactant shells of the colloidal particles
should be very weak compared to the polymer-inducedsee the discussion in Sec. IJATo have a meaningful com-
depletion effect and therefore it is not likely to affect our parison with the fitted® for the mixture samples, here we
data analysis. This argument is further supported by the folhave used the sam#(r) as in Eq.(9), but changed the sign
lowing facts.(i) We did not observe any substantial amountof U(r) for r>o¢ to fit the measureds.(Q) of the pure
of attraction in the measure§,(Q) for the pure colloidal colloidal samples. The three data pointstgt=0 in Fig. 1a)
samples. As shown in Fig. 3, the measu8(lQ) of the pure  were obtained using the potentiél(r) in Eq. (9) with
colloidal suspensions can be well described by a hard-core=2.9. The linear coefficient oP should be unity for non-
potential with a weak repulsive tallii) Because the colloidal interacting polymer chain@n ideal gak but our fitted value
parameters are the same for each series of the mixtuie 0.178. One plausible reason for the deviation is that with
samples with sameé.., the effect seen in Fig. 6 is solely due the effective potential approach, the polymer molecules are
to the addition of PEP into the colloidal suspensi¢ii)  assumed to be smaller than the colloidal particles and their
Furthermore, the main effect of the small polydispersity innumber density should be much higher than that of the col-
particle size is to average out the oscillationsSgfQ) in the  loidal particles. In our experiment, however, these two as-
largeQ range beyond the first peak position, whereas thesumptions are not strictly satisfied and thereby the overlap
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volume Vy(r) in Eqg. (10) is overestimated. As a result, the that of the polymer, we measured tlipartia) colloidal
fitted P is smaller than its actual magnitude becauge) in structure factoiS;(Q) of the mixture samples as well as the
Eq. (9) is proportional to the product dfy(r) andP. An-  form and the structure factors of the pure colloidal suspen-
other possibility is that in calculating»p=p£,/p*, a charac- sion and the pure polymer solution. Under the mean spheri-
teristic length smaller thaRy should be used for the poly- cal approximation, we calculate®,(Q) using an effective
mer chains. For example, if the thermodynamic radyss interaction potential(r) for the polymer-induced depletion
used to estimate,, the linear coefficient will be increased attraction between the colloidal particles. It is found that the
by a factor of Rg/RT)3=(8.28/4.85'7’:5. measureds.(Q) for different colloid and polymer concen-
The polymer-polymer interaction, which gives rise to thetrations can be well described by the depletion potential
quadratic term in the fitted®, can have two competing ef- U(r). The fitted amplitudeP of the depletion attraction is
fects on the depletion attraction. It may either incre®e found to increase linearly with the polymer volume fraction
because the osmotic pressure of the bulk polymer solution i¢, up to ¢,=1. At higher volume fractions, the polymer-
increased or reduce the depletion attraction because the ggelymer interaction becomes important and results in a
motic pressure inside the narrow gap between two colloidagradual reduction in the depletion attraction. The experiment
particles is substantially increased when the distance of theeveals that the interaction amplitud® becomes indepen-
two colloidal surfaces becomes large enough such that éent of the colloid concentration, once the free volume not
monolayer of polymer molecules can stay in the ¢idf].  occupied by the colloidal particles and their surrounding
Figure 1b) clearly shows that the polymer-polymer interac- depletion zones is used to calculagig. The experiment also
tion tends to reduce the depletion attraction. Recent theoretshows that the interaction range for the depletion attraction is
cal calculationg46-4§ of the depletion attraction between about 10% smaller than the radius of gyratiRy of the
two parallel plates immersed in an interacting polyn@r  polymer chains. Because the polymer molecules can be used
particle solution have shown that the enhanced osmotido continuously change the range and the amplitude of the
pressure within the gap between the two colloidal particleglepletion interaction, our experiment depicts the effective-
can overcome the osmotic pressure increase in the bulk polyess of using polymer to study interaction-related phenom-
mer solution and thus produce a repulsive barrier in additiorgna in colloidal suspensions.
to the usual attractive well shown in E@). In these calcu-
lations, the effective colloid-polymer interaction range is as- ACKNOWLEDGMENTS
sumed to be a constafgay,R) independent of the polymer ] ] ] ]
concentration. As a result, the calculations are applicable We have benefited from useful discussions with T. A.
only to the binary hard-sphere systems, in which the depletVitten, B. J. Ackerson, J. H. H. Perk, W. B. Russel, and J. B.
ants are rigid spherdg6]. For flexible polymer chains in the Hayter. We thank D. Schneider for his assistance with the
semidilute regime ¢,>1), the polymer chain-chain interac- SANS measurements at the Brookhaven Natlo.nal Labora-
tions are screened over a distance of the order of the corrd0ry. We also acknowledge the Brookhaven National Labo-
lation length(or mesh sizp &,~ Rg¢,§3/4, which decreases ratory, the Natllonal Insptute of Standards and Technology,
with increasing polymer concentratign3]. In this regime, and the Oak Ridge National Laboratory for granting neutron
the self-consistent mean-field calculation by Joanny, Leiblerand x-ray beam times. This work was supported by the Na-
and de Gennegt9] indicates that the polymer segments aretional Aeronautics and Space Administration under Grants
depleted from a shell of thicknesg around each colloidal Nos. NAG3-1613 and NAG3-1852.
particle. The fact that the depletion layer thicknégshrinks
with increasinge, in the semidilute regime can be used to APPENDIX
explain the leveling-off effect of the fittel in Fig. 7(b). We
note from Fig. Tb) that at the highest polymer concentration
$,=4, the fittedP even starts to decrease. Clearly, if this
trend for P continues, the colloid-polymer mixtures can be e _ior * _ior
restabilized at higher polymer concentrations. Gast and co-C(Q)— fo Cus(r)e ' rdr+ L [—U(r)/(kgT)]e 'Q"dr
workers[50,51] have used the shrinking effect &f to pre-
dict the equilibrium restabilization of electrically and steri- =Cps(Q) +Cqed Q). (A1)
cally stabilized colloidal particles in free polymer solutions. . i ) o
Further experimental and theoretical studies are needed #i the abovelU(r) is the interaction potential given by Eq.
order to have a quantitative comparison for the polymerig) and
induced depletion potenti& (r) in the semidilute regime. Cus(r)=—a—Br—i¢eard (A2)

The Fourier transform of the direct correlation function
C(r) is

is the direct correlation function for a hard-sphere system
V. CONCLUSION [31,32. The coefficientsx and B in Eq. (A2) are given by

Small-angle neutron- and x-ray-scattering technique£31’32]
have been used to study the depletion interaction in a mix- (142¢0)%°+ ¢p3(pe—4)
ture of a hard-sphere-like colloid and a nonadsorbing poly- a= (1— )" , (A3)
mer. The colloidal particles used in the study were sterically ¢
stabilized CaC@ nanoparticles, the polymer used was hy- B 2, 4
drogenated polyisoprene, and the solvent was decane. By B=— . 18+ 204, 12¢:°+¢°,
matching the scattering length density of the solvent with 3(1- o)

(A4)
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where ¢.= mp.0°/6 is the volume fraction of the colloidal 24p. P
particles. The final results fa2(Q) in Eq. (Al) are pPcCued Q)= (Q—a)6 m ((3)\2(32 2_12)cog\ Qo)
24¢ 3 , 1 3
pPChs(Q)=— (Qo)® {@(Qo)"[sin(Qa)— Qo cog Q)] —122Qo sin(A Qo) + x“Q%“(X— %
2 ; 2 2
Qo) 2Qa sinQo) = (Q70™~2) +%)+)\2Q202<3—% +12|cog Qo)
X €0 Qo) — 2]+ 3 pea (4Q%°~24Q0) 3 o
X sin(Qo) — (Q%c*— 12Q%0% + 24) + 12Q0—A3Q303( I-v+33 sin(ch)] .
Xcog Qo) +24]}, (A5) (AB)
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