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We report sedimentation measurements of small colloidal particles through a nonadsorbing polymer
solution. The experiment reveals that the particles “feel” the single-chain viscosity rather than the
solvent viscosity when their radiug. is smaller than the correlation lengéhof the polymer solution.

The particles experience the macroscopic viscosity of the polymer solution whes £. In the
transition region, the particle’s friction coefficient does not have the predicted scaling form. Instead,
a new switch function is found to be of universal form independent of the polymer molecular weight.
[S0031-9007(97)04099-4]

PACS numbers: 83.70.Hq, 61.25.Hq, 82.70.Dd, 83.10.Nn

The study of transport of macromolecules in a spa-of the colloidal particles in various polymer solutions [3—
tially inhomogeneous medium, such as a polymer gel an@]. While some progress has been made in understanding
a porous medium, is of fundamental interest in statisti-colloidal transport, the experimental situation, however, is
cal physics and it is also relevant to many technologicatomplicated by the polymer adsorption, electrostatic in-
and biological processes involving separating or removinderactions, and other effects that are peculiar to the system
polymer molecules, proteins, and other large biomoleculesinder study [5]. In this Letter we present measurements
Examples include chromatography, catalysis, and eleamf F. in a well characterized colloid-polymer system,
trophoresis. In these processes one is interested in the which the colloidal particles are approximately hard
translational mobility of the macromolecules under thespheres and the microscopic interaction between the par-
influence of an external field through a medium with com-ticle and the polymer molecule can be tuned to be either
plex spatial structures [1]. To understand the basic prinfepulsive or attractive. Because the basic molecular inter-
ciples governing the transport phenomenon, we consideractions are chosen to be simple, the measurements can be
simple case of sedimentation of a dilute suspension of colsed to critically examine the current theory for the col-
loidal particles through a nonadsorbing polymer solutionjoidal transport in polymer solutions.
in which the polymer chains form a fluctuating network The colloidal particles used in the experiment consisted
[2]. The main issue in colloidal sedimentation is to under-of a calcium carbonatéCaCQ) core with an adsorbed
stand how patrticle-polymer and polymer-polymer interac-monolayer of a randomly branched calcium alkylbenzene
tions affect the frictional force experienced by the particlesulphonate surfactant. These particles have been well
[3]. The frictional force can be expressed by the normalcharacterized previously using small-angle neutron, x-ray,
ized friction coefficientF. = n./79, which is the ratio and dynamic light scattering techniques [7—9]. Our re-
of the microscopic viscosity;. experienced by the par- cent neutron scattering measurements [10] revealed that
ticles in the polymer solution to the solvent viscosify.  the (CaCQ) core radiusR, = 2.0 nm and the surfac-
Many years ago de Gennes and his co-workers [2,4] praant monolayer thickness = 2.0 nm. Thus the static
posed that when the particle radiRs is smaller than the (or mass) radius of the particle 40 nm. The colloidal
correlation lengthé, which describes the average meshsamples were prepared by diluting known amounts of the
size of the fluctuating polymer network, the particles moveconcentrated suspension with the solvent, decane. The
easily and they only “feel” the solvent viscosity, i.e., suspension was then centrifuged at an acceleration of
F. = 1. WhenR, > ¢, the particles are trapped and their 103 cm/s* (10° g) for 2.5 hours to remove any aggregates
friction coefficient is given byF, = n,/n0, wheren, is  and dust. The resulting suspension was found to be rela-
the macroscopic viscosity of the entangled polymer solutively monodispersed with-10% variation in particle size,
tion. In the transition region. is expected to be a scal- as determined by dynamic light scattering [8]. It has been
ing functione (R./£), which depends only on the polymer shown that the particles have a hydrodynamic radius of
concentrationC,, and is independent of the polymer mo- 5.0 nm and the colloidal suspension behaves like a hard-
lecular weightM,,. (Hereafter, we will use the subscripts sphere system [8,10].

c andp to refer to the colloid and polymer, respectively.)  The polymers used in the study were hydrogenated

In recent years, many experimental techniques havpolyisoprene (poly-ethylene-propylene or PEP) and its
been used to measufe and other transport coefficients single-end-functionalized derivative, which contains a
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tertiary amino group capped at one end of the chainmiddle height of the cell and the rotation axis was=
(amine-PEP). The parent PEP and its end-functionalizedl1.3 cm. All the samples were centrifuged at the rotation
derivative are model polymers\(,/M, < 1.1), which  rate f = 35000 rpm for 4 to 6 hours depending on the
have been well characterized previously using variousample viscosity. The corresponding centripetal acceler-
experimental methods [11]. Decane was used as thation A = 27 f)*F = 1.5 X 10% cm/s? (1.5 X 10° g),
solvent because it is a good solvent for both the colloidvhich was large enough to cause the particles to settle 1 to
and the polymers [8]. Our recent scattering experiments cm toward the bottom of the cell. After the centrifuga-
[8,10,12,13] revealed that the pure amine-PEP solutiotion, a sharp interface could be observed by eye in the ini-
behaves the same as the PEP solution with no associatidially uniform solution. This interface separates the upper
found in the amine-PEP solution. The experiments alselear solvent region from the lower dark-brown colloid-
showed that the PEP chains do not adsorb onto thech region. The traveling distandeof the interface was
colloidal surfaces, whereas the polar end groups on thmeasured by a low-magnification microscope mounted on
amine-PEP chains interact attractively with the polar cores vertical translational stage controlled by a micrometer.
of the colloidal particles. It was found that the amine-PEPThe experimental uncertainties for the measutedere
chains in the colloidal suspension partition themselvesess than5% [15]. The settling velocity was then ob-
between the bulk solution and the adsorbed state. Becautsined viav. = h/t, wheret is the running time of the

of the surfactant corona around the colloidal particles, theentrifugation. All the measurements were conducted at
polymer adsorption is mitigated and typically only one22°C. Because the polymer density,(= 0.856 g/cn?)
chain is adsorbed on a colloidal particle [13]. Using ais fairly close to that of decane, sedimentation of the poly-
capillary viscometer, Davidsoet al.[14] measured the mer molecules during the centrifugation is found to be neg-
viscosity of the polymer solution as a function of theligible. To reduce systematic errors in the experiment, we

polymer concentratio, (g/cm?) and found that present the sedimentation data in terms of the velocity ra-
5 tio v.(C, = 0)/v.(Cp,). From Eq. (2) one finds that this
np/m0 =1+ [n]C, + ku([n]C,)", (1) ratio is the normalized friction coefficiel®t, = 7./ of

: - the particles.
with [n] = 2.05 X 107°M)7 cm?/g andky = 0.35. . .

In the experiment we measure the average settling Ve_ollzlgnuerreCt :gé)r‘wl'\clrsattigz? mfi?“:ﬁ?gE?stathtfnlggge
locity v, of the particles as a function @f,. The addition poly P P

of the polymer molecules into the colloidal suspension carﬁ_'n at'omlc mass.umts, same afterwards). The measied
have two competing effects an. It can either reduce, St increases linearly witi’, up to €, = 0.075 g/cm’
because the viscosity of the mixture solution is increasedNd then turns up sharply. The solid curve shows the
or increasev, because of the polymer-induced depletionv'scos'tY of the polymer solution measured mdepe_nde_ntly
attraction [10] between the particles. Experimentally, ond?Y Davidsonet al.[see Eq. (1)]. The dashed line is
can separate the two effects by changing the colloid conf® linear part of the measured viscosify, /7y = 1 +
centration. For a sufficiently dilute colloidal suspension,17]Cp- Figure 1 thus reveals that the particles in the
the distance between the particles is so large that their intePlymer solution feel the single-chain viscosity when
action can be ignored. In this case, adding polymer into the

suspension affects only the viscosity of the solution and

is simply the Stokes velocity, which is determined by the 9 . . .
balance between the centripetal force and the viscous drag.
For the sedimentation measurements to be described be-
low, the colloid volume fraction was fixed dt. = 0.014.

At this volume fraction the colloidal interaction was found

to be negligible [10]. Therefore, we have T
2R?(d, — d;) A
v, = Helde — A @) -
97,

where A is the centripetal acceleratiod; (= 0.73 g/
cn?) is the solvent (decane) density, (= 2.0 g/cn?) is
the density of the particles, am}. is their hydrodynamic
radius. 0.00 0.04 0.08 0.12

Because the CaCQarticles are very small, their sedi- C, (g/cm®)
mentation under the earth graviyA = g) is unobserv- ]
able. To increase the settling velocity of the particlesf!C- 1. Measured”. as a function of the polymer concentra-

d ial ult trif Beck Mod ‘tion C, for the PEP withM, = 17500. The solid curve is
we used a commercial ultracentrifuge (Beckman Mode he viscosity of the polymer solution measured independently

L8-70M). The capacity of the sample cells wad X by Davidsonet al.[14]. The dashed line shows the linear
95 mm (diameterX height). The distance between the viscosity.
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FIG. 2. MeasuredF, as a function of the pglymer CoON- FIG. 3. Plots ofS, vs C, for the PEP withM,, = 1.75 x 10*
centrationC,, for the PEP withM, = 1.75 X 10* (circles), (circles),2.6 X 10* (squares)3.3 X 10* (triangles), and.8 X

2.6 X 10* (squares)3.3 X 10* (triangles), anB.8 X 10* (in-  jo* (inverted triangles). The solid curve shows the smoothed
verted triangles). The dashed lines show the linear viscositgien functions, = {1 + exd(C, — C,)/ACT! with C, =
for the corresponding,,. 0.077 g/cm? and AC = 0.006 g/cm?. The dashed curve is

the fitted stretched exponential functidp = exd —(Co/C,)*]

~ . o ., with Cy = 0.072 3anda = 9.
C, < C,, and they experience the macroscopic viscosity 0 g/em “

of the polymer solution whe@, > C,. Similar behavior
of F. was also observed for the PEP with other molecula
weights. Figure 2 compares the measuFedor the PEP /s ) i ) ]
with different M,. The dashed lines show the linear Re ~ M» ", £ is a decreasing function of, and is
viscosityn,/m0 = 1 + []C, for the correspondingz,, ~ independent ofé,. IncreasingC, in the experiment,
with [n] being given in Eq. (1). Itis clearly seen that the therefore, becomes _equwalent to re_ducmg the value of
measured, changes with/, and hence does not have the §- _For the PEP withM, = 26000, its R, = 8.3 nm
scaling forme (R./£), as suggested by the theory [2,4]. [10]. Thus we haveC™ = 0.018 g/cm’ and ¢ = 3 nm
Despite the large Changgs of the measufeavith M, whenC, = Cy. This value of¢ is close to the particle’s

the crossover concentratiaf), remains unchanged, as is ?gg?gg&:g'?sr:d'ﬂiﬁz eSI.O ()n(;n)lar ’/'; {E:Qt{ﬁzegalt?c
shown in Fig. 2. We find that the transitional behavior of ¢ bp y20% larg

F. can be well described by a switch functiép, which (ma_lss) radius of the parUcIesR(( + 8 =4nm). We
is defined as notice that other functional forms can also be used to

fit the measureds.. The dashed curve in Fig. 3 shows
¢ = Fe = (L +[nlC) (3) the fitted functionS, = exd—(Co/C,)"] with Co =
‘ ku((n]Cp)* ~ 0.072 g/cn? anda = 9. This is a stretched exponential
where the values ofy] and ky are given in Eq. (). function, which has the scaling fornp(R./£) once
Figure 3 displays the measurédas a function ofic, for ~ the concentrations( and C,) are converted to the
different M. It is clearly shown that the transition near COrresponding length scaleg(and ¢). From Figs. 1

~ . . ... 3 we conclude that the colloidal particles in the polymer
~ 3
Cp (=0.075 g/em”) is a sharg and universal transition solution feel the single-chain viscosity rather than the

independent ofM,. Below C, the particles in the solvent viscosity whenR. < ¢, and they experience
polymer solution feel the single-chain viscosity (i.e.,the macroscopic viscosity of the polymer solution when
S. = 0), and aboveC, they experience the macroscopic R. > £. In the transition region, the particle’s friction
viscosity of the polymer solutiors¢ = 1). The measured coefficientF, does not have the scaling forg(R,. /&), as
S. is found to be well described by a smoothed stepsuggested by the theory [2,4]. Instead, the switch function
function S. = {1 + exf(Co — C,)/AC]}™" (the solid s, is found to be independent #, and can be described
curve) withCy = 0.077 g/cm?® andAC = 0.006 g/cm®. by a scaling function oR./&. The experiment suggests
Note that the fitted\C, which describes the sharpness ofthat the correlation lengtié in a semidilute polymer
the transition, is much smaller than the fitted crossovegolution may not be simply viewed as a “mesh” size,
concentratiorCy (=C,). below which no polymer molecules can be found. Rather,
To understand the physical meaning@f, we calculate it should be considered as the size of “blobs,” inside
the correlation length [2]¢ = Rg(Cp/C*)‘3/4, of the  which all the polymer monomers belong to the same
polymer solution at this concentration. HeRg is the  polymer chain [2]. This point of view can help to explain
radius of gyration of the polymer chains and® =  why the colloidal particles feel the single-chain viscosity

9\/1[,/(477/3)R§ is their overlap concentration. Because
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pression for the viscosity of the polymer solution. Phillies
et al. [16] have shown that the viscosity of many polymer
solutions can be well described by a stretched exponen-
tial function and our fit in Fig. 4 agrees with their finding.
N The fitted values ol were found to be in betweeh55
and1 and our value i$/4. Many previous investigators
have argued that the measurEd should have a scaling

- form, and indeed the fitted stretched exponential func-
tion can be converted to a simple exponential function
F. = exd(yC,)"] = expR,/¢), oncey ! is identified

as the polymer overlap concentrati@ti. In this case,

000 004 008 0.2 however, the scaling variable I, /¢ instead ofR./¢.
3 We thank H.O. Spivey and P. Pincus for useful
Cp (g/cm*) discussions. This work was supported by the National

FIG. 4. Measureds, as a function of the polymer concen- Aeronautics and Space Administration under Grant

tration C, for the PEP withM, = 26000 (squares) and the No. NAG3-1852.
amine-PEP with\,, = 25000 (circles). The solid curve shows

the viscosity of the polymer solution (witd4, = 25000)

and the dashed curve is the stretched exponential function

F. = exd(yC,)"]with v = 3/4 andy = 27.17 cm?/g.
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