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Small mesoscopic particles in dilute and semidilute solutions
of nonadsorbing polymers
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Polymer-induced interactions between two small mesoscopic particles of Rdind between a
particle and a wall are investigated for dilute or semidilute embedding solutions of long flexible
nonadsorbing polymer chains with radius of gyratiRg. Asymptotically exact predictions are
obtained using a “small radius expansion,” to express the interactions in terms of properties of the
polymer solutionwithout particles. The nonmonotonic dependence of the second virial coefficient
Bgc of a dilute suspension of particles on the interchain overlap is discussed in detail. The
magnitude of the minimum OBSC/R?’ increases as a power law iRy/R. The exponent and
amplitude are quite different from the earlier prediction of an integral-equation approach. For dilute
polymers in two dimensions outside two circular disks in contact, exact results are given for the
monomer-density depletion profile, the pressure variation along the perimeter of, and the
polymer-induced force between the two disks. 2000 American Institute of Physics.
[S0021-960600)50536-4

I. INTRODUCTION for understanding, e.g., the role of polymers such as polyeth-
ylene glycol in the precipitation and crystallization of
Colloidal particles embedded in a solution of nonadsorb-proteins!! the small particle case is also of interést.
ing polymer chains experience a depletion interaction. For  Asymptotically exact results can be given for particle
entropic reasons the chains avoid the space between twadius R much smaller than the other relevant mesoscopic
close particles, leading to an unbalanced pressure from oukengths, since the particle can be viewed as a weakly repul-
side which pushes the two particles towards each other. Thisive point-perturbation for chain monomers. With the center
mechanism is believed to be important for a variety of inter-of the colloidal particle at¢ this lead$?'3 to a reduction
esting colloids such as casein miceltegd blood cell$and  factor

globular proteins. _ a4 p pd-1
Consider spherical particles of mesoscopic size dis- We=1-AgR Rg 0(rc) @9

solved in extreme dilution in a monodisperse solution of longin the Boltzmann weight for chain configurations. Hevgis
flexible nonadsorbing polymer chains in a good solvent. Ory dimensionless amplitude discussed beldvis the spatial
mesoscopic length scales and disregarding long range forcegimensiont* » is the Flory exponerf’t,Rg is the radius of
the system is equivalent to a model containing only particlegyration of a single chain in dilute solution as introduced
and chains in which the interactions both between a chainabove, and

monomer and a particle and between two chain-monomers N
(belonging to the same or to different chairese of pure _ 1

excluded volume typ&® The polymer-induced depletion in- 0(”_; N ,21 or=re,)
teraction between the particles has a rich structure which . ) ] )
depends on the ratio of the particle and chain Sizesl on 1S the configuration-dependent number density of chains. The

the degree of overlap between the chains, i.e., on whether ti{M=p runs over all polymer chairin the solutionyp ; is
polymer solution is dilute or semidilufe the position of monomerin chainP, andN is the number of

For large particle size the depletion interaction closely(TongmerS p_(ta)r (_:haln]; Intehgre;]nrgoverla \rllolLmee_eIen}e_nt
resembles that for planar wafl$®Here the focus is oesmall rt econtnh.ut;]or.] ofeach cha f.equat.st ef ;ﬁctlor?g Its
spherical particles whose radi&s though large on a micro- monomers which, In a given configuration or the chains, are

scopic scale, is much smaller than the radius of gyraRgn foun_d |nS|d(.ed-r.. Unlike N this fraction is mdependept of the
. L . . precise definition of the monomer. The configurational aver-
of an isolated chain in the dilute solution or the Edwards ) . ) .
. . Y BB . - age of# in a solution without particles equals the usual num-
screening lengttior “blob” size)>® ¢ in the semidilute so- . L . . .
. . . . ber densityn of chains in the solution. The dimensionless
lution. At a first glance the small particle case looks compli- : ; . . ; .
ted. si it is dominated b . i i which amplitudeAq in Eq. (1.1) is universal, i.e., independent of
cated, since 1t 1S cominated by configurations in WRICH ayqiqi1s of the long flexible polymer chains, in the same sense
chain coilsaroundthe particle and approximations treating

) _ . > as the Flory exponent. For chains in good solvent id
the chains as nondeformabitail completely. Probably this —3 spatial dimensiont

is one of the reasons why previous theoretical investigations
concentrated more on the case of large particles. However, Ay~18.4; d=3, good solvent. 1.3

(1.2

0021-9606/2000/113(12)/5091/7/$17.00 5091 © 2000 American Institute of Physics

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



5092 J. Chem. Phys., Vol. 113, No. 12, 22 September 2000 E. Eisenriegler

Equation(1.1) describes the effective repulsion of the smalltwo particles is the difference in polymer free energy in the
particle quantitatively For example, the free enerdy; it presence and absence of the particles, i.&;
costs to insert one particle in the bulk solution takes the= —kgT IN(W,Wg), where the angular brackets denote an

form*213 average over all chain configurations in the bulk solution

F without particles. The free energy of interaction or potential

ﬁ = AngflfvnR é’”, (1.4 of mean force between the two particles

B
wheren is the number densi ins i - (WaWe)

ty of chains in the pure bulk  §F,=—kgT I~ 2.1

solution introduced above. This result, which follows from (Wa)(We)
Egs. (1.1) and (1.2), applies for arbitrary values of the s the difference betweeR, and the sum E; of the free
overlap energies—kgT IN(W,) and —kgT In{Wg) for immersingA

5= nRg (1.5 without B andB without A. Clearly §F, depends om,g and

tends to zero for ,g—0o°. On expandingdF, in terms of
between chains. In the semidilute limit in whish-o with WA_ 1 andWB— 1 for small partic|esl the self-terms of first
the monomer densityané’” kept fixed at some small and second order drop out, and
value, the screening lengthremains finite, and\y provides

the numerical value of the amplitudein the result of de @__ _ AL _ _
Genne¥ F, /kgT=a(R/£)? ", sincea/A, equals the well keT [((Wa=1)(Wa=1)) =(Wa=1)(We—1)]
known amplitude R"ng? " of a semidilute bulk Eo\2

solution®® For the case of a good solvent in three dimen- :_(_1) K(rap), R<rag, Ry, & (2.2
sions, the exponerd—1/v in Eq. (1.4) equals 1.3, andF, kgTn ' e

decreases more rapidly with decreasiithan the prediction \ynere
F,=R of mean field’ or integral equatichapproaches. ,
In this paper we derive asymptotically exact results for ~ K(rag)=(68(ra)é(rg))—n 2.3

other interest?ng properti_es of small particles diSSOIVe_d in s the normalized polymer density correlation function in the
polymer solution W'.th arbitrary overla@between the chains. o tion without particles. Herg is defined in Eq(1.2), and
In Sec. Il we consider the polymer-induced free energy Oqus.(l.l) and(L.4) have been used in the second step of Eq.

interalction (or potentir(]atl of mean forc)eéde.betwee_n two f2.2). Equations(2.2) and (2.3 generalize Eq(8) of Sear'®
particles. For two spheres in contact we discuss in Sec. Wqjiq for the semidilute limit, toarbitrary overlapand pro-

the depletlon profllg of the monomer density and the local jq the missing prefactor in this relation.
pressure which varies along the surface of the spheres. Sec-

tion IV presents resqlts for the sgcond virial coefficiggt smaller tharR,, andé, the quantityK in Eq. (2.2) is given by
of a dilute suspension of colloidal particles. The second, , density correlation deep insidesingle polymer coil®
virial coefficient, which can be measured by light scattering,andn

is of particular interest, since in protein suspensions its value
appears to be correlated with the success of protein

If the distancer 55 between the two particles is much

g,
N ; 9 .
crystallization'® We make contact with the results of Chat- ~ K(rap) =N —7——5,; "as<Rg.& 2.9
. . . . R5TaB
terjee and Schweizérbased on an integral equation ap- 9

proach for arbitrary overlap and with the results of $¥fr  increasedinearly with the chain densityn throughout the
the semidilute limit. Our quantitative results confirm the whole dilute to semidilute concentration range. Hetgis a
qualitative behavior of the dependence B on polymer  known universal amplitude with the vaftre

concentration with a minimum a1(477/3)72§~ 1, as pointed
out in Ref. 8. However, the dependence of the minimum  ?¢~0.069; d=3, good solvent. (2.5

value OfBg_C on Rq/R differs significantly from Ref. 8, as |n the limit of a dilute polymer solutiof (r 5g) reduces to
discussed in Secs. IV and VI. NCy(r ap)/R 2", with C, the n-independent monomer den-

In Sec. V the overlap-dependence of the polymer-sity pair correlation function introduced in E€L.17) of Ref.
induced interaction of a particle with a wall is considered.q3.

Section VI contains a summary and concluding remarks. For distances , g between the two particles in the re-

gime (2.4), the ratioF y(r o g)/F,(>°) deviates from 1 by an
amount proportional to- (R/T 5 g)4~ ", which is indepen-
dent of R4 and ¢ (and thus independent of the overlamd
suggests that the range of the interaction between two small
If two particlesA and B are immersed in the polymer spheres is of the order of their radiRsHowever, this power
solution with their centers at, and rg, the Boltzmann law is not integrable. Integrals such as the second virial co-
weight of each polymer configuration is reducedWyWys . efficient given in Eq.(4.1) below are dominated by much
This factor is the product of reduction factors for single par-larger distances , g of the order ofR4 or § and have a
ticles, each of which has the ford.l) if the particles are nontrivial overlap-dependence.
small, i.e., if R<r,g,Ry,& with the center-to-center dis- Strictly speaking the expression in E.2) only applies
tancer og=|rao—rg|. The free energ¥, of immersion of the  to distances 5z between the two particles which are much

Il. POTENTIAL OF MEAN FORCE BETWEEN TWO
PARTICLES
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larger than their radiuR and should be compared with the The explicit form of the integral over the surfag as given
potential of mean forceé(Fz/kBT),ABZZR for the smallest for general dimensior in the last expression df3.2) in-
possible distance,g=2R, i.e., for two spheres icontact  Volves

This has the form

r=tan 9/2) (3.3
oF, Fiq
(ks_T) =—(2-m) KeT’ (26 and the surfac€y ;=272 ((d—1)/2) of the sphere
fas=2R with radius 1 ind—1 dimensions.

where mF; is the free energy of immersion of a pair of The density-pressure relatid.1) applies to situations
spheres in contaé. The value ofm for polymers in good with arbitrary ratios of mesoscopic lengtRéR,r s/ Ry,
solvent equals £/2)%% in d=2 while near the upper critical and arbitrary overlas. We now consider the limifR,— o
dimensiofi in d=4— e it follows?® from the e-expansion of ~ with R,r»g, ands fixed in which the normalized monomer
the energy density profile in a critical Ginzburg-Landaudensity Mu g(r)=(6(r))a/n and thus p/(nRé’V) and

model between parallel platésas f/(nRé’”) becomeindependentf R4 ands. This is consis-
m . S tent with the corresponding behavi@.2)—(2.4) of 6F,. In
— =14 —|In==Z|=1+0.0504. (2.77  this limit M, g can be obtained from the energy-density
Mig 412 4 correlation function at the critical point of the corresponding

Here my=2(1—2%"9%¢(d—2) is the value ofm for ideal field theory and by conformally mapping the outer space of
polymers with¢ the Riemann zeta function. Enhancement ofthe two particles onto simpler geometriésor two spheri-

m due to monomer-monomer repu|si0n as |mp||ed by Eq_CaI particles incontactthe outer Space can be mapped onto
(2.7 is also found for the caséd—2 (e—2) in which the space between two parallel walls. For chains in two di-

m/m,y— m=1.35. mensions d=2 outside two circular disks and with

Extrapolating expression€.2) and (2.4) to r,g=2R  Monomer—monomer repulsion we now exactly calculate
also leads to the form(2.6), with 2—m replaced by Mag from the knowrR® energy-density correlation function
A0 /20~ Comparison of the two amplitudes shows thatWith the result
for three dimensions and good solvent the extrapolation ap-

2/3
proximates the amplitude-2m~0.5 in Eq.(2.6) rather well. M a(r)= s ) 8m 1
Ae 4p?cogmp,lp?)| 453 «
127 11 1
Il. POLYMER DENSITY, PRESSURE, AND FORCE XaFol =2, 50 —=2i— —|. (3.9
FOR TWO PARTICLES IN CONTACT 3'3'3'6 4k

The depletion effect leads to a monomer density profileiere the contact point of the two disks with radigss the
that decreases on approaching the surface of a particl&®withorigin of the r coordinate system angR and p, R are,
the distance from the surface to the power. IThe prefactor ~ fespectively, the components oparallel and perpendicular
of this power law is proportional to the local pressure whicht0 the line connecting the contact point with the centers of
the polymer solution exerts onto the surface element considhe disks(so that the centers are locatedgat=0 with p;
ered. For two spherical particlésB the pressur@ actingon == 1), P2=Pf+Pf , and
a surface elementS, of A is determined b

P RG(OM)EE
ke (Jr—rp—R)™”

B Costt(mp, 1p?)

K (3.5
(3.1) cos(mp;/p?)

The hypergeometric functiogF, has a convergent series
representation for 4>1 and is defined for #<1 by ana-
(I}/tiC continuation?*

Far from the two disks the density tends to its bulk value
and thexk—0 behaviof* in Eq. (3.4) implies a leading cor-
rection

with the densityd from Eq.(1.2) andB, a universal density-
pressure amplitud®. Here ( )5 g denotes an average over
chain configurations in the presence of the two particles an
the superscripttas means thatr is—within the scaling
regime—asymptotically close to the surface. The pressure
p=p(cosd) depends on the projection casof the inward
pointing surface_ normgl onto th_e center-to-center distance 1_ M g— (712)2PAg0(RIT)ZR (3.6)
vectorrg—ra. Since this is the direction of the total forte
pushing particleA towards particleB the magnitudd of the  which is isotropic and is by a factom(d=2)=(m/2)%?
force is larger than for aingledisk. The quantitymis the same as in
Eq. (2.6).
aFZ/arABzf:f dS, cosd p The upper and lower curves in Fig. 1 show the behavior
of Mu g in Eq. (3.4) along the linesp;=0 andp, =0, re-
B 41 o 5 spectively. On approaching the perimeter of digk
=(2R) Qd,lJ'O dr(1-7) cos(mp, /p?) in Egs.(3.4) and (3.5 approaches zeras ap-
proaches infinity, and one finds from E¢(.1) with v(d
X 7972(1+ 72) " 9p. (3.2  =2)=23/4 and from Eq(3.3) the explicit expression
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0.6 T T T T Y mers ind=3. A more quantitative estimate would follow
from a 4—d expansion of the energy-density correlation
0.5 function between parallel walls.
Q
< 0.4-
2 IV. SECOND VIRIAL COEFFICIENT
0.3+
| Consider the contribution
0.2+ 1 SF (I ag)
bSC== f dr gl 1— exp( - ﬂ) (4.2)
01— 2 (rag>2R) ksT
to the second virial coefficierBSC=B{'S)+hbSC of a dilute
0.0 “ T T I I suspension of colloidal particles which arises from the

0 1 2 3 4 5 6 polymer-induced potential of mean fore#,. The hard-
sphere contributiorBS™ equals 16-R%3 in three dimen-
sions. For small particles we may expand the exponential in
FIG. 1. Normalized monomer densityl, g(r) for polymers in two dimen- (4.1) and disregard the contribution from interparticle dis-

sions outside two small circular disks in contact. The variationtyf g with tancesr 55 Of orderR. From Eq.(2.2) we obtain
distancepR from the contact point is shown along the common tangent line

of the two diskgupper curvgand along the line passing through the centers cc

of the disks(lower curve. M, g approaches 1 for large. 2b;— -

—p

F 2
K—Fn) J’ dragK(r ap)- (4.2

On using the compressibility sum réléor the density cor-

p Ry 413 1+ 72 12 U8 relation function
Byr—== n( —) (3.7
kgT R Cosli7m/2)| 45,/3213 /
dr K(r)=n (——) (4.3
for the ¥-dependence of the local pressure. Near the perim- an keT

eter pointp, =0, p;=2, where4=0 and the pressure is and the scaling form
maximal,p is proportional to +0.11792, while p becomes
exponentially small near the contact point whexe 7. An

——=n[1+7P(s)], 4.4
integration over the perimet&, as in Eq.(3.2) yields™® kgT [ (s)] “-4
f RN 1 16783 whereP is a universal scaling function for the osmotic pres-
_/ nR( _g> =B jac A 134 (3.8 surell of the monodisperse polymer solution without par-
KeT R By 135/32 ticles, one finds
for the magnitudé of the total force on dislA. Approximat- opCCR
ing the force at contact by extrapolating Eq&.2), (2.4) 279 =5(s). (4.5
down tor, g=2R would lead ind=2 to an approximate (F1/(kgTn))?  1+d[sP(s))/ds

2 2139y — i
valueAgog/(2%°3)=1.98 for the left-hand side of E@3.8)  Noe that then-dependence of the left-hand side of F4.5)
which overestimates the correct value by about 50%. comes exclusively fronbgc. Equation(4.5) expresse:bgc

The resultg3.7) and(3.8) for the polymer-induced pres- iy terms of the particle radiug, the amplitudeA, in Eq.
sure and force for two disks in contact should be compare@ll_l), and properties of the polymer solution without par-
with corresponding results for two spheres in four dimen-cies. An accurate expression fBrin d=3 is available, see
sions in which case one findapart from logarithmic correc- P(s)=77*(§,[m]) and d[sP(s)]/ds=J* ‘1(§,[m])—1 in

tions) the ideal chain behavidwith?? B
) Egs.(17.52 and(17.53 of Ref. 6 withs=3.584s. Figure 2

p (Rg 274 (14 72)* Sink(77/2) shows B(s) for three dimensions as a function of
ngB_T—” R 5 2 Cost(rml2) (3.9 n(47-r/3)723=_(47-r/3) s, see Eq(1.5. B(s) approaches-s
for small s, is proportional to—s/s¥(@~1=—g7031 for
and® large s, and displays a minimum at (#3) s~1, where the
f 2 chains “begin to overlap,” and is of the order ofR . This
kB_T/ [NRR 1= 72 F_l) =6.36. (3.10  implies a nonmonotonio-dependence dbS®, qualitatively

explained by Chatterjee and Schweizer as follows: On in-
Here p is proportional to 1+ 0.0289% near 9=0. Note the creasing the chain density within the dilute regime §
different dimensions of in Egs.(3.8) and(3.10. <1), the coefficienbS® drops, since the attractive potential
In the case of ideal chains the amplitude of the forceof mean forcedF, is proportional ton, see Eq.(2.2) with
between small spheres vanishesdas?2. For two touching Kon as mentioned below?2.5). After the chains begin to
spheres in three dimensions we thus expect that the universaverlap, the range df is determined by and decreases on
amplitudef/(kgTnR'~ 1~ ¥*R ) for polymers in good sol-  further increasingn so thatb$® rises.
vent islarger than the valu¥ (In 2— 1) (4/3) =1.86 of the The value of the minimum oB is —0.049 and implies
corresponding amplitudé/(kBTnRé)for ideal (@ —) poly- the relation
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0.0 The dependence o1 onz Ry, & in the scaling regime
is quite complex, in general, and we only consider special
9 -0014 cases. Particularly transparent is the case of smaih
which!0:20
| -0.02 kBTnRé’VM(z)HBgHzl’”, Z<Ry, € (5.3

with the bulk osmotic pressuiéd introduced in Eq(4.4) and
the universal density-pressure amplitugighas the value

By~1.07, d=3, good solvent. (5.4

In the free energy formulés.1) the relation(5.3) may
only be used for the regim®@<zc<R,y,¢, while for a
-0.05 T T T T spherical particléouchingthe wall, i.e., for the smallest pos-

10° 10° 10° 10° 10° 10° sible distance-=R,

4 3
— n3 R (F1ngzo—r=AlIR? (5.5

-0.03+

-0.04+

FIG. 2. Nonmonotonic overlap-dependence of the second virial coefficientyith a universal amplitudé),s introduced in Ref. 20. The
bgc. Shown is the universal combinatid® in Eq. (4.5) for three dimen- value OfAts for ponmers in good solvent equa%sr3= 10.3
sions as a function afi(4m/3)R 3. in d=2 while ind=4— e one finds

AtS d_2 €
= |1+ —
(Ats) id d—1/v 48

to first order ine with (A ig=27%2(d—1)Z(d)/T(d/2) the
value of A, for ideal chains. Equatiofb.6) follows from the
Fgowr?s*zg e-expansions of the quantities and Cy in Eq.
.12 of Ref. 20 and suggests that,~23.7 ind=3. Ex-
trapolating Egs.(5.1) and (5.3 down to zo=R leads to

(5.6
(b3 9)min/BY™S=—0.50 Ry /R)*“%* 4.6

for the coefficiemb‘z:c at the polymer concentration where it
is minimal. The exponent 0.401 is the value of 2+ d in
three dimensions. This should be compared with the resu
—0.066(R4/R)* for the left-hand side of Eq(4.6) which
follows from Eg.(43) of Ref. 8 and is based on an integral Eq.(5.5), with A replaced by the produch,B,. In d=3
equation approach. The exponents differ by more than a fa%ﬁis. u.nderestimgtes the amplitude in 8,5 ngy %bout 20%
tor of 2 and the amplitudes by a factor of roughly 1/10. Thus The free energy5.5) it costs to immérse the small pér-
the asymptotically exact resuM.6) for the minimum Oﬂ)gc ticle close to the waII. i.e., in a region which is already de-
of small colloidal particlesR<,R) in a good solvent so- pleted  from polyr‘r,1e.rs.,’ is smaller by a factor

lution of long flexible chains close to their overlap concen-x(R/R YTT/(kgTn) than the free energgl.4) of immer
g B : -

tration crosses the integral-equz_iti_on baseo_l re_sult ata Val%"?on in the bulk of the polymer solution. The factor is pro-
~29 of Ry/R and leads to a minimum which is less deepportional to R/Rg)l’vand ®R/&)Y" for dilute and semidilute

(deepey for Ry/R larger (smallej than this value. polymer solutions, respectively. This can be understood in
terms of the effective pressure which the polymers exert on
the surface of the particle. The pressure is proportional to the

V. INTERACTION BETWEEN A PARTICLE AND A monomer density near the particle surfat& compare Eq.

WALL (3.1), and determines the derivative of the free energy of

Experiments measuring the polymer-induced force ormeersion with respect t&®. For the small particle in the
ulk solution the pressure 2 proportional to

individual colloidal particles have been performed both for ak IRV and i o H h
single pair of interacting particl&sand for a single particle K8TN(Rg/R)™ and is much larger than the pressusél
acting on a wall or a small particle close to a wall.

interacting with a walf®?’ The free energyF, s of immer- 1 o .
sion of a small particle in a polymer solution in a half space | "€ variation ofF, pswith particle wa dlstaﬂfecl.%s a

(hs bounded by a planar wall can also be obtained by using©/Nt of inflection, since the upward curvatwec”=z¢ " at
Eq. (1.1). As in Sec. II, the free energy of a particle with its mall distances is followed by a downward curvature at large

center at a distance. from the wall Zc so thatF, nsapproaches thec-independent bulk free en-
ergy F; for zc—o. Thus the magnitudéF, s/ Jdzc of the

FinssFiM(ze), R<zc,Ry.¢ (5. polymer mediated mean force between wall and particle has
is determined by the bulk-normalized monomer density pro® Maximumat a distance of ordeRy or £ in a dilute or
file semidilute polymer solution.

M(2)=(6(r))ns/n (5.2

. L . . VI. SUMMARY AND CONCLUDING REMARKS
in the solution in the half-space without the particle. Here

( )ns denotes an average over all chain configurations in the We have discussed the polymer-induced depletion inter-
half space. The quantity¥1(z) is independent of the compo- actions between two particles and between a particle and a
nentr, parallel to the wall of the position vector=(r;,z) in  wall for dilute and semidilute solutions of long flexible poly-

Eqg. (1.2 and approaches 1 far—oo. mer chains in a good solvent and mesoscopic spherical par-
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ticles with a small radiuk. In particular we consider the chains at the theta point id=3 are modeled as ideal, ran-
attractive free energy of interactidpotential of mean force  dom walk chains, the relative reduction-IV, of the Bolt-
6F , between two particles, the resulting contributiof® to  zmann weight of chain configurations due to the presence of
the second virial coefficient of a dilute suspension of parthe particle in Eq(1.1) can again be written as a product of
ticles, and the free enerdy, ysit costs to immerse a particle the configuration-dependent chain number dengiiy Eq.
at a distance from a planar boundary wall of a polymer (1.2) and a configuratioindependentactor depending on
solution in the half-space. For two spherical particles in conthe particle radiusR. This factor now also depends on the
tact the depletion of the monomer density and the variatiorstrength of the excluded volume interaction between chain
of the local pressure along the particle surfaces have alsmonomers? and for weak interaction, corresponding to a
been investigated. Results for these universal quantities ag@lution close to the theta point with a large crossover length
presented which contain no free parameters or unknowhn, crosses over from ideal chain behaw )Rdszg'id for
prefactors and apply for arbitrary interchain overlap rangingR<\ to the excluded volume behaviggR? "R é’” of Eq.
from zero(dilute solution to infinity (semidilute limib. (1.1) for R>N\. This complicated factor drops out of the

Using small radius expansiongvhich are similar to ratios 6F,/F3, bSYF2, and FyJ/Fy, which for arbitrary
“short distance expansions” in field theorjesve have R/N are completely determined by crossover-properties of
shown that the overlap dependence of Hoffi andF, ,sfor ~ the polymer solution without particles according to Egs.
a particle close to a wall can be expressed in terms of th€2.2), (4.2, and(5.1).
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