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Chain-chain interactions in a corona of polymers tethered to a spherical core under good solvent conditions
are studied using Monte Carlo simulations. The total scattering function of the corona as well as different
partial contributions are sampled. By combining the different contributions in a self-consistent approach, it is
demonstrated that the corona can be regarded as a quasi-two-dimensional polymer solution, with a concentra-
tion dependence analogous to that of an ordinary polymer solution. Scattering due to the corona profile and
density fluctuation correlations are separated in this approach. The osmotic compressibility is extracted from
the latter, and it is shown to be a universal function of surface coverage, with some deviations at high coverage
due to surface curvature effects.
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Polymers can be tethered to a surface, thus forming aore expulsion, and chain semiflexibility on the scattering
diffuse layer on the surfadd,2]. The equilibrium properties was simulated and a series of simulations varying the num-
of such a layer follow from the balance between entropicber of chains, chain length, and core radius were performed.
forces and excluded volume interactions. The latter favor dn the analysis of the two expressions, a random phase ap-
state with a minimum of monomer-monomer contacts, whichProximation (RPA) was used for the fluctuation scattering
can be achieved by increasing the available volume per chaigentribution, and excellent agreement was obtained when in-
by increasing the layer thickness. Entropic forces will tend toserting the partial scattering contributions as obtained from
maximize the number of available chain configurations byMC simulations. The excellent agreement of the two expres-
opposing the chain stretching and by shifting the corong&ions enables us to extract the scattering contribution due to
away from the surface to some extent. At low surface Covdensity fluctuation correlations within the corona. These
erage the surface interaction will dominate, and the polymer§arry thermodynamic information about the apparent second
will have a mushroomlike Shape_ At very h|gh surface Cov-Vifi&' coefficient and the osmotic compressibility of the p0|y-
erage, excluded volume interactions and chain-chain interadner layer. These quantities show a surface coverage depen-
tions dominate and chains will be strongly stretched formingdence analogous to that expected from an ordinary polymer
a polymeric brusi3,4]. Between the mushroom and brush solution.
regime there is a broad region of intermediate surface cov- Numerous approaches such as self-consistent field theory
erageq5], which is the typical regime accessible by experi-[11,12, variational techniquegl3], and numerical simula-
ments, see, e.g}6,7]. tions[14,15 have all been applied for investigating the pro-

In the present work we study the scattering from the poly-iles of brushes on curved interfaces. Polymer layers at low
meric layer of a spherical particle such as the polymer coron@nd medium surface coverages are not amenable to analyti-
of a diblock copolymer micelle. We use Monte CatMC) cally treatment, due to the presence of large density fluctua-
simulation-generated data to show that a model in which th&ons. However, the small-angle scattering from a polymeric
corona is regarded as a two-dimensional solution is appliinterface depends not only on the profile, but also on the
cable. The total corona scattering can be decomposed in tw&rrelations of density fluctuation8]. The scattering from a
ways. In the analytical model of Pedersen and Gerstenber@jlute or semidilute solution of star polymers were treated by
[8], the intrachain and interchain scattering contributions arélarqueset al. using an empirical “blob” approactj16].
combined to give the corona scattering, however, the sam@ur approach offers a clear quantitative picture of the inter-
result can be obtained by Combining the Scattering Contribuaction effects in micellar coronas, which are based firmly on
tion due to theaveragecorona profile and density fluctuation Monte Carlo simulation results.
correlations[9]. The latter decomposition can be interpret- We describe the density of chains in a polymer corona on
eted as being the scattering expected from a thin layer dhe surface of a spherical particle using a reduced surface
dilute or semidilute solution confined to a thin layer aroundcoverage. Due to the chain entropy, the center of mass of a
the core[10]. The approach presented in the present paper ighain will be located at approximately a distaigfrom the
based on self-consistent analysis of the MC results using theore surface, wher& is the unperturbed chain radius of
expressions provided by these two decompositions. The totglyration. The effective core surface area is thus(R.,
corona scattering as well as the intrachain, interchain, and Rg)?, Where R, is the core radius, whereas the cross-
corona profile scattering contributions were sampled duringectional area oN chains iSWRéN. The reduced surface
the simulations. The effects of excluded volume interactionsgoverage is given by the ratio of cross-sectional chain area to

available surface area as=NwRS/[4w(RCO+ Rg)z]. The
reduced surface coverage is a two-dimensional analogy of

*Present address: Department of Chemistry, University of Aarhusthe c/c* concentration17,18 for ordinary polymer solu-
Langelandsgade 140, DK-8000 Aarhus C, Denmark. tions. A surface coverage of unity corresponds to critical
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overlap, where the area occupied by an unperturbed chai@n expression based on the polymer reference interaction site
equals the available surface area per chain.d=orl chains model (PRISM) theory for polymer solutions and melts, see
are few and far apart and weakly perturbed by the presenceg.,[23]:
of other chains, and the scattering is well described by the F.(q)
model of Pedersen and Gerstenb¢&j. However, in the Frue(Q)= ———————. 3
brush regime ¢>1) the surface will induce chain ordering 1-pc(q)Fc(q)
perpendicular to the surface as chains are stretched. The Scat'Herec(q) is the Fourier transform of the direct correla-
tering in this regime is expected to be described by a coregon function between sites on different chains in an equiva-
shell model[19]. Experimentallyo<5 is found for copoly-  |ent site approximation, which depends on the site-site inter-
mer micelleg20-22. action potential, ang is the density of scattering sites. The
The normalized corona scatterif§co(q=0)=1] con-  F__ expression has the interpretation as being the scattering
sists of two weighted contributions: an intrachain contribu-of a dilute or semidilute solution with a profifér), and will
tion F. and an interchain contributio,; as be called solution scattering.
We use Monte CarlgMC) simulation results for compar-
1— E) Seu(). 1) ing Feor gndFso,: The micelle was modglled asa numberlof
N/ T¢¢ semiflexible chains tethered to a spherical core. Interactions
. ) ] were included by placing six hard spheres of radiu® Quér
Hereq is the magnitude of the scattering vector, &ds  Kuhn lengthb of the chains, as this reproduces the excluded
the Fourier transform of the pair-distance distribution be-qgjume effects found experimentally for polystyrene in a
tween sites on the same chain. The intrachain scattering {gyog solven{24]. Chains were excluded from the core re-
mainly due to chain connectivity and self-avoidance, antyion. The MC moves consisted of pivoting the chain tails
single-chain properties such as the radius of gyration, thz5) and two moves, that moved and reorientated chains on
contour lengthL, and the Kuhn lengtib can be determined the core surface. We note that chains are not free to move
from it. For a long semiflexible chain, the Kuhn length is the gpout on the surface of a micelle with a glassy or crystalline
step length of an equivalent random walk. The interchaircore, However, the observed scattering is an ensemble aver-
scatteringS,. is the Fourier transform of the pair-distance age of all allowed corona configurations, and this includes an
distribution between sites on different chains. The interchairaverage over the location of the chain tethering points, which
scattering contains information about the corona profile, a”‘i’equires a surface move. The configurational ensemble aver-
the radius of the core. However, it also includes correlation&;ages of theF., S.c, andA,,, scattering contributions were
due to chain-chain interactions such as the “correlatiorgimu|taneous|y sampled during the MC simulatiof2s].
hole,” which is known to be present in ordinary polymer The unperturbed chain radius of gyration was obtained from
solutions[17,18. _ _ aseparate set of simulations of a single chain. We chose a
Core-shell model$19] describe the corona scattering in yeference micelle defined as haviMg=44 chains, chain
terms of the configurationally averaged profile, and as a reength L=8.33, and core radiuR,,=3.3%, this choice
sult all density fluctuation correlations due to chain connecpimics a Pluronic P85 micellg8]. We performed three se-
tivity, self-avoidance, and chain-chain interactions are nejjeg of simulations, where one of the three parameters was
glected. The core-shell approximationfig,, =A%, Where  yaried in turn, while keeping the remaining two fixed at their
the  profile scattering is given by A ()  reference values. The range of variation was chosen to cor-
= [of(r)sin@r)/(ar)4nrdr, and wheref(r) is the corona respond to a variation of surface coveragen the range
profile. If chain-chain interactions are negligible, differentfrom 0.01 to about five, thus covering the experimental re-
chains will be uncorrelated, and the interchain scattering wilgime ranging from isolated chains to a reasonable chain
be given byS..=AZ,,. Chain-chain interactions will yield overlap. It should be noted that the equilibrium corona con-
an additional contribution to the interchain scattering due tdiguration does not only depend on the reduced surface cov-
short-ranged density fluctuation correlations, which will erage, but also on the surface curvatBggR., and number
dominate the interchain scattering at highvalues. These of chainsN.
fluctuations are caused by the repulsive excluded volume Comparing(1), (2), and (3) for the sampled scattering
interactions between different chains. Based on this we dezontributions allows us to obtain thepc(q) term from the
fine a fluctuation scattering contributidty,., leaving only  simulation results. We found that it has a weak dependence
correlations due to the average profitgven byAgor). Thus on g, and as a result we approximate it with an effective
the corona scattering is rewritten as excluded volume parametef(o)=—pc(q). This converts
the PRISM expressiofB) into the form of a random phase
Fruc(d=0)) approximation. The excluded volume parameter is related to
N Acorl(@)- (2) a virial expansion of the reduced osmotic compressibility as
(o) =2A,0+3A30%+ ...=2A,(0)o, where Ay(o) is
The weighting ensures th&t,, is normalized forq=0, the reduced apparent second virial coefficigit]. Ao, 0s-
sinceFy,¢ is not normalized. Rewriting Eql) as Eq.(2)  cillates around zero, and we have determim¢a) from the
has the effect of shifting the influence of the correlation holefirst zero point ofA.,, .
from S, into Fy .. Therefore, interchain correlations hasto  The sampled corona scattering from simulations varying
be included in an expression for thg,.(q) term. We apply the number of chains is shown in Fig. 1, normalized such

1
Feor(Q)= NFc(q) +

1_

1
Fsol(q)= NFfluc(q) +
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FIG. 1. Comparison between corona scattefipg and solution FIG. 2. The reduced osmotic compressibilityplotted against

scattering F,, for micelles with the number of chainsN surface coverage for simulations varying the number of chains

=3,8,22,44,87,131(bottom to top. F¢,, (thick line), Fg, (full (circle), the chain lengttibox), and the core radiug@iamond. The

boxeg, and the fluctuation scattering;,. (thin dashed lingare insert shows thé\,(o)o plotted against the surface coverage. The

shown. These are normalized such that the single chain scatteridige in the inset is the power lawA,(o)o=0.67%% and

coincides in the large limit. the corresponding osmotic compressibility is shown as a line in
the figure.

that they coincide for largg values. The huge increase in
oscillations as the number of chains increases is caused Iiynit [23] predicts thatA,(c/c*) is a constant for low con-
the change in weighting between the highly oscillatory inter-centrations. We observe a weak dependence on surface cov-
chain contribution and the nonoscillatory intrachain Contri-erage in the range of surface coverages we have simulated.
bution. Also shown in Fig. 1 is the solution scattering. Theat high surface coverages the deviations from power-law
two sets of curves show an excellent match, which demonpehavior observed in the inset of Fig. 2 is reflected in the
strates the self-consistency of our model of the corona scatompressibility. We attribute these deviations to the effects
tering. Similar excellent agreement is obtained for simulauf chain stretching, which shows some dependence on the
tions varying the length of chains and the core radiust  gyrface curvature.
shown. Finally, the fluctuation scattering contributiéiy, In this paper we have demonstrated that the scattering
is shown. This contribution is seen to decrease with increas;—rom a corona of chains tethered to a spherica| core for ex-
ing surface coverage, analogous to the concentration depeferimentally relevant surface coverages can be self-
dence of the scattering from a polymer solution, see, e.ggonsistently re-expressed as the scattering one would expect
[28]. The corona scattering is dominated by profile scatteringrom a quasi-two-dimensional dilute or semidilute polymer
at low q values, whereas the fluctuation scattering dominatego|ution confined to a thin layer on the core surface. We note
at largeq values. that the radius of gyration as well as the correlation length
A fluctuation-dissipation theorem relates the Fourieragre comparable to the corona thickness, which is why the
transform of the density fluctuation correlation function to polymer layer can be regarded as being quasi-two-
the osmotic compressibilityl 7]. The reduced osmotic com- dimensional. In the brush limit the chains will be aligned
pressibility is given by k=dl1*/do=F,.(q=0)"*=1  perpendicular to the surface. This is clearly far from the case
+2Ay(0)o, where the reduced osmotic pressurells  of a semidilute solution, and we expect the RPA expression
= WRSH/(ka)- In this expressiorll, k,, and T are the to break down in this limit. It should be noted that we do not
osmotic compressibility, Boltzmann constant, and temperaebserve any deviations between the corona scattering and the
ture, respectively. Figure 2 shows the reduced osmotic comsolution scattering even for the largest surface coverages
pressibility obtained from simulations varying number of simulated. The expression we have proposed for the solution
chains, chain length, and core radius, and the points fall on scattering bridges the gap between the model of Pedersen
universal curve as function of surface coverage. Similar beand Gerstenberg, valid at low surface coverage, and the core-
havior has been predicted for polymers at flat interfaces bghell models expected to be valid at very high surface cov-
Carignano and Szleifer fofl* [5] for o<6. The osmotic erage, while retaining formal similarities with both models.
compressibility shows a weak dependence of surface cover- We have also demonstrated that the scattering contribu-
age foro<1, as one would expect from the dilute polymer tions due to the corona profile and fluctuations decouple,
solution analogy, see, e.d18]. The inset of Fig. 2 shows allowing us to deduce the osmotic compressibility of the
the apparent second virial coefficient. The values from theorona from the density-fluctuation correlation function. The
three series of simulations approximately collapse onto @ompressibility shows a universal dependence on surface
common power-law relationA,(c)o=ac” with «=0.68 coverage analogous to that observed for ordinary polymer
+0.01 andB=0.95+0.02. The PRISM theory in the thread solutions as function of concentration. We furthermore ex-
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pect similar expressions to be valid for the scattering fromsented can be used for separating corona profile and chain-
micelles with elliptical and cylindrical cores, however, with chain correlation information in real experiments, and thus
some deviations due to the variation of the local surface curallows more detailed information to be gained by analysis of
vature for such geometrical shapes. The model we have prexperimental data.

[1] A. Halperin, M. Tirell, and T. P. Lodge, Adv. Polym. Sdi00, [13] H. Li and T. A. Witten, Macromoleculeg7, 449 (1994).

31 (199)). [14] R. Toral and A. Chakrabarti, Phys. Rev.4¥, 4240(1993.
[2] I. Szleifer and M. A. Carignano, Adv. Chem. Phy&l, 165 [15] M. Murat and G. S. Grest, Macromolecul2d, 704 (1997).
(1996. [16] C. M. Marqueset al, Eur. Phys. J. B3, 353(1998.
[3] P.-G. de Gennes, J. Phy®arig 37, 1443(1976. [17] M. Daoudet al, Macromolecules, 804 (1975.
[4] S. Alexander, J. PhygParig 38, 983(1977). [18] P-G. de GennesScaling Concepts in Polymer Physi@ornell
[5] I. Szleifer and M. A. Carignano, Adv. Chem. Phyt, 165

University Press, London, 19Y.9
[19] S. Faster and C. Burger, Macromoleculdg, 879(1998.
[20] G. A. McConnelet al, Faraday Discus€8, 121(1994.
[21] L. Derici et al, Phys. Chem. Chem. Phys, 2773(1999.
[22] J. S. Pederseat al., Macromolecules83, 542 (2000.
[23] M. Fuchs and M. Miler, Phys. Rev. B0, 1921(1999.

(1996.
[6] M. S. Kentet al, J. Phys. Cheml103, 2320(1995.
[7] M. S. Kentet al, J. Phys. Cheml108, 5635(1998.
[8] J. S. Pedersen and M.C. Gerstenberg, Macromolec28es
1363(1996.
[E?)% ;.nA:r\;ra_y_ and P.-G. de Gennes, Europhys. L21647.(1986' e[g4] J. S. Pedersen, M. Laso, and P. Schurtenberger, Phys. Rev. E
pirical model based on the same assumption has be 54, 5917(1996
used for describing the dynamics of brushes: P.-G. de Gennef2 ' '
C. R. Acad. Sci., Ser. Il: Mec., Phys., Chim., Sci. Terre Univ- 5] M. Lal, Mol. Phys.17, 57 (1969.
ers302 765(1986, and B. Faraget al, Phys. Rev. Lett71, [26] C. Svaneborg and J. S. Pedersen, J. Chem. Piiy.9661

1015(1993. (2000.

[11] N. Dan and M. Tirrell, Macromolecule®5, 2980(1992. [27] H. Benoit and M. Benmouna, Polym@b, 1059(1984.

[12] C. M. Wijmans and E. B. Zhulina, Macromolecul26, 7214 [28] J. S. Pedersen and P. Schurtenberger, Europhys.45666
(1993. (1999.

010802-4



