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It has recently been proposed that the miscibility of nanoparticles with a polymer matrix can be

controlled by grafting polymer chains to the nanoparticle surface. We examine this hypothesis using

molecular dynamics simulations on a single nanoparticle of radius R (4s # R # 16s, where s is the

diameter of a polymer monomer) grafted with chains of length 500 in a polymer melt of chains of length

1000. The grafting density S is varied between 0.04–0.32 chains/s2. To facilitate equilibration a Monte

Carlo double-bridging algorithm is applied - new bonds are formed across a pair of chains, creating two

new chains each substantially different from the original. For the long brush chains studied here, the

structure of the brush assumes its large particle limit even for R as small as 8s, which is consistent with

recent experimental findings and the small chain lattice simulations of Klos and Pakula. We study

autophobic dewetting of the melt from the brush as a function of increasing S. Even these long brush

and matrix chains of lengths 6 and 12 Ne, respectively, (the entanglement length is Ne � 85) give

somewhat ambiguous results for the interfacial width, showing that studies of two or more

nanoparticles are necessary to properly understand these miscibility issues. Entanglement between the

brush and melt chains is identified using path analysis. We find that the number of entanglements

between the brush and melt chains scale simply with the product of the local monomer densities of

brush and melt chains.
1. Introduction

Controlling the interactions, and hence the spatial dispersion, of

nanoparticles (NP) is critical to the ultimate goal of producing

polymer nanocomposites with desired macroscale properties.1,2

Experimental studies1–4 have shown that, most often, NPs tend to

aggregate into clusters or migrate to interfacial regions; conse-

quently, the property improvements which might otherwise be

conferred by their nanoscale dimensions are lost. Thus, the

current barrier to integrating NPs into a range of advanced

devices is the challenge of controllably dispersing and organizing

them within durable matrices while retaining their unique

properties. One commonly used technique is end-grafting poly-

mer chains to the NP surface so the NPs become ‘‘brush-

coated’’.2 For high enough coverage, the NPs are sterically

stabilized, resulting in good spatial dispersion.5

Previous work on planar polymer brushes in a chemically-

identical matrix has shown that the matrix only wets the polymer

brush if the melt chains are shorter than the brush.6–11 Longer

melt chains are known to spontaneously dewet the brush

(‘‘autophobic dewetting’’), because the entropic loss associated

with the matrix chains penetrating the brush cannot overcome
aDepartment of Chemical Engineering, Columbia University, New York,
NY. E-mail: sk2794@columbia.edu
bDepartment of Materials Science & Engineering, Rensselaer Polytechnic
Institute, Troy, NY
cDepartment of Mechanical Engineering and Materials Science, Yale
University, New Haven, CT
dSandia National Laboratories, Albuquerque, NM

† This paper is part of a Soft Matter themed issue dedicated to the
International Soft Matter Conference 2010.

1418 | Soft Matter, 2011, 7, 1418–1425
the translational, or mixing, entropy.5,12,13 Thus, for a given graft

density, increasing the chain length of the polymer matrix

effectively changes the solvent quality experienced by the poly-

mer brush from ‘‘good’’ to ‘‘poor’’. Similar ideas5,14–16 can be used

to understand the miscibility of polymer grafted NPs in a poly-

mer melt, except that, in addition to the graft density and chain

lengths of the brush and melt, one must also account for the

curvature of the NP. For small NPs (high curvature), the poly-

mer brush chains can explore more space, resulting in less

entropic loss to penetrate the brush, reducing the tendency for

autophobic dewetting. Most previous computational studies of

polymer brushes grafted to a nanoparticle have either not

included the polymer matrix2,17 or have studied only short chains

in which both brush and melt are well below the entanglement

chain length, Ne.
18–20 There have also been studies on bare

spherical nanoparticles in long chain polymer matrices.21

Perhaps the most commonly accessible measure of brush

structure is its mean height, a quantity that has been the focus of

several experimental studies. Chevigny et al.22recently used

neutron scattering to measure the conformation of silica NPs

with an average radius of 13 nm grafted with a polystyrene

polymer brush dispersed in a polystyrene matrix. They found

that if the melt chains become long enough, the brushes

compressed by a factor of two in thickness compared to their

stretched conformation in solution. Other experiments,23–25

which also measure the mean brush height, have been able to

critically comment on existing theories of curved polymer

brushes. For example, theories that assume that all the free chain

ends are a uniform distance from the grafting surface do not

provide a good representation of the experimental results.26,27

Theories which relax this assumption14–16 provide a much better
This journal is ª The Royal Society of Chemistry 2011
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description of the experimental data. These theories also predict

that there is a exclusion zone for the free ends - that is, the ends

cannot approach the particle surface, thus creating an ‘‘exclusion

zone’’. This result is in sharp contrast to planar brushes, where no

exclusion zone is predicted from theory or found in experiments.

While previous work has focused on a single moment of the

spatial distribution of monomers, the mean brush height (the first

moment), examining the full distribution of monomers is a more

sensitive and critical test of the theories. This type of comparison

is best performed via simulation studies, which we undertake

here. To provide context, we briefly summarize previous

theoretical predictions for the radial distance dependence of the

density of grafted chain monomers.

In the poor-solvent limit, Daoud and Cotton’s theory for

a ‘‘star’’ polymer, corresponding to the limit of a point particle,

predicts that the brush would collapse into a globule whose chain

density profile is simply a constant value of
jvj
2u

, where n and u are

the second and third virial coefficients respectively.26 This result

is independent of the curvature of the particles and reflects the

dominance of the solvent conditions alone. For Q and good

solvents, in the limit of large curvature (small particle radius, R),

the chain density profile is predicted to scale as15

f(r) f [S1/2(R/r)]m (1)

where r is the radial distance from the center of the particle, S is

the graft density and the exponent, m, is 1 or 4/3 for a Q or good

solvent, respectively. Note that f is nonlinear in S because the

brush height H depends on S. Implicit in this treatment is the

physically unrealistic assumption that all chains are extended to

an identical degree, and effectively fixed to a ‘‘phantom surface’’.

In contrast, in the limit of small curvature (large R) one must

account for a distribution of chain ends, e.g., as proposed by

Milner-Witten-Cates.28 Following this form, the segment density

profile is parabolic, given by15

fðzÞ ¼ 3SNa3

Ho

�
H

Ho

�2�
1�

� z

H

�2
�
; (2)

where a is the statistical segment length, z ¼ r � R is the radial

distance from the particle surface, Ho is the effective brush height

for a flat surface, and H is the brush thickness. Note that this

form is reminiscent of planar polymer brushes and asymptoti-

cally recovers the planar result (H / H0) for large NPs.

Finally, for intermediate particle sizes, a combination of large

and small curvature behaviors is conjectured. Thus, the segment

density profile has large curvature behavior near the surface [eqn

(1)], followed by small curvature behavior away from the surface.

The crossover between the two behavior occurs at z0, which is

obtained by matching the two solutions. The combined profile

is15

fðzÞ ¼

�
3

64p2

�1=3
f 2=3n�1=3a4=3

ðRþ zÞ4=3
0 # z # zo

3p2

16a2N2
2 n

�
H2

2 � ðz� zoÞ2
�

zo # z # H2 þ zo

8>>><
>>>:

(3)

where f [hS(4pR2)] is the number of grafted chains, n is the

second virial coefficient, zo is the location of the transition, N2 is
This journal is ª The Royal Society of Chemistry 2011
the number of segments beyond zo, and H2 is the brush thickness

beyond zo.

In addition to the form of the monomer distribution function,

these theories also predict the density profiles of the (free) chain

ends. The Daoud-Cotton model assumes that all the chain ends

are a uniform distance away, implying a delta function distri-

bution. The Wijmans-Zhulina model, the spherical brush analog

of the Milner-Witten-Cates model, has a well defined exclusion

zone (where the probability of finding a chain end becomes

negative and hence unphysical). The expression for the density of

free ends is given by eq. 19 in ref. 15.

For the long chains modeled in this study, we can readily

determine if entanglements occur between the brush chains and

the matrix chains. Such information is useful in determining the

role of these entanglements in the mechanical reinforcement

gained by a grafted particle immersed in a polymer melt. A

particularly useful concept in this context is that of the primitive

path,29 which gives a measure of how the presence of other (long)

chains forces the central chain to be transiently confined in

a ‘‘tube’’. Using the primitive path analysis (PPA) developed by

Everaers and co-workers,30 it is now possible to get an approxi-

mate measure of an individual chain’s primitive path, entangle-

ments, and hence interactions with all other chains in the melt via

relaxation methods of individual melt configurations.

In this work, we use molecular dynamics (MD) simulations to

model spherical nanoparticles for three values of radii, R, and

four coverages, S, coated with end-tethered chains of length Nt,

immersed in a melt of chains of length Nm, where both Nt and Nm

are much greater than the entanglement length Ne. In the next

section, we present the polymer model and simulation method-

ology. We then present results for the monomer density profiles

for both the brush and melt chains. The conformations of the

brush and melt chain are examined at various scales and

compared to theory. Finally, using PPA analysis,30,31 we examine

the properties of the system entanglements within the polymer

brush and between the polymer brushes and the melt.
2. Model and simulation methodology

2.1 Interaction potentials and system parameters

End grafted polymer coated NPs in a polymeric matrix are

simulated using the coarse grained bead spring model of Kremer

and Grest.32 All brush and melt monomers have a mass m and

interact via the truncated and shifted Lennard-Jones potential

ULJ ¼
43

��s

r

�12

�
�

s

rc

�12

�
�s

r

�6

þ
�

s

rc

�6�
; r\rc

0; r . rc

8><
>: (4)

where s it the monomer diameter and 3 is the characteristic pair

interaction energy. Covalently bonded monomers also interact

via the finitely extensible nonlinear elastic (FENE) potential

UFENE ¼ �
kR2

0

2
ln
�

1� ðr=R0Þ2
�
; (5)

where k ¼ 30kBT and Ro ¼ 1.5s.7 The NP is modeled as

a spherical particle of radius R consisting of a uniform distri-

bution of monomers of diameter s and density rNP. The
Soft Matter, 2011, 7, 1418–1425 | 1419
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Fig. 1 Snapshot of a NP of radius R ¼ 4s for (a) S ¼ 0.04and (b) S ¼
0.32chains/s2. Most of the melt chains (blue) have been removed to

visualize the grafted chains (red).
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interaction between the NP and the brush and melt monomers is

given by integrating eqn (4) over this sphere:33

UNP;p ðrÞ ¼
2R3s3ANP;p

9
�
R2 � r2

�3"
1�

�
5R6 þ 45R4r2 þ 63 R2r4 þ 15r6

�
s6

15ðR� rÞ6ðRþ rÞ6

#
;

(6)

where ANP,p ¼ 24p3nprNPs3. Here 3np ¼ 3 is the interaction

between a polymer monomer and a monomer in the nano-

particle. rNP ¼ 1.0s�3gives ANP,n ¼ 75.43. The NP-monomer

interaction is truncated at rc¼(R + s).

For all systems, nt chains were randomly tethered at a coverage

S to the surface of the NP, with the only restriction that no two

grafting points lie within 2s of each other. Three values of the NP

radius were studied, R ¼ 4, 8, and 16s, for coverages S ¼ 0.04,

0.08, 0.16 and 0.32 chains/s2. The number of tethered chains

varied from 8 to 1024 depending on the coverage and NP radius.

The number of melt chains nm ¼ 2000 for R ¼ 4s, 3000 for R ¼
8s and 5000 for R ¼ 16s. Each melt chain has a degree of

polymerization Nm ¼ 1000, while each tethered chain is of length

Nt ¼ 501. For flexible bead spring chains, the entanglement

length Ne for bulk melts is Ne ¼ 85 � 7,34 so the polymer melt is

well entangled.

For NP-brush-melt systems, the initial states were created as

described in Auhl et al.34 with the additional restriction that no

monomers overlap with the NP which is held fixed at the center

of a periodic, cubic L � L � L simulation cell. L was initially

chosen so that overall monomer density rm ¼ 0.75s�3. Over-

lapping monomers in the initial states were pushed off each other

using a soft potential until the monomers were far enough apart

to switch on the full Lennard-Jones interaction. After the full

Lennard-Jones potential was turned on the system was equili-

brated at a pressure P ¼ 5.03/s3 which for this system is the

pressure of a neat polymer melt of long chains at a monomer

density rm ¼ 0.85s�3.32 The equilibrated size of the simulation

cell is L� 132s for R¼ 4s,�154s for R¼ 8s and�182s for R¼
16s, with slight variations depending on the coverage S. The

number of melt chains was sufficiently large to ensure that the

tethered chains do not interact with their periodic images.

The systems in this study were thoroughly equilibrated using

the double-bridging method described in Ref. 31,35–37. Because

diffusive equilibration of entangled brush-melt systems is expo-

nentially slow, Monte Carlo moves that alter the topological

connectivity of chain subsections were periodically performed,

allowing the chain configurations to relax more rapidly.35,36

We also simulated NP-brushes in an implicit solvent, as has

been done in previous simulations of a dry brush on a flat

surface,38,39 a cylindrical surface40 and a sphere.17 All simulations

of the NP-brush-melt systems and NP good-solvent brushes are

run at T ¼ 3/kB and rc ¼ 21/6s. We also simulated NP-brushes in

an implicit poor solvent with T ¼ 1.53/kB and rc ¼ 2.5s. For this

model, the Q temperature is TQ � 3.183/kB.41

All simulations were carried out using the LAMMPS parallel

molecular dynamics package.42 Newton’s equations of motion

were integrated with a velocity-Verlet algorithm with a time step

dt ¼ 0.012s for the melt and good solvent simulations and 0.005s
for the poor solvent, where s ¼ s(m/3)1/2. All monomers were

coupled to a Langevin thermostat with a damping constant
1420 | Soft Matter, 2011, 7, 1418–1425
G ¼ 0.5s�1. Fig. 1 shows representative snapshots from the

simulations, where it is clear that there is intimate contact

between the brush chains and the surrounding melt. Increasing

the graft density serves to sterically shield the NP surface,

suggesting that brush physics should ultimately decide the

thermodynamic state (miscible vs. clustered particles) of these

composites.
2.2 Primitive path analysis

For NP-brush-melt systems, we performed a primitive path

analysis (PPA) to identify the entanglements between the brush

chains and between the brush and melt chains.30,31 All chain ends

are fixed in space, and several changes are made to the interaction

potential. Intrachain excluded-volume interactions are set to

zero, while interchain excluded-volume interactions are retained.

The covalent bonds are strengthened by setting k ¼ 1003/s2.

FENE bonds are monitored to ensure they do not exceed 1.2s;

this prevents chains from crossing.43 Self-entanglements are not

necessarily preserved, but their contribution is typically negli-

gible.43–45 The system is coupled to a heat bath at T ¼ 0.001s/kB,

and the equations of motion are integrated until the chain lengths

are minimized.

Since the standard PPA is not sufficient to identify individual

entanglements, following the convergence of the standard PPA,

we therefore perform ‘‘thin-chain PPA’’ using the same method

described in Ref.31. At the end of the standard PPA, ndec�1new

beads are inserted between adjacent beads on the original chains.

Here, ndec¼ 8. The bead diameter (i.e., range of the LJ potential),

range of Lennard Jones interaction between the nanoparticle and

system monomers, and R0 are reduced to 1/ndec of their initial

values. Covalent bonds are further strengthened by setting k ¼
100ndec/s

2, and their lengths are capped at 1.2s/ndec to avoid

chain crossings. The equations of motion are integrated until the

chains again minimize their length. Results presented here are

averaged over 10 to 20 statistically independent systems.

Fig. 2 schematically depicts our PPA analysis procedure. One

entanglement between chains A and B is identified as a block of

consecutive monomers on chain A having interchain contacts

with chain B. As described in Ref.31 identifying these blocks is

somewhat subtle; we identify interchain ‘‘contacts’’ as monomers

whose smallest interparticle neighbor distance is less than rcon ¼
(5/4)(1/ndec)2

1/6s. For computational simplicity, we follow

convention and assume all entanglements are binary, i.e., involve
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Schematic of entanglement identification. For visualization

purposes, chain A is red, chain B is blue, and chain C is green.
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only two chains. Ternary entanglements (a vertex including three

chains A, B, C) are counted as three entanglements: A–B, A–C,

and B–C [Fig. 2]; this may overestimate the absolute entangle-

ment densities, but the relative values of brush-brush versus

brush-melt entanglement densities should be accurately

captured.

3. Chain structure

The radial density, f(r), of the tethered chains (Fig. 3 a–c) and

the corresponding melts (Fig. 3 d–f) are shown for three different

nanoparticle radii R ¼ 4, 8, and 16s, respectively, and four

different grafting densities, S¼ 0.04, 0.08, 0.16, 0.32 chains/s2. It

is apparent that the radial monomer density profile of the

brushes extends farther into the melt with higher grafting

densities. Further, the shape of the monomer density profile
Fig. 3 Monomer density profiles for NP radius R ¼ 4s (parts a and d), 8s(b

row while the density of melt chains is shown in the bottom row.

This journal is ª The Royal Society of Chemistry 2011
changes quite dramatically as the NP radius increases from R¼ 4

to R¼ 16s. The smallest NPs show a concentration profile that is

more concave, while for the largest NP the profiles are more

parabolic in its shape, especially for intermediate values of r.

The melt density profile (Fig. 3 d–f) typically mirrors the

density properties of the grafted brushes. The sum of the two

densities suggests that the system is essentially incompressible,

except in the immediate vicinity of the grafting surface. This

result is not surprising given the high overall density of the

system.

To understand the dependence of the monomer density profile

on the S and R, we perform an analysis inspired by Daoud-

Cotton, i.e., following eqn (1). Fig. 4 shows that this scaling only

approximately describes the density profile at small r or large R/r.

For all particle diameters and small S it appears that a scaling

exponent of m ¼ 4/3 approximately describes the data near the

particle surface. As S increases, the solvent quality appears to get

progressively poorer, evidenced by the decay in the scaling

exponent. This suggests a transition from ‘‘good’’ to ‘‘poor’’

solvent conditions with increasing grafting density. Note,

however, that these ideas are only qualitative since there is no

region where the scaling relationship is followed exactly; rather,

the data are always curved. These results are very reminiscent of

the earlier lattice based results of Klos and Pakula in the case of

short chains.19,20 For large r (small R/r), however, the data do

appear to be better fit by an approximately exponential behavior

reminiscent of that found for flat surfaces - this behavior

presumably follows from the finite chain lengths, and hence finite

extensibility, of the graft chains simulated. We can thus conclude

that the model of Daoud and Cotton only qualitatively describes

the simulation results for the brush density profile. However, it

evidently shows that solvent quality becomes worse as one
and e) and 16s (c and f). The density of grafted chains is shown in the top

Soft Matter, 2011, 7, 1418–1425 | 1421
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Fig. 4 Comparison of the normalized segment density profiles to large curvature behavior for a) R¼ 4s, b) R¼ 8s, and c) R¼ 16s. Slopes of 1 and 4/3

(cf. eqn (1)) are drawn as a guide to the eye.
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considers more densely grafted particles, a situation in which one

may expect a smaller propensity for the melt chains to wet the

brush.

To obtain a better understanding of the brush density profile,

we also examined the applicability of the large particle (large R)

ideas embodied in eqn (2). Fig. 5 shows that eqn (2) surprisingly

describes the results obtained for all R except for R ¼ 4s. While

this treatment describes the behavior for all small r values for R

$ 8s, apparently for all S values we consider, poor agreement is

found for larger r values. As described above, this discrepancy

probably results from the finite extensibility of the chains,

a factor not built into these theories. Consistent with these

findings Fig. 6 shows that the transitional form eqn (3), which is

supposed to apply for intermediate R values, does not provide

improved fits. An important conclusion we draw from this

analysis is that the large particle limit is attained relatively

quickly, and particles as small as 10 times the monomer diameter

of the chains are already in this limit.

A few experimental points are considered in the context of

these simulation results. One question: is the apparent good-

solvent behavior found for the largest R reasonable, given that

the brush should ‘‘collapse’’ due to the autophobic dewetting that

is expected for long enough matrices and high enough grafting

densities? Note here that all of the monomer density data for R $

8s appear to be fit by a parabolic profile which is indicative of

good solvent behavior. Thus, at first glance there appears to be
Fig. 5 Comparison of the normalized segment density profiles to small cu

1422 | Soft Matter, 2011, 7, 1418–1425
no signature of the dewetting phenomena in these monomer

density profiles. We then conjectured that, perhaps, a moment of

the monomer density, namely the mean height hzi of the polymer

brush,

hzi ¼

ð
ðzþ RÞ2zfðzÞdzð
ðzþ RÞ2fðzÞdz

; (7)

might give better insights into this dewetting phenomenon

(Fig. 7). In addition to this ‘‘direct’’ measure of height, another

measure can be derived by fitting the monomer density profile to

well known functional forms. In particular, we follow an

approach that we previously used to analyze the effective c

parameter between the brush chains and the matrix.13 We first

define a normalized density, r¼ fgraft(z)/(fgraft(z) + fmatrix(z)). In

ref. 13 we showed that concentration profiles derived from self-

consistent mean-field theory could be fit to a standard form:

r ¼ 1

2

�
1� tanh

�
z� zo

w1=2

�	
, where zo is the position of the inter-

face and w1/2 is the interfacial width. Paralleling the approach for

phase segregated diblocks, then, w1/2 ¼ (6c)�1/2. This form fits all

of our data very well, and in Fig. 7 we report both the zo and w1/2

values derived from the fits. Clearly zo tracks the behavior seen

for the mean brush height hzi. The results (Fig. 7a) show that for

the largest radius particle, hzi � S1/2, is consistent with the
rvature behavior (eqn (2)) for a) R ¼ 4s, B) R ¼ 8s, and C) R ¼ 16s.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Comparison of the normalized segment density profiles to intermediate curvature behavior (eqn (3)) for a) R ¼ 4s, b) R ¼ 8s, and c) R ¼ 16s.

Fig. 7 (a) Mean brush height hzi, (b) interface position zo, and (c)

interface width w1/2 as a function of coverage S for NPs of radius R ¼ 4

(circles), 8 (squares), and 16s (triangles).

Fig. 8 Brush monomer density for NP of radius R ¼ 8s for (a) S ¼
0.04chains/s2 and (b) 0.32chains/s2 in a polymer melt and in an implicit

good and poor solvent.
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expectation of a stretched brush in a good solvent. In contrast,

the R¼ 4s data are very noisy, but are essentially independent of

S. More interestingly, the interface width w1/2, in all cases,

converges to a value of around 10–12s at the largest surface
This journal is ª The Royal Society of Chemistry 2011
coverages, S, examined. This number is comparable to the radius

of gyration of the melt chains, Rgz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
slK Nm=6

p
z17s (where the

Kuhn length lK x 1.8s), suggesting that we are limited by the size

of the chains in question. An unambiguous measurement of

interfacial width, without interference from this length scale,

requires that the two length scales be very different. Even though

the chains employed here are relatively long, they are still too

short to allow for this separation of length scales and hence we

cannot determine if the brush and melt chains are phase-sepa-

rating due to autophobic dewetting. These conclusions are

echoed by recent theoretical work of Ganesan and coworkers.46

In this context, it is also informative to compare the melt

systems with simulation in an implicit good and poor solvent.

For a typical system (see Fig. 8), close to the surface, we see that

the curved brushes interacting with a melt have a density profile
Soft Matter, 2011, 7, 1418–1425 | 1423
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that resembles more that seen for an implicit, poor solvent than

for a good solvent. However, there is a much longer tail for the

brushes immersed in a melt. Similar behavior was also previously

observed for brushes grafted to a plane; in both cases the ‘long

tail’ is probably attributable to finite chain length effects.

A particularly interesting prediction of mean-field theories of

curved brushes is the existence of a zone of exclusion for the free

chain ends near the surface. To study this interesting possibility

we examine the free chain end distributions, re(z) of the polymer

brush in Fig. 9. It is apparent that there is a maximum in this

quantity, but that there is no complete exclusion of chain ends

from near the particle surfaces. These results can be compared to

the predictions of the Wijmans-Zhulina theory in the limit of

large particles. The theory does however captures the maximum

in the end density profile at some distance away from the particle

surface and its relative position with increasing graft density.

Finally we identified the entanglements between the polymer

brush and the melt. Fig. 10 shows results for the brush-brush,

brush-matrix and matrix-matrix entanglement densities, rBB(z),

rBM(z) and rMM(z) respectively scaled by the melt density rm for

S ¼ 0.04–0.32 chains/s2 and R ¼ 4s. The densities rBB(r) and

rBM(r) increase with increasing coverage S. The maximum
Fig. 9 End density re(z) of the tethered chains in the presence of melt chains fo

S. The lines are predictions of the Wijmans-Zhulina theory.15

Fig. 10 Scaled densities for (a) brush-brush entanglements, (b) brush-melt en

All distances are measured from the NP surface. Results are averaged over 1

1424 | Soft Matter, 2011, 7, 1418–1425
entanglement density, which occurs at the same r where the total

monomer density also has a peak, scales as S1.4. As previously

observed for planar brushes,31 the fraction of brush-melt entan-

glements scales to a good approximation as the product of the

monomer densities, fbrush(r)fmelt(r), as expected for ’binary’

entanglements. Fig. 10b shows that the fraction of brush-melt

entanglements peaks at a distance 3–10s away from the surface

of the nanoparticles. The z position of the maximum increases

with increasing S. Similarly, the fraction of melt-melt entangle-

ments (see Fig. 10c) also scales roughly quadratically with the

melt monomer density, and increases monotonically with

increasing z. Given the simple behavior observed, we did not

consider the larger radii where similar results are expected.

Results for for planar brushes are reported in Ref.31.
4.0 Conclusions

We have performed detailed MD simulations of the behavior of

a polymer brush grafted to a single NP in contact with a long

chain melt. Our results have a number of salient points. (i) We

show that the brush monomer density for NPs of radius R¼ 4s is

close to the behavior anticipated for a star polymer, while, for
r NP radius (a) R¼ 4s, (b) 8s, and (c) 16s for four values of the coverage

tanglements, and (c) melt-melt entanglements for a NP of radius R ¼ 4s.

0–20 independent initial configurations.
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radii R ¼ 8 and 16s the brush monomer density is already close

to that of the large particle limit. This result is consistent with

experimental results and lattice simulations of short brushes.19,20

(ii) The conformational transition between a stretched brush and

a collapsed brush, which has been attributed to the autophobic

dewetting of the brush by the melt, is not readily apparent in the

brush density profiles. We conjecture that this difficulty is due to

the finite size of the chains in question, even though the number

of beads in the simulated brush chains is long enough to be well

entangled - we, thus, cannot cleanly resolve the interfacial width

attributed to dewetting effects for the native sizes (Rg) of the

chains in question. Simulations of two or more grafted nano-

particles, which will help to unequivocally resolve this issue, are

currently underway. (iii) The brush end-monomer density

profiles are qualitatively consistent with the large nanoparticle

predictions of Zhulina and Wijmans, though we do not see any

clear evidence for a zone of depletion. This may also be a mani-

festation of the finite chain lengths considered in our work. (iv)

The spatially dependent entanglement densities semi-

quantitatively scale as a product of the respective densities of the

two chains that form the brush-brush, brush-melt and melt-melt

entanglements respectively.
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