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Abstract

We study the effective interaction between twoparallel rod-likenanoparticles in swollen

and collapsed polymer brushes as a function of penetration depth bytwo-dimensionalself-

consistent field calculations. In vertical direction, the interaction is always attractive. In lateral

direction, the behavior in good and poor solvent conditionsis qualitatively different. In swollen

brushes (good solvent), nanoparticles always repel each other. In collapsed brushes (poor

solvent), we identify two different regimes: An immersed regime where the nanoparticles are

fully surrounded by the brush, and an interfacial regime, where they are located in the interface

between brush and solvent. In the immersed regime, the lateral interactions are repulsive, in

agreement with previous theoretical predictions. In the interfacial regime, they are governed

by the deformations of the interface and tend to be attractive. This implies that the nature of

nanoparticle interactions can be manipulated by changing the solvent condition. The influence

of particle size and grafting density are also briefly discussed.

1 Introduction

Nanoparticle dispersions have been studied intensively for a long time because they are interesting

model systems for fundamental research and because they canbe used to engineer novel materi-

als.1,2 By blending nanoparticles, e.g., with polymers, one may obtain an end product that com-

bines the properties and functionalities of its constituents. To optimize such materials, one must

understand the organization and the distribution of nanoparticles. The first step in this direction is

to study the effective interactions between pairs of particles, because they determine the particle

assembly at low particle density. At higher densities, multi-body potentials may become impor-

tant; however a model based on effective pair interactions can still serve as a good starting point

for the development of more sophisticated theories. One prominent example of such a model is the

Asakura-Oosawa model,3–5 which describes the effective pair interactions between colloids in di-

lute polymer solution. If two nanoparticles approach each other, polymer molecules are driven out

of the space between the nanoparticles, and this creates an effective depletion interaction between
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colloidal particles. A related depletion effect is also found in dense polymer solutions.6

The situation is more complicated when polymers are graftedto a surface (polymer brush).

In this case, polymers cannot move away as a whole. This changes the nature of interactions.

Nanoparticle-brush mixtures are interesting for several reasons: Firstly, they can serve as model

systems to investigate important nanoscale processes in biological environments.7–12 In biology,

many vital activities related to intercellular transport and communication depend on the interac-

tions of nanoscaled objects – such as protein complexes and viruses – with biopolymer-covered

surfaces – such as blood capillaries or cell membranes. Physical aspects of these systems can be

mimicked by systems containing nanoparticles and polymer brushes. The study of nanoparticle-

brush mixtures can also give insights into the physical basis of selectivity in biological processes

such as protein adsorption or the immune response.13–16Secondly, an improved understanding of

nanoparticle organization in polymer brushes can help to design novel nanostructured materials

in nanotechnology.17–22 Surface grafting of polymer chains is an increasingly popular method to

modify the properties of surfaces. Grafted polymers can be used to assist the assembly of nanos-

tructured materials exposed to a nanoparticle suspension.17,18,21 A better understanding of the

effective interaction between the nanoparticles can help to optimize the process of self-assembly

and to develop design principles for new materials.

The theoretical interest in polymer brush-nanoparticle systems goes back to a seminal paper

by Williams and Pincus,23 who calculated the forces acting on small fillers in a polymerbrush

of infinite thickness by establishing an analogy with hydrodynamics. Subramaniamet al. and

Steelset al. analyzed the deformation of single grafted polymer and polymer brushes due to com-

pression by particles of finite size.24,25 Other authors addressed the question how to prevent the

adsorption of nanoparticles or proteins onto surfaces as a function of particle size, grafting density,

surface chemistry, and chain length, for applications in the context of nanoparticle stabilization,

the fabrication of anti-fouling surfaces and biomedicine.26–30 While most studies focused on the

interactions of individual particles with brushes, some also considered the polymer-mediated in-

teractions between nanoparticles. Using a perturbative approach, Solis and Tang investigated the
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interactions between two point-like density perturbations in a collapsed melt-like brush.31,32They

predicted that the interaction is mainly repulsive, with possibly a weakly oscillatory component

at distances larger than the brush height. Chen and Ma33 studied the special case where a dry

polymer brush is in contact with a polymer melt by self-consistent field calculations. They found

that the effective interaction is repulsive at large distances, possibly supplemented by a short range

attractive contribution. Curket al.18,34 used Monte Carlo simulations to investigate the collective

ordering of nanoparticles in a polymer brush. When large amounts of nanoparticles are pressed

into a swollen brush by external forces, they are found to form columnar structures perpendicular to

the brush surface and to microphase separate in the lateral directions. The structures of droplets of

polymer-insoluble nanoparticles in brushes were also studied by theory28 and dissipative particle

dynamics simulations.35,36

With respect to applications in biotechnology37–39 and the fabrication of nanomaterials,17,40

the effect of the solvent condition on nanoparticle-brush mixtures is of particular interest. For

example, processing in nanotechnology often involves a step where one solvent is replaced by

another, therefore it is important to understand how this may affect the interactions in the sys-

tem. The influence of solvent quality on the structure of purebrushes has been known for a long

time:30,41–43Polymer brushes collapse in poor solvent but swell in good solvent. One would ex-

pect that the difference in the chain conformations resultsin different behavior of the immersed

nanoparticles. This could provide an opportunity to control the structure of the multi-particle as-

sembly by using stimuli-responsive polymers, which can alter their properties in response to the

environmental changes.44,45Therefore, it is important to understand the nanoparticle-brush system

under different solvent conditions.

The influence of the solvent quality on the nanoparticle uptake in polymer brushes has recently

been studied theoretically by Halperinet al.30 They predict that particles can only penetrate a brush

if their size does not exceed a solvent-dependent “insertion length” which decreases with increas-

ing solvent quality. Hence penetration is facilitated whenthe solvent is poorer. The aggregation

behavior of nanoparticles should also depends on the solvent. However, to our best knowledge, the
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influence of solvent quality on the nanoparticle pair interactions in a brush has not yet been studied

systematically.

Motivated by the above observations, in the present paper, we study the effective interactions

of rod-like nanoparticles immersed in polymer brushes under different solvent conditions. We

utilize the self-consistent field theory, which is a powerful method for studying the phase behavior

of polymer systems.46–48 In a nutshell, our results can be summarized as follows: The effective

interactions in lateral direction (parallel to the substrate) depend on solvent quality and on the

penetration depth of particles. In good solvent, nanoparticles always repel each other. In poor

solvent, they repel each other when they are deeply immersedin the brush, but they attract each

other when they approach the brush surface. In contrast, theeffective interactions in transverse

direction (perpendicular to the substrate) are always attractive, independent of solvent quality. We

identify the main factors governing the transition betweenthe attractive and the repulsive regime

by analyzing the different entropic and energetic contributions to the interaction energy, as well as

the influence of particle size and grafting density.

The rest of our paper is organized as follows: We introduce the framework of the self-consistent

field theory and describe our model parameters in Section Section 2. We then present our main

results on the effective interaction in Section Section 3, and analyze the effects of the penetration

depth, the particle size and the grafting density of the brush for both good and poor solvent. Our

results are discussed and summarized in Section Section 4.

2 Model and Theory

We consider an incompressible system of two parallel rod-like nanoparticles immersed in a solvent-

polymer mixture with volumeV. All np polymer chains are grafted on a flat substrate, and they

have the same polymerization indexN with the same statistical segment lengthb. The solvent

quality is described by the Flory-Huggins parameterχ , which is related to the excluded volume

per segmentv asv= 1−2χ scaled by the segment volume. Good solvent corresponds toχ < 0.5,
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while poor solvent corresponds to the rangeχ > 0.5. The dividing pointχ = 0.5 defines theΘ

solvent in which the excluded volume parameter vanishes. Ingood solvent, the solvent fills almost

the whole system, whereas in poor solvent, it is almost entirely driven out of the brush due to

the repulsion between solvent and polymer.For simplicity, we assume that solvent molecules

and polymer segments have the same volume, given byρ−1. The effect of the solvent size has

been discussed in Ref.49 Solvents and polymer segments cannot penetrate the nanoparticle. In the

literature, different ways have been proposed to implementthis impenetrability condition. One

method is to introduce a steeply repulsive monomer-particle potential around the particle,50,51 the

other is to represent the particle by a “cavity function” that assigns a local volume fraction of value

unity to a nanoparticle in an extended region of space.33,52–54In the present work, we adopt the

cavity function method. The nanoparticle is modeled byinfinitely elongated cylinderof radiusR

surrounded by a boundary layer of thickness∆, and we set∆ = 2b. The boundary layer mimicks

the effect of surface roughness and/or soft organic coatings on the nanoparticle. We describe it in

terms of a cosine function as in Refs.33,55 The local volume fraction of a nanoparticleψc(r) with

center at positionrc is thus described by a function of the form

ψc(r) =























1 |r − rc| ≤ R
[

1+cos((|r − rc|−R)π/∆)
]

/2 R≤ |r − rc| ≤ R+∆

0 |r − rc| ≥ R+∆

(1)

The positions of the particles are kept fixed in every calculation. They are characterized by three

parameters: The distance between the first particle and the substrate,h, the lateral distance between

the particles,d, and the angle between the vector connecting the particle centers and its projection

on the substrate,θ (with 0≤ θ ≤ π/2) (see Fig. Figure 1).

Since we impose an incompressibility constraint, nanoparticles cannot come closer than the

center-center distance(2R+∆) (otherwise the total nanoparticle volume fraction would exceed

one in the contact region). As long as this condition is met, the numbers of the solvents and the

polymer chains in the system do not depend on the nanoparticle positions. Therefore, the free
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Fig. 1: Schematic view of two nanoparticles immersed in a solvent-brush mixture.Note that the
boundary layers of thickness∆ may overlap.

energy of the system can be calculated in the canonical ensemble for fixedV and temperature

T. The free energy of the system has two contributions. One is the interaction energy of the

solvents, the polymer chains and the nanoparticles,U , the other includes entropy contributions of

the solventsSs and the polymer chainsSp. The total free energy has the formFt =U − (Ss+Sp)T.

Within the mean-field approximation to the many-chains Edwards theory,46,56–58the interaction

energy and the entropies of the polymers and the solvents at atemperatureT can be expressed as

follows

NU
ρkBTV

=
N
V

∫

dr
[

χpcψp(r)ψc(r)+χpsψs(r)ψp(r)+χcsψs(r)ψc(r)
]

(2)

NSp

ρkBV
= ψ̄p ln

Qp

ψ̄pV
+

1
V

∫

drwp(r)ψp(r) (3)

NSs

ρkBV
= ψ̄sN ln

Qs

ψ̄sV
+

1
V

∫

drws(r)ψs(r) (4)

with the Boltzmann constantkB. The spatial integration is restricted to a rectangular boxwith the

volumeV = Lx×Lz. Here,Lx andLz are chosen large enough to avoid finite size effects.χps, χpc

andχcs are Flory-Huggins interaction parameters characterizingthe polymer-solvent, the polymer-

nanoparticle and the solvent-nanoparticle interactions,respectively.ψs(r) andψp(r) are the local

fractions of the solvents and the polymer chains, whileψ̄s and ψ̄p express their overall volume

fractions. wp(r) andws(r) are the conjugate fields toψs(r) andψp(r), respectively, andQp =

∫

DRexp
[

−H 0[R]−
∫ 1
0 dswp(R(s))

]

is the partition function for a single polymer in the mean
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fields wp. Here,H 0[R] = 3N
2b2

∫ 1
0 ds

(dR(s)
ds

)2
is defined as the elastic free energy of the polymer

chain andR(s) is the position of segments on the polymer chain.Qs =
∫

dr exp[−ws(r)/N]

denotes the partition function of the solvent.

Minimizing the free energy with respect to the local volume fractions and their conjugate fields

leads to a set of mean-field equations

wp = Nχps(ψs−ψp)+N(χpc−χcs)ψc−N lnψs (5)

ψp =
ψ̄pV

Qp

∫ 1

0
dsq(r ,s)q†(r ,1−s) (6)

ws = −N lnψs (7)

ψs = 1−ψp−ψc. (8)

with Qp =
∫

drq(r ,1). The last equation is the incompressibility constraint,which we enforce rig-

orously instead of introducing an auxiliary pressure field as is often done in related self-consistent

field approaches to polymer systems.46 Here we have shifted the local fieldws(r) by a constantw0

for numerical convenience, choosingw0 such thatQs/ψ̄sV = 1. Shiftingws does not change the

value of the free energy, but the expression forFt becomes simpler:

NFt

ρ0kBTV
= −ψ̄p ln

Qp

ψ̄pV
+

1
V

∫

dr [χpcNψp(r)ψc(r)+χpsNψs(r)ψp(r)

+χcsNψs(r)ψc(r)+Nψs(r) lnψs(r)−wp(r)ψp(r)] (9)

The partial partition functionq†(r ,s) =
∫

DRexp
[

−H 0
s [R]−

∫ s
0 ds′wp(R(s′))

]

· δ (R(s)− r) in

Eq. (Figure 1) (withH 0
s [R] = 3N

2b2

∫ s
0 ds′

(dR(s′)
ds′

)2
) describes a chain propagator from the free end

of the chain to thesth segment at positionr and satisfies a modified diffusion equation

∂q†(r ,s)
∂s

=
Nb2

6
∇2q†(r ,s)−wp(r)q†(r ,s) (10)

with the initial conditionsq†(r ,s= 0) = δ (z). The functionq(r ,s) is the analogous function that

describes the chain propagator from the grafted end with an initial conditionq(r ,s= 0) = δ (z).
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Note that this formalism describes brushes of laterally mobile chains, i.e., grafting points can move

along the substrate. At high grafting densities, the behavior of brushes with mobile and immobile

grafting points is very similar.

Having obtained the total free energy of the system, one can calculate the effective pair inter-

action energy of two nanoparticles,F, from

F = Ft −F p
1 −F p

2 +F0, (11)

where,F p
i is the free energy of the solvent-brush system with a single nanoparticle immersed in

the brush at the same position as the nanoparticlei in the total system, andF0 is the free energy of

the same solvent-brush system without nanoparticles. The contributions of the interaction energy

and the entropies of polymers and solvent to the effective pair interaction are calculated in a similar

manner.

Before proceeding to the presentation of the numerical results, we first briefly discuss the be-

havior of a system containing two nanoparticles immersed inpure solvent. Due to the incom-

pressibility of the system, according the equation (Figure1), the solvent entropy can be written

as
NS0

s

ρkBV
=

N
V

∫

dr(ψc(r)−1) ln(1−ψc(r)) =
N
V

∫

dr fs(r) (12)

where fs(r) ≡ (−ψc(r)−1) ln(1−ψc(r)). In addition, in pure solvent, the interaction energyU

assumes the simple form

NU0

ρkBTV
=

N
V

χcs

[

∫

drψc(r)(1−ψc(r))
]

=
N
V

χcs

∫

dr fu(r). (13)

with fu(r) ≡ ψc(r)(1−ψc(r)). Obviously,S0
s andU0 change only when the boundary layers

of the particles overlap, and one can easily check that bothS0
s andU0 decrease with decreasing

particle distanced. Due to the competition of the solvent entropy and the interaction energy of the

system, the nanoparticles attract each other when∆U0 > ∆S0
sT, while they repel each other when
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∆U0 < ∆S0
s. Here,∆U0 and∆S0

s indicate the change ofU0 andS0
s, respectively, as the particles

approach each other. The result of the competition of these two contributions in solvent is mainly

determined byχcs. In the following, we setχcs= 0.2, a value where the interaction between the

particles in pure solvent is weakly repulsive.

3 Results and discussion

In the present paper, we solve the self-consistent mean fieldequations within a two-dimensional

Cartesian framework (grid size 0.125b in both directions) with periodical boundary conditions

in the x-direction, Dirichlet boundary conditions atz= 0, and Neumann boundary conditions at

z= Lz. The modified diffusion equation is solved in real-space using the Crank-Nicolson method

combined with the Alternating Direction Implicit method. The self-consistent equations are solved

by iteration using simple mixing48. All lengths are scaled by the segment sizeb. The polymer-

ization of the polymer chain isN = 100. We compare systems withχps = 0 andχps = 1, cor-

responding to a good and a poor solvent, respectively. For simplicity, χpc andχcs are set to the

same value,χpc = χcs = 0.2. The particle sizeR is varied fromR= 0.5Rg to R= 1.75Rg with

Rg =
√

N/6= 4.08, and the grafting density fromσ = 0.09 toσ = 0.22.

3.1 Effective interactions in lateral direction

We first consider the situation where both particles are arranged at the same distanceh from the

substrate (θ = 0 in Fig. Figure 1). Fig. Figure 2 (top) shows the effective lateral pair interactions

F between two particles with radiusR= 1.25Rg = 5.1 in brushes with grafting densityσ = 0.16

under good and poor solvent conditions. The lower panels illustrate the contributions from the

“solvent free energy”U −TSs, the interaction energyU , and the polymer entropySp. (We recall

that the effective pair interaction is given byF = U − T(Ss+Sp)). We only consider particle

separationsd > 2∆, where the boundary layers don’t overlap and the nanoparticles don’t interact

directly with each other, hence the effective interactionsare entirely mediated by the surrounding
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solvent and/or polymer. As explained in Sec. Section 2, all quantities,F,U,Ss, andSp, are shifted

such that they vanish at infinite particle distance.

Under good solvent conditions (left panels in Fig. Figure 2), the pair interaction is purely

repulsive, and decreases continuously with increasing distance from the substrateh. It is dominated

by the solvent free energy, which also decays monotonicallywith increasingd andh. Since the

energetic contributionU vanishes atχps = 0, the solvent free energy is essentially given by the

solvent entropy. The behavior of the polymer entropy is moreinteresting: As the nanoparticles

approach each other, coming from large separationd, the polymer entropy first rises to apositive

value, i.e., the polymersgain entropy. The reason is that polymers in good solvent are swollen. If

they are slightly compressed, the internal stretching of polymers is reduced and they gain entropy

(this is, of course, more than compensated by the corresponding loss of solvent entropy). If they

are strongly compressed, they lose entropy. The polymer material underneath the nanoparticles

is slightly compressed, but it can escape sideways. When thenanoparticles approach each other,

escaping becomes more difficult, and the total amount of slightly compressed polymer material

increases, i.e., the entropySp increases. At smallerd and small particle-substrate distancesh,

this trend reverses, andSp may become negative. Here, an additional effect comes into play: The

polymer density in the gap between the particles increases (see Fig. Figure 3(a)), indicating that the

material in the gap becomes more strongly compressed. This can be explained within the classical

scaling theory for polymers,59 which predicts that the monomer density in solutions of swollen

polymers increases under confinement. The corresponding contribution toSp is negative, and as

a result, the behavior ofSp may become nonmonotonic and exhibit a maximum as a function of

the particle separationd. The total pair free energy, however, is still a monotonously decaying

function ofd as explained above.

In poor solvent, the situation is more complicated (Fig. Figure 2, right panels). At small

particle-substrate distanceh < 16, the pair interaction is repulsive like in the swollen brush. At

largerh, however, it becomes attractive. We will now analyze this finding in more detail. First, we

note that the collapsed brush layer is of course thinner thanthe swollen brush layer. Fig. Figure 4
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Fig. 2: Effective pair interactionsF/kBT (a,b), “solvent free energies”(U −SsT)/kBT (c,d), in-
teraction energiesU/kBT (e,f), and polymer entropiesSp/kB (g,h) in lateral direction between two
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parameters correspond to those in Fig. Figure 2.
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shows contour maps of the monomer density for different particle separations and particle heights

h and compares them with the corresponding contour maps in good solvent. In poor solvent, the

brush forms a dense layer with constant density, which is separated from the solvent by a well-

defined interface located athb = 22−25 (depending onh; since the nanoparticles occupy volume,

the brush layer thickens when the particles are inside). Thebehavior of the pair interactions can

be correlated to their position with respect to the brush surface. As long as the particles are totally

surrounded by brush polymers (ath= 10,12), the interaction is repulsive like in the swollen brush.

When the nanoparticles touch the brush surface (h≥ 14), the interaction vanishes almost entirely.

As they are moved across the interface, an attractive contribution emerges, which has initially a

rather short range (ath = 18), but becomes longer ranged ash increases further. The attraction

is maximal ath≈ 20, then it decreases and finally disappears once the nanoparticles have left the

brush.

Based on these observations, we distinguish between an immersed regime (h= 10,12) where

the nanoparticles are buried in the brush, and an interfacial regime (h≥ 14) where the nanoparti-

cles interact directly with the surface. The immersed regime can be characterized as follows: The

nanoparticles are surrounded by melt-like polymer material. (For example, the polymer density

increases much less in the gap between the nanoparticles than in the swollen brush, see Fig. Fig-

ure 3(b)). Nevertheless, the nanoparticles strongly perturb the larger-scale structure of the brush,

especially in the region above them. The polymer density is depleted and the brush-solvent in-

terface is pulled towards the nanoparticle. As two nanoparticles approach each other, their corre-

sponding perturbed regions merge. As a result, the interaction energyU decreases (see Fig. Fig-

ure 2(f), curves forh= 10,12), indicating that the number of unfavorable polymer-solvent contacts

decreases. This is however overcompensated by a substantial loss of solvent entropy, such that the

solvent free energy increases. Since the polymer entropy also drops down (we will discuss this in

Sec. Section 4), the total pair interaction is repulsive.

In the interfacial regime, the nanoparticles touch or crossthe interface, and several phenomena

influence the effective pair interaction.
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(i) The nanoparticles distort the polymer-solvent interface.Since the nanoparticle surface favors

solvent over polymer for entropic reasons, the contact angle with respect to the polymer

phase is higher thanπ/2. The interface bends around in order to meet the nanoparticle

surface at the contact angle (see Fig. Figure 4). This leads to capillary interactions.60 In

addition, Fig. Figure 4 also suggests that the structure of the interface is perturbed in the

vicinity of the nanoparticles, which may lead to additionalinteractions.

(ii) If the particle heighth is lower than the brush thicknesshb, the polymer-solvent interface

can reduce its area in the gap between the particles by movingdown, i.e. , by reducing

its local positionzi. Even forh > hb, it may still be beneficial to reducezi in order to

better accommodate the contact angle. The resulting force on the interface is counteracted

by the pressure of the brush. Forh ≤ 16, the interface in the gap stays atzi = hb at all

particle separations (Fig. Figure 4, second panel). Ath = 18, it jumps sharply between

zi = hb ≈ 22 andzi ≈ h at particle separationd ∼ 5. (Fig. Figure 4, third panel). Ath ≥

20, it moves downwards continuously with decreasingd. The relocation of the interface is

accompanied by a decrease of polymer-solvent contacts (seethe corresponding curves forU

in Fig. Figure 2).

(iii) Due to the increased brush pressure, the relocated interface is narrower and has a higher

interfacial energy than the interface outside of the particles. Hence the total free energy

decreases if the gap between the particles becomes smaller,which results in an attractive

interaction.

The interplay of these effects is responsible for the complex behavior of the pair interactions shown

in Fig. Figure 2.

3.2 Influence of grafting density and particle size

Next we discuss the influence of grafting density and particle size on the effective pair interactions.

Fig. Figure 5 shows the results for different grafting densities for particles of sizeR= 1.25Rg= 5.1
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at fixed heighth= 16 for good and poor solvent. The curves are very similar to Fig. Figure 2 (top

panel). When the grafting density is increased, the brush thickness increases. Hence the distance

between particles and the brush surface increases. This hasthe same effect than varying the height

h at fixed grafting density.
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Fig. 5: Effective pair interactions in lateral directions of particles with sizeR= 1.25Rg = 5.1
located ath= 16 as a function of particle separationd in brushes with different grafting densities
σ as indicated under good (a) and poor (b) solvent conditions.

Likewise, the effect of varying the particle size is investigated in Fig. Figure 6 (grafting density

σ = 0.16, particle positionh = 16). Here, we find that increasing the particle size has the same

effect as increasing the grafting density or decreasingh in Fig. Figure 2. The reason is that larger

nanoparticles fill more space and expel monomers, which leads to a thickening of the brush in their

vicinity. Therefore, ath = 16, large particles are still largely buried in the brush whereas small

particles sit in the interface.

3.3 Effective interactions in vertical and diagonal directions

Finally, we briefly discuss the effective interactions for rod-like nanoparticles who’s cross-sections

are oriented vertically or diagonally with respect to the substrate. Fig. Figure 7 shows the effective

interactions for three angles and compares them with the horizontal case. We find that vertically

aligned nanoparticles always attract each other. The rangeof the attraction is given by the brush

thickness. In good solvent, the range is therefore much larger than the range of the repulsive inter-

action in lateral direction. In poor solvent, the brush is thinner, and the range is comparable. The
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Fig. 6: Effective pair interactions in lateral directions of particles located ath= 16 with different
sizesR as indicated (ranging fromR= 0.5Rg = 2 to R= 1.75Rg = 7.1) as a function of particle
separationd in brushes under good (a) and poor (b) solvent conditions. The grafting density is
σ = 0.16.

transition from vertical to lateral is not linear. In diagonal directions, repulsive barriers may appear

both under good and poor solvent conditions, which separatea region of attractive interaction at

short distances and a region of repulsive interaction at large distances.
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Fig. 7: Effective pair interactions of particle oriented with different anglesθ with respect to the
substrate as a function of particle separationd, for brushes under good solvent conditions and
h = 16 (a), and for brushes under poor solvent conditions andh = 12 (b). Hereh is the distance
between the substrate and the closest particle (see Fig. Figure 1). The particles have the size
R= 0.75Rg = 3.1 and the grafting density isσ = 0.16.

The corresponding density maps are shown in Fig. Figure 8. They suggest that the interactions

are driven by the regions of lower polymer density that buildup above the nanoparticles. If one

particle is located in the polymer-depleted “wake” of another particle, they attract each other.

Outside the depletion regions, the interaction between immersed particles tends to be repulsive.
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Fig. 8: Contour maps of polymer volume fraction profiles for the system studied in Fig. Figure 7 at
particle separationd = 5 and relative orientationθ = π/2 (left), θ = π/3 (middle), andθ = π/6
(right). Top panels show results for poor solvent andh= 12, bottom panels results for good solvent
andh= 16.

4 Discussion and Summary

In the present paper, we have calculated the interactions between rod-like nanoparticles in polymer

brushes under good and poor solvent conditions. In verticaldirections (θ = π/2), the interactions

are always attractive and act across the entire brush. In lateral direction (θ = 0), they depend on

the solvent quality. For good solvent, they are repulsive. For poor solvent, we have identified two

different regimes. If the nanoparticles are immersed in thebrush, the interaction is repulsive. If

they are located at the polymer-solvent interface, it is attractive.

We will now discuss our findings in the context of theoreticalwork in the literature, starting

with the immersed regime for collapsed brushes (poor solvent) where the particles are fully sur-

rounded by the brush and the monomer density inside the brushis roughly constant. This case was

first discussed by Williams and Pincus23 and later by a number of other authors.31,32,61Williams

and Pincus used a strong stretching approximation,62 where the statistical properties of each poly-

mer are described in terms of a well-defined “mean path”Rm(s), and assumed that chains have

infinite length, i.e. there are no chain ends inside the brush. They showed that the brush can then

be mapped onto an Euler fluid: In the strong stretching limit,the free energy associated with
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polymer stretching is written as

F = ∑
i

3N
2b2

∫ 1

0
ds(

dRm(s)
ds

)2 =
3N
2b2ρ

∫

Vbrush

dV v(r)2, (14)

whereρ is the density inside the brush, the vector fieldv = dRm(s)/ds, the sum∑i runs over

all chains, the spatial integral on the right hand side runs over the volume inside the brush, and

they have assumed incompressibility inside the brush. The free energy is minimized for rotation

free vector fieldsv that can be derived from a potential,v = −∇Φ, where∆Φ = 0 due to the

incompressibility condition∇ ·v = 0. This is basically the Euler equation for potential flows. The

only difference is that the local pressure enters the Bernoulli equation with opposite sign in the

polymer brush,23 i.e., it is given byp = ρv2/2+ const. in the polymer brush system. Hence

nanoparticles are driven towards regions of low “velocities” v. This explains why they attract each

other in the vertical direction (they are driven towards each others’ “wake”), and repel each other

in the lateral direction.61 Solis and Tang31have extended the theory to brushes of finite thickness,

assuming that all chain ends are located at the brush surface(Alexander brush63). They predicted

that the brush surface is pulled towards the nanoparticle, which is compatible with our findings in

Fig. Figure 4 (top panel). In reality, chain ends are not pinned to the brush surface, but distributed

in the whole brush.62,64,65Solis and Tang showed that this does not change the general picture.32

Hence the behavior of nanoparticles in the immersed regime seems to be well described by the

hydrodynamic analogy. Interestingly, this holds even for swollen brushes, even though the theory

was originally developed for dry brushes. However, as the nanoparticles enter the polymer-solvent

interface, the picture breaks down and one enters the interfacial regime, a new regime which was

not discussed in the previous studies. Here, the effective interactions are dominated by the effect

of the nanoparticles on the interface, i.e., interfacial distortions and capillary interactions. These

depend on the brush because the brush pressure generates a position dependent, inhomogeneous

stress field in the interface. Apart from that, the direct interaction of the brush with the nanoparti-

cles plays a minor role. Capillary interactions at fluid-fluid interfaces have been discussed intensely
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in the colloid community.60 However, to our best knowledge, this particular problem hasnot yet

been studied.

We should note that another possible mechanism of attraction is polymer depletion. The deple-

tion interaction was originally derived for dilute polymersolutions,3 but since depletion layers may

also be present in dense systems,6 it could also be a possible source of interaction there. Indeed, it

has presumably been observed in a self-consistent field study by Chen and Ma,33 who considered

nanoparticle interactions in a dense brush exposed to a polymer melt. For nanoparticles that are

sufficiently far from the substrate, and for nanoparticles in pure melts (no brush), Chen and Ma

reported a very short range attractive interaction. It onlyacts at very short distances, where the

boundary layers of nanoparticles overlap. In our system, wehave not observed this effect (data not

shown) - presumably due to the fact that our nanoparticle surface is modeled in a slightly different

manner.

In the present calculation, we have assumed that grafting points are mobile within the substrate.

This is true for liquid substrates, but not valid for solid substrates and grafting by covalent bonds.

However, we expect that the qualitative behavior will not beaffected by the type of grafting. For

nanoparticles close to the substrate, the additional constraint due to fixed grafting points66 should

further enhance the lateral repulsive forces67,68. If the nanoparticles are far from the substrate

and/or within the interface the distribution of grafting points will not be affected by their presence

in a significant manner.

In the present two-dimensional calculation, we have considered nanoparticles of infinitely long

rod-like shape. Nevertheless, we believe that the physicalinteraction mechanisms discussed here

– most notably the qualitative difference between interactions of nanoparticles that are immersed

in the brush and those mediated by the brush-solvent interface – are generic and will remain valid

for nanoparticles of arbitrary shape.

To summarize, we find that the lateral pair interactions between nanoparticles can change fun-

damentally as a function of solvent quality. The crucial difference between the swollen and the

collapsed brush is that the collapsed brush has a well-defined narrow interface with the solvent,
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with the characteristics of a fluid-fluid interface. Non-adsorbing nanoparticles like the ones stud-

ied here are expelled from the brush under both good and poor solvent conditions.30 They could be

driven into the brush, e.g., by long-range interactions with the substrate, by an external field, or by

osmotic pressure. In such cases, they will penetrate the swollen brush to some extent. In collapsed

brushes, however, they will likely be trapped at the polymer-solvent interface, since nanoparticles

generally tend to have a preference for interfacial adsorption. Thus the lateral interactions in the

swollen brush will be repulsive as characteristic for the immersed regime, and governed by interfa-

cial interactions in the collapsed brush, implying that they are most likely attractive.60 This opens

the possibility to manipulate nanoparticle interactions by exchanging solvent. Another option is to

use collapsed brushes throughout and tune the penetration depth of the nanoparticles with external

fields. This also allows one to control the particle-particle interactions in a reversible manner by

switching between the interfacial and the immersed regime.We hope that the present paper will

motivate experiments in this direction.
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