Solvent determines nature of effective interactions

between nanoparticles in polymer brushes

Zengju Lian,*T Shuanhu Qi,i Jiajia Zhou,* and Friederike Schmid¥

Department of Physics, Ningbo University, Ningbo 31520&.FChina, and Institut fir Physik,
Johannes Gutenberg-Universitat Mainz, D55099 Mainz, Gemyn

E-mail: 1zZju98@gmail.com/lianzengju@nbu.edu.cn

*To whom correspondence should be addressed
TDepartment of Physics, Ningbo University, Ningbo 315200 FChina
*Institut fur Physik, Johannes Gutenberg-Universitéat Maib55099 Mainz, Germany

1



Abstract

We study the effective interaction between tparallel rod-likenanoparticles in swollen
and collapsed polymer brushes as a function of penetragmthdoytwo-dimensionalself-
consistent field calculations. In vertical direction, theeraction is always attractive. In lateral
direction, the behavior in good and poor solvent conditisrigialitatively different. In swollen
brushes (good solvent), nanoparticles always repel edwr.otin collapsed brushes (poor
solvent), we identify two different regimes: An immersedine where the nanoparticles are
fully surrounded by the brush, and an interfacial regimegsgtihey are located in the interface
between brush and solvent. In the immersed regime, thealdtgeractions are repulsive, in
agreement with previous theoretical predictions. In therfacial regime, they are governed
by the deformations of the interface and tend to be attractivhis implies that the nature of
nanoparticle interactions can be manipulated by changi@galvent condition. The influence

of particle size and grafting density are also briefly diseds

1 Introduction

Nanoparticle dispersions have been studied intensively fong time because they are interesting
model systems for fundamental research and because thdyeassed to engineer novel materi-
als12 By blending nanoparticles, e.g., with polymers, one mayioban end product that com-
bines the properties and functionalities of its constitaeo optimize such materials, one must
understand the organization and the distribution of narimpes. The first step in this direction is
to study the effective interactions between pairs of pisicbecause they determine the particle
assembly at low particle density. At higher densities, irhidy potentials may become impor-
tant; however a model based on effective pair interactiamsstill serve as a good starting point
for the development of more sophisticated theories. Oneprent example of such a model is the
Asakura-Oosawa modéf? which describes the effective pair interactions betwedioicts in di-
lute polymer solution. If two nanoparticles approach eatiep polymer molecules are driven out

of the space between the nanopatrticles, and this creatdfeative depletion interaction between



colloidal particles. A related depletion effect is alsorfidin dense polymer solutiorfs.

The situation is more complicated when polymers are grdfteal surface (polymer brush).
In this case, polymers cannot move away as a whole. This esatig nature of interactions.
Nanoparticle-brush mixtures are interesting for sevezakons: Firstly, they can serve as model
systems to investigate important nanoscale processesloghial environment$:12 In biology,
many vital activities related to intercellular transpandacommunication depend on the interac-
tions of nanoscaled objects — such as protein complexes iamgks — with biopolymer-covered
surfaces — such as blood capillaries or cell membranes.idhgspects of these systems can be
mimicked by systems containing nanoparticles and polymeshes. The study of nanoparticle-
brush mixtures can also give insights into the physicaldatselectivity in biological processes
such as protein adsorption or the immune respdis€.Secondly, an improved understanding of
nanoparticle organization in polymer brushes can help gigdenovel nanostructured materials
in nanotechnology/~2? Surface grafting of polymer chains is an increasingly papuiethod to
modify the properties of surfaces. Grafted polymers candael o assist the assembly of nanos-
tructured materials exposed to a nanoparticle suspedéibi?l A better understanding of the
effective interaction between the nanoparticles can helpptimize the process of self-assembly
and to develop design principles for new materials.

The theoretical interest in polymer brush-nanoparticktesys goes back to a seminal paper
by Williams and Pincug2 who calculated the forces acting on small fillers in a polyinersh
of infinite thickness by establishing an analogy with hygmaimics. Subramaniamt al. and
Steelset al. analyzed the deformation of single grafted polymer and mpelybrushes due to com-
pression by particles of finite siZ&:2> Other authors addressed the question how to prevent the
adsorption of nanoparticles or proteins onto surfaces as@ibn of particle size, grafting density,
surface chemistry, and chain length, for applications andbntext of nanoparticle stabilization,
the fabrication of anti-fouling surfaces and biomedic#ie®® While most studies focused on the
interactions of individual particles with brushes, som&atonsidered the polymer-mediated in-

teractions between nanoparticles. Using a perturbatipecagh, Solis and Tang investigated the



interactions between two point-like density perturbasiona collapsed melt-like brust:3? They
predicted that the interaction is mainly repulsive, withsgibly a weakly oscillatory component
at distances larger than the brush height. Chen anéfMtdied the special case where a dry
polymer brush is in contact with a polymer melt by self-cstesit field calculations. They found
that the effective interaction is repulsive at large distm) possibly supplemented by a short range
attractive contribution. Curkt al.1®3%used Monte Carlo simulations to investigate the collective
ordering of nanoparticles in a polymer brush. When large wateoof nanoparticles are pressed
into a swollen brush by external forces, they are found tmfoolumnar structures perpendicular to
the brush surface and to microphase separate in the lateralidns. The structures of droplets of
polymer-insoluble nanoparticles in brushes were alsoistiioy theory?® and dissipative particle
dynamics simulationg®36

With respect to applications in biotechnoldgy®® and the fabrication of nanomateriaig#°
the effect of the solvent condition on nanoparticle-brusktunes is of particular interest. For
example, processing in nanotechnology often involves  wieere one solvent is replaced by
another, therefore it is important to understand how thiy adéect the interactions in the sys-
tem. The influence of solvent quality on the structure of fateshes has been known for a long
time:30:41-43polymer brushes collapse in poor solvent but swell in goddesd. One would ex-
pect that the difference in the chain conformations resaoltifferent behavior of the immersed
nanoparticles. This could provide an opportunity to cdrtie structure of the multi-particle as-
sembly by using stimuli-responsive polymers, which caaratieir properties in response to the
environmental change¥:** Therefore, it is important to understand the nanoparticlesh system
under different solvent conditions.

The influence of the solvent quality on the nanopatrticle kgota polymer brushes has recently
been studied theoretically by Halpeghal 2° They predict that particles can only penetrate a brush
if their size does not exceed a solvent-dependent “inselgingth” which decreases with increas-
ing solvent quality. Hence penetration is facilitated whie@ solvent is poorer. The aggregation

behavior of nanoparticles should also depends on the solMemwever, to our best knowledge, the



influence of solvent quality on the nanoparticle pair intéicns in a brush has not yet been studied
systematically.

Motivated by the above observations, in the present papestudy the effective interactions
of rod-like nanoparticles immersed in polymer brushes umliféerent solvent conditions. We
utilize the self-consistent field theory, which is a powémethod for studying the phase behavior
of polymer system$5-4In a nutshell, our results can be summarized as follows: Tieetae
interactions in lateral direction (parallel to the subsyadepend on solvent quality and on the
penetration depth of particles. In good solvent, nanoglagialways repel each other. In poor
solvent, they repel each other when they are deeply immensind brush, but they attract each
other when they approach the brush surface. In contrasgffeetive interactions in transverse
direction (perpendicular to the substrate) are alwayagctitre, independent of solvent quality. We
identify the main factors governing the transition betwésmattractive and the repulsive regime
by analyzing the different entropic and energetic contrdms 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 introduedrdmework of the self-consistent
field theory and describe our model parameters in Sectiotidhe2. We then present our main
results on the effective interaction in Section Sectionn@| analyze the effects of the penetration
depth, the particle size and the grafting density of the ibfas 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 rkeldanoparticles immersed in a solvent-
polymer mixture with volumé/. All n, polymer chains are grafted on a flat substrate, and they
have the same polymerization indBkwith the same statistical segment lengpth The solvent
quality is described by the Flory-Huggins parametemhich is related to the excluded volume

per segment asv = 1— 2x scaled by the segment volume. Good solvent correspongdsto.5,



while poor solvent corresponds to the rarnge- 0.5. The dividing pointy = 0.5 defines the®
solvent in which the excluded volume parameter vanishegod solvent, the solvent fills almost
the whole system, whereas in poor solvent, it is almost @gtdriven out of the brush due to
the repulsion between solvent and polymé&ior simplicity, we assume that solvent molecules
and polymer segments have the same volume, given By The effect of the solvent size has
been discussed in Ré%.Solvents and polymer segments cannot penetrate the naictpan the
literature, different ways have been proposed to implerntt@atimpenetrability condition. One
method is to introduce a steeply repulsive monomer-pargiotential around the partich8;>1 the
other is to represent the particle by a “cavity function’tthssigns a local volume fraction of value
unity to a nanoparticle in an extended region of sp&c¥°4In the present work, we adopt the
cavity function method. The nanoparticle is modeledrfinitely elongated cylindeof radiusR
surrounded by a boundary layer of thicknéssand we sef\ = 2b. The boundary layer mimicks
the effect of surface roughness and/or soft organic cositamgthe nanoparticle. We describe it in
terms of a cosine function as in Ret$>° The local volume fraction of a nanopartialg(r) with

center at position, is thus described by a function of the form

1 Ir—re¢l <R
We(r) =4 [L+cos((|r —re—R)m/A)] /2 R<|r—rg <R+A 1)
0 Ir—ref > R+A

The positions of the particles are kept fixed in every catoata They are characterized by three
parameters: The distance between the first particle andiistrateh, the lateral distance between
the particlesd, and the angle between the vector connecting the partiokexseand its projection
on the substraté (with 0 < 8 < 11/2) (see Fig. Figure 1).

Since we impose an incompressibility constraint, nanaglast cannot come closer than the
center-center distand@R+ A) (otherwise the total nanoparticle volume fraction wouldeed
one in the contact region). As long as this condition is ntet,riumbers of the solvents and the

polymer chains in the system do not depend on the nanogapasitions. Therefore, the free
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Fig. 1. Schematic view of two nanoparticles immersed in &esatbrush mixtureNote that the
boundary layers of thicknedsmay overlap.

energy of the system can be calculated in the canonical diisdor fixedV and temperature
T. The free energy of the system has two contributions. Onbkeadrtteraction energy of the
solvents, the polymer chains and the nanopartitleshe other includes entropy contributions of
the solventss and the polymer chairts,. The total free energy has the fofn=U — (5+S)T.
Within the mean-field approximation to the many-chains Eulwaheory?6-°6-58the interaction
energy and the entropies of the polymers and the solventteatgeraturd can be expressed as

follows

NU N
keTV \—//dr XpeWp(r)We(r) + XpsWs(r ) Wp(r) + XesWs(r) We(r)] (2)
N

pFSS/ - wpln pV V/drwp )Wp(r) (3)
% = sNIn—=> _sV V/drws )Ws(r) (4)

with the Boltzmann constahkg. The spatial integration is restricted to a rectangular\ilk the
volumeV = Ly x L. Here,Ly andL; are chosen large enough to avoid finite size effegts. Xpc
andycsare Flory-Huggins interaction parameters characterittiegpolymer-solvent, the polymer-
nanoparticle and the solvent-nanoparticle interacticespectively.ys(r) andp(r) are the local
fractions of the solvents and the polymer chains, wigileand ), express their overall volume
fractions. wp(r) andws(r) are the conjugate fields ts(r) and gp(r), respectively, an@, =

| ZRexp[ — #OR] — foldSV\b(R(s))} is the partition function for a single polymer in the mean



fields wp. Here, #°[R] = 2b2 fo ds( )) is defined as the elastic free energy of the polymer
chain andR(s) is the position of segmerg 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 volumeetions and their conjugate fields

leads to a set of mean-field equations

Wp = NXps(¥s— Wp) +N(Xpc— Xes) P — NIn s (5)
b = Y [Casdr 919 ©
Ws = —NInL[JS 7)
s = 1-Yp—. (8)

with Qp = [drq(r,1). The last equation is the incompressibility constraittich we enforce rig-
orously instead of introducing an auxiliary pressure fieddsaoften done in related self-consistent
field approaches to polymer systeffisdere we have shifted the local fielg(r) by a constanivg

for numerical convenience, choosing such thatQs/()svV = 1. Shiftingws does not change the

value of the free energy, but the expressionRobecomes simpler:

polljsﬁrv = ~pln LI?pS/ V/O'r XpcNWp(1) We(r) + XpsNUs(r) ¥p(r)
+XcsNWs(r) Pe(r) +N@s(r) Ings(r) —wp(r) gp(r)] (9)

The partial partition functior’(r,s) = f@Rexp[—%ﬂO[ ] — Jodswp(R())] - 8(R(s)—r) in
Eq. (Figure 1) (with’Z0[R] = 2b2 N s dé( ) ) describes a chain propagator from the free end
of the chain to theth segment at positionand satisfies a modified diffusion equation

aq'(r,s) Nb?
Jds 6

0%q7(r,s) —wp(r)a'(r,s) (10)

with the initial conditionsy'(r,s= 0) = §(z). The functionq(r,s) is the analogous function that

describes the chain propagator from the grafted end witmiialiconditionq(r,s= 0) = 6(2).
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Note that this formalism describes brushes of laterallyiteaihains, i.e., grafting points can move
along the substrate. At high grafting densities, the beairafi brushes with mobile and immobile
grafting points is very similar.

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

action energy of two nanoparticlds, from
F=R-F’—F +F, (11)

Where,Fip is the free energy of the solvent-brush system with a singfeparticle immersed in
the brush at the same position as the nanopaitioléhe total system, ani is the free energy of
the same solvent-brush system without nanoparticles. ®heibutions of the interaction energy
and the entropies of polymers and solvent to the effectiwdaraction are calculated in a similar
manner.

Before proceeding to the presentation of the numericaltsssue first briefly discuss the be-
havior of a system containing two nanoparticles immersepure solvent. Due to the incom-
pressibility of the system, according the equation (Figlsethe solvent entropy can be written

as

pka V/dr We(r) — 1) In (1— We(r /drfs (12)

wherefs(r) = (—ye(r) —1)In(1— yi(r)). In addition, in pure solvent, the interaction enetdy

assumes the simple form

NU©
pkBTV VXcs [/d“ﬂc (1—gre(r } = —Xcs/dr fu(r (13)

with fy(r) = @e(r)(1— ge(r)). Obviously, ¥ andU® change only when the boundary layers
of the particles overlap, and one can easily check that 8b#mdU° decrease with decreasing
particle distancel. Due to the competition of the solvent entropy and the intva energy of the

system, the nanoparticles attract each other wiéh > AT, while they repel each other when



AUO < AS. Here,AU° andAS! indicate the change &1° and <, respectively, as the particles
approach each other. The result of the competition of thesecontributions in solvent is mainly
determined byxcs. In the following, we sel.s = 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 meandtgldtions within a two-dimensional
Cartesian framework (grid sizeX2% in both directions) with periodical boundary conditions
in the x-direction, Dirichlet boundary conditions at= 0, and Neumann boundary conditions at
z=L,. The modified diffusion equation is solved in real-space gitive Crank-Nicolson method
combined with the Alternating Direction Implicit methodhd self-consistent equations are solved
by iteration using simple mixint§. All lengths are scaled by the segment dizeThe polymer-
ization of the polymer chain il = 100. We compare systems wijfps = 0 and xps = 1, cor-
responding to a good and a poor solvent, respectively. Foplgiity, xpc and xcs are set to the
same valuexpc = Xcs = 0.2. The particle siz is varied fromR = 0.5R; to R = 1.75Ry with

Ry = \/WS = 4.08, and the grafting density from = 0.09 tooc = 0.22.

3.1 Effective interactions in lateral direction

We first consider the situation where both particles arenged at the same distanbdrom the
substrate = 0 in Fig. Figure 1). Fig. Figure 2 (top) shows the effectivietal pair interactions
F between two particles with radilg= 1.25Ry = 5.1 in brushes with grafting density = 0.16
under good and poor solvent conditions. The lower panalstithte the contributions from the
“solvent free energyU — T S;, the interaction energy, and the polymer entrop$,. (We recall
that the effective pair interaction is given fy=U —T(S§+ Sp)). We only consider particle
separationsl > 2A, where the boundary layers don't overlap and the nanopestaon’t interact

directly with each other, hence the effective interactiaresentirely mediated by the surrounding
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solvent and/or polymer. As explained in Sec. Section 2,@dingities F,U, S, andS;, are shifted
such that they vanish at infinite particle distance.

Under good solvent conditions (left panels in Fig. FigurgtBg pair interaction is purely
repulsive, and decreases continuously with increasirigrie from the substrake It is dominated
by the solvent free energy, which also decays monotoniedlly increasingd andh. Since the
energetic contributiot) vanishes afps = 0, the solvent free energy is essentially given by the
solvent entropy. The behavior of the polymer entropy is mpoteresting: As the nanoparticles
approach each other, coming from large separatidhe polymer entropy first rises topmsitive
value, i.e., the polymergain entropy. The reason is that polymers in good solvent arelsolf
they are slightly compressed, the internal stretching dfrpers is reduced and they gain entropy
(this is, of course, more than compensated by the corresppiaks of solvent entropy). If they
are strongly compressed, they lose entropy. The polymeenmbtinderneath the nanoparticles
is slightly compressed, but it can escape sideways. Whenaheparticles approach each other,
escaping becomes more difficult, and the total amount oh#yigcompressed polymer material
increases, i.e., the entrof8 increases. At smalled and small particle-substrate distandgs
this trend reverses, arfh may become negative. Here, an additional effect comes iato fhe
polymer density in the gap between the particles increasesKig. Figure 3(a)), indicating that the
material in the gap becomes more strongly compressed. @hibe explained within the classical
scaling theory for polymerg® which predicts that the monomer density in solutions of $svol
polymers increases under confinement. The correspondimglmation toS; is negative, and as
a result, the behavior &, may become nonmonotonic and exhibit a maximum as a funcfion o
the particle separatiod. The total pair free energy, however, is still a monotonpulgcaying
function ofd as explained above.

In poor solvent, the situation is more complicated (Fig.urgg2, right panels). At small
particle-substrate distante< 16, the pair interaction is repulsive like in the swollen siru At
largerh, however, it becomes attractive. We will now analyze thidifig in more detail. First, we

note that the collapsed brush layer is of course thinner tinasswollen brush layer. Fig. Figure 4
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Fig. 2: Effective pair interactions /kgT (a,b), “solvent free energiesU — ST)/ksT (c,d), in-
teraction energied /kgT (e,f), and polymer entropies,/kg (g,h) in lateral direction between two
nanoparticles with surface-to-surface separationa polymer brush for different distanclefrom
the substrate as indicated. Left graphs correspond to galwdrd conditions withyps = 0O, right
graphs to poor solvent conditions wighs = 1. Inset in (b) shows detail fdr= 16,18 20, and 22.
The particle size iR = 1.25Ry = 5.1 and the grafting density is = 0.16.
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shows contour maps of the monomer density for differenigarseparations and particle heights
h and compares them with the corresponding contour maps id golwent. In poor solvent, the
brush forms a dense layer with constant density, which iars¢@d from the solvent by a well-
defined interface located b = 22— 25 (depending oh; since the nanoparticles occupy volume,
the brush layer thickens when the particles are inside). betavior of the pair interactions can
be correlated to their position with respect to the brushaser As long as the particles are totally
surrounded by brush polymers fat 10, 12), the interaction is repulsive like in the swollen brush.
When the nanopatrticles touch the brush surféce (4), the interaction vanishes almost entirely.
As they are moved across the interface, an attractive ooion emerges, which has initially a
rather short range (dt = 18), but becomes longer rangedtascreases further. The attraction
is maximal ath ~ 20, then it decreases and finally disappears once the ndiotgmhave left the
brush.

Based on these observations, we distinguish between anrsetheegimel{ = 10,12) where
the nanoparticles are buried in the brush, and an intetfeegame (> 14) where the nanoparti-
cles interact directly with the surface. The immersed reg@an be characterized as follows: The
nanoparticles are surrounded by melt-like polymer mdte(feor example, the polymer density
increases much less in the gap between the nanoparticlestiiae swollen brush, see Fig. Fig-
ure 3(b)). Nevertheless, the nanoparticles strongly pgette larger-scale structure of the brush,
especially in the region above them. The polymer densityejgated and the brush-solvent in-
terface is pulled towards the nanoparticle. As two nanogastapproach each other, their corre-
sponding perturbed regions merge. As a result, the inferaehergyU decreases (see Fig. Fig-
ure 2(f), curves foh = 10,12), indicating that the number of unfavorable polymessant contacts
decreases. This is however overcompensated by a subklasgiaf solvent entropy, such that the
solvent free energy increases. Since the polymer entrgoydabps down (we will discuss this in
Sec. Section 4), the total pair interaction is repulsive.

In the interfacial regime, the nanoparticles touch or cthesnterface, and several phenomena

influence the effective pair interaction.
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Fig. 4. Contour maps of polymer volume fraction profiles floe system studied in Fig. Figure 2
at particle separatiod = 4 (left), d = 6 (middle), andd = 10 (right), for poor solvent conditions
and nanoparticle-substrate distarice- 10,16,18 20,24 (first five rows), and for good solvent
conditions and = 20 (last row).
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(i) The nanoparticles distort the polymer-solvent interfa8imce the nanoparticle surface favors
solvent over polymer for entropic reasons, the contacteamgih respect to the polymer
phase is higher tham/2. The interface bends around in order to meet the nanoleartic
surface at the contact angle (see Fig. Figure 4). This leadsgillary interaction§? In
addition, Fig. Figure 4 also suggests that the structuréefiriterface is perturbed in the

vicinity of the nanoparticles, which may lead to additiomaéractions.

(i) If the particle heighth is lower than the brush thicknes$s, the polymer-solvent interface
can reduce its area in the gap between the particles by malng, i.e. , by reducing
its local positionz. Even forh > hy, it may still be beneficial to reducg in order to
better accommodate the contact angle. The resulting fardeeinterface is counteracted
by the pressure of the brush. Hox 16, the interface in the gap stayszat hy, at all
particle separations (Fig. Figure 4, second panel).hAt 18, it jumps sharply between
z = hy =~ 22 andz ~ h at particle separatiod ~ 5. (Fig. Figure 4, third panel). At >
20, it moves downwards continuously with decreagingrhe relocation of the interface is
accompanied by a decrease of polymer-solvent contactshis@erresponding curves for

in Fig. Figure 2).

(i) Due to the increased brush pressure, the relocated inteidacarrower and has a higher
interfacial energy than the interface outside of the plgic Hence the total free energy
decreases if the gap between the particles becomes smdtlieh results in an attractive

interaction.

The interplay of these effects is responsible for the coripéhavior 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 pa&sce on the effective pair interactions.

Fig. Figure 5 shows the results for different grafting daasifor particles of siz®=1.25R; =5.1

16



at fixed height = 16 for good and poor solvent. The curves are very similar ¢o FHgure 2 (top
panel). When the grafting density is increased, the bruiskribss increases. Hence the distance
between particles and the brush surface increases. Thikdnaame effect than varying the height

h at fixed grafting density.
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Fig. 5: Effective pair interactions in lateral directionsparticles with sizeR = 1.25R; = 5.1
located ah = 16 as a function of particle separatidnn brushes with different grafting densities
o as indicated under good (a) and poor (b) solvent conditions.

Likewise, the effect of varying the particle size is invgated in Fig. Figure 6 (grafting density
o = 0.16, particle positiorh = 16). Here, we find that increasing the particle size has theesa
effect as increasing the grafting density or decreahiilgFig. Figure 2. The reason is that larger
nanoparticles fill more space and expel monomers, whictsleeaa thickening of the brush in their
vicinity. Therefore, ah = 16, large particles are still largely buried in the brush welas small

particles sit in the interface.

3.3 Effective interactions in vertical and diagonal directons

Finally, we briefly discuss the effective interactions fod+like nanoparticles who's cross-sections
are oriented vertically or diagonally with respect to thesate. Fig. Figure 7 shows the effective
interactions for three angles and compares them with thiedmdal case. We find that vertically
aligned nanoparticles always attract each other. The rahtfee attraction is given by the brush
thickness. In good solvent, the range is therefore mucletalgn the range of the repulsive inter-

action in lateral direction. In poor solvent, the brush istier, and the range is comparable. The
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Fig. 6: Effective pair interactions in lateral directionisparticles located ab = 16 with different

sizesR as indicated (ranging frolR = 0.5R; = 2 to R= 1.75Ry = 7.1) as a function of particle
separatiord in brushes under good (a) and poor (b) solvent conditiong grafting density is
o =0.16.

transition from vertical to lateral is not linear. In diagulirections, repulsive barriers may appear
both under good and poor solvent conditions, which separaggion of attractive interaction at

short distances and a region of repulsive interaction geldistances.
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Fig. 7: Effective pair interactions of particle orientedthvdifferent angle® with respect to the
substrate as a function of particle separatibrfor brushes under good solvent conditions and
h =16 (a), and for brushes under poor solvent conditionshardL2 (b). Hereh is the distance
between the substrate and the closest particle (see FigreclD. The particles have the size
R=0.75Ry = 3.1 and the grafting density is = 0.16.

The corresponding density maps are shown in Fig. Figure 8y $hggest that the interactions

are driven by the regions of lower polymer density that buidabove the nanopatrticles. If one

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

Outside the depletion regions, the interaction betweenarnsed particles tends to be repulsive.
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Fig. 8: Contour maps of polymer volume fraction profiles fue system studied in Fig. Figure 7 at
particle separatiod = 5 and relative orientatiofl = 17/2 (left), 6 = /3 (middle), andd = 11/6
(right). Top panels show results for poor solvent &rd 12, bottom panels results for good solvent
andh = 16.

4 Discussion and Summary

In the present paper, we have calculated the interactidngela rod-like nanopatrticles in polymer
brushes under good and poor solvent conditions. In vedicattions @ = 11/2), the interactions
are always attractive and act across the entire brush. éraladirection @ = 0), they depend on
the solvent quality. For good solvent, they are repulsia.door solvent, we have identified two
different regimes. If the nanoparticles are immersed inkthesh, the interaction is repulsive. If
they are located at the polymer-solvent interface, it iaative.

We will now discuss our findings in the context of theoreti@irk in the literature, starting
with the immersed regime for collapsed brushes (poor stjwenere the particles are fully sur-
rounded by the brush and the monomer density inside the IBushbghly constant. This case was
first discussed by Williams and Pinciisand later by a number of other authdfs32-6 williams
and Pincus used a strong stretching approximaitfamhere the statistical properties of each poly-
mer are described in terms of a well-defined “mean p&h(s), and assumed that chains have
infinite length, i.e. there are no chain ends inside the briitley showed that the brush can then

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

F— Z o / ds(= 2bzp / bmhdv\/ (14)

wherep is the density inside the brush, the vector figle- dRy(s)/ds the sumy; runs over

all chains, the spatial integral on the right hand side rures the volume inside the brush, and
they have assumed incompressibility inside the brush. Tdednergy is minimized for rotation
free vector fieldsy that can be derived from a potential= —0®P, whereA® = 0 due to the
incompressibility conditionl-v = 0. This is basically the Euler equation for potential flowbeT
only difference is that the local pressure enters the Bélineguation with opposite sign in the
polymer brust?® i.e., it is given byp = pv?/2+const. in the polymer brush system. Hence
nanoparticles are driven towards regions of low “velositie This explains why they attract each
other in the vertical direction (they are driven towardsreathers’ “wake”), and repel each other
in the lateral directiorf! Solis and Tang'have extended the theory to brushes of finite thickness,
assuming that all chain ends are located at the brush su#eeander brusf®). They predicted
that the brush surface is pulled towards the nanopartidiéiwis compatible with our findings in
Fig. Figure 4 (top panel). In reality, chain ends are not pthto the brush surface, but distributed
in the whole brust$?-64.°Solis and Tang showed that this does not change the genetalgi?
Hence the behavior of nanoparticles in the immersed regeems to be well described by the
hydrodynamic analogy. Interestingly, this holds even feoléen brushes, even though the theory
was originally developed for dry brushes. However, as timmparticles enter the polymer-solvent
interface, the picture breaks down and one enters the atiatfregime, a new regime which was
not discussed in the previous studies. Here, the effeatiezactions are dominated by the effect
of the nanoparticles on the interface, i.e., interfaciataltions and capillary interactions. These
depend on the brush because the brush pressure genera@tan mependent, inhomogeneous
stress field in the interface. Apart from that, the direcetiattion of the brush with the nanoparti-

cles plays a minor role. Capillary interactions at fluid-dlinterfaces have been discussed intensely
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in the colloid community?® However, to our best knowledge, this particular problematsyet
been studied.

We should note that another possible mechanism of attraistipolymer depletion. The deple-
tion interaction was originally derived for dilute polymssiutions? but since depletion layers may
also be present in dense systehiscould also be a possible source of interaction there. ddgli
has presumably been observed in a self-consistent fielg sjuChen and M&2 who considered
nanoparticle interactions in a dense brush exposed to angolynelt. For nanoparticles that are
sufficiently far from the substrate, and for nanoparticlepire melts (no brush), Chen and Ma
reported a very short range attractive interaction. It adis at very short distances, where the
boundary layers of nanoparticles overlap. In our systenhave not observed this effect (data not
shown) - presumably due to the fact that our nanoparticlaseiis modeled in a slightly different
manner.

In the present calculation, we have assumed that graftimjgare mobile within the substrate.
This is true for liquid substrates, but not valid for solidbstrates and grafting by covalent bonds.
However, we expect that the qualitative behavior will notlffected by the type of grafting. For
nanoparticles close to the substrate, the additional cinstlue to fixed grafting point® should
further enhance the lateral repulsive foré&é$8 If the nanoparticles are far from the substrate
and/or within the interface the distribution of graftingipis will not be affected by their presence
in a significant manner.

In the present two-dimensional calculation, we have carsid nanoparticles of infinitely long
rod-like shape. Nevertheless, we believe that the physitadaction mechanisms discussed here
— most notably the qualitative difference between intéoast of nanoparticles that are immersed
in the brush and those mediated by the brush-solvent icerHare generic and will remain valid
for nanopatrticles of arbitrary shape.

To summarize, we find that the lateral pair interactions ketwnanoparticles can change fun-
damentally as a function of solvent quality. The cruciafeténce between the swollen and the

collapsed brush is that the collapsed brush has a well-dkfiaerow interface with the solvent,
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with the characteristics of a fluid-fluid interface. Non-adsng nanopatrticles like the ones stud-
ied here are expelled from the brush under both good and pba@rs conditions®® They could be

driven into the brush, e.g., by long-range interactionéwhe substrate, by an external field, or by
osmotic pressure. In such cases, they will penetrate thibeswrush to some extent. In collapsed
brushes, however, they will likely be trapped at the polys@went interface, since nanoparticles
generally tend to have a preference for interfacial adsmptThus the lateral interactions in the
swollen brush will be repulsive as characteristic for thenensed regime, and governed by interfa-
cial interactions in the collapsed brush, implying thatthee most likely attractiv€® This opens

the possibility to manipulate nanoparticle interactiopgkchanging solvent. Another option is to
use collapsed brushes throughout and tune the penetrauih df the nanopatrticles with external
fields. This also allows one to control the particle-paeticiteractions in a reversible manner by
switching between the interfacial and the immersed regivide.hope that the present paper will

motivate experiments in this direction.
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