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Control of the morphologies of polymer films and layers byitdd of nano-size particles is a novel tech-
nigue for design of nanomaterials and is also at the core mesmportant biological processes. In order to
facilitate the analysis of experimental data and enabldigiige engineering of such systems, solid theoretical
understanding is necessary. We study theoretically anguatationally the behavior of plane-grafted polymer
layers (brushes) in athermal solvent, decorated with snaaibparticle inclusions, using mean field theory and
coarse-grained simulations. We show that the morphologguoh layers is very sensitive to the interaction
between the polymers and the nanoparticles and to the ndidgadensity. In particular, the mean field model
shows that for a certain range of parameters, the nandjgarfieduce a sharp transition in the layer height,
accompanied by a sharp increase in the number of adsorbegardicles. At other parameter values, the layer
height depends smoothly on the nanoparticle concentra@imedictions of the theoretical model are verified by
Langevin dynamics simulations. The results of the papeirecgalitative agreement with experiments ion
vitro models of biological transport and suggest novel strasefgiemorphological control of nano-composite
materials.

PACS numbers: 87.15.hp,82.35.Np,68.55.jd

I. INTRODUCTION veloping bio-mimetic nanotechnological applications¢isu
as nanofilters and biosensors [1, 22—-25].
Understanding various morphologies of polymer nanopar-

Alongside traditional bulk polymeric materials such asticle mixtures at surfaces is therefore important for the-pr
rubbers and p|astics, thin surface films of po|ymers havé“CtiVG design of novel materials and devices as well as for
become important in many technological applications, suctihe mechanistic understanding of important biologicat pro
as sensors, lubricant coatings, light-emitting devices)-n cesses. These goals require predictive, quantitative¢tieo
linear optics and more. Thin polymer films decorated withcal understanding of the underlying physics of grafted poly
nanoparticles form a novel class of “responsive” compositdners infiltrated by nanoparticles in order to compare diyect
materials allowing one to design the function and to controMith the available experimental results and make predistio
the morphology of the films in nanotechnological applica-in regimes that might not be directly accessible experimen-
tions such as solar cells and programmable memory devicetlly. The behavior of single-component grafted polymer
One major technological challenge is the precise control anfilms, known as “brushes”, has been extensively studied, and
engineering of the properties of such composites [1-10]. I comprehensive theoretical framework explaining the ex-
the biological context, polymer-like molecules (such as naperimental phenomena has been developed (e.g. [26-36]),
tively unfolded, disordered proteins) confined near or atfroviding the foundation for the present work. Brush mor-
tached to surfaces interacting with nano-size particleshs Phologies can be controlled, for instance, by changing the
as proteins) play important roles in many processes [11—16Folvent quality or composition, or by manipulating the dtre
For instance, binding of certain transport proteins is tfiau  Polymer-polymer interactions [7, 29-33, 37-43]. Although
to induce reversible morphological changes in the layer ofimilar to the case of mixed solvents with different proper-
natively unfolded proteins lining the channel of the nuclea ties, addition of nanoparticles to the brush is quite déffetr
pore complex in eukaryotic cells, and such morphologicaPhysically and has been much less studied (see below). In
changes are at the core of the transport mechanism of thf§€e case of only excluded volume interactions between the
very important biological “device” [12, 16-20]. In another polymers and the nanoparticles, Kim and O’Shaughnessy
example, binding of proteins and proteoglycans to the layel44, 45] studied theoretically the effect of particle size o
of hyaluronic acid molecules that coat cartilage cells regutheir penetration and assembly into polymer brushes. Simi-
lates the mechanical properties of the cartilage [21]. Soine lar ideas were explored by Binder and coworkers via Brow-
the structural and functional aspects of such biologica sy Nian dynamics simulations [29]. More recently Halpegtn
tems can be reconstitutéavitro with the purpose of study- al. studied the additional effect of weak attractions between
ing the basic mechanisms of their function, as well as for dethe nanoparticles and polymers on the brush structuregalon

with the variation of the solvent quality [31]. In related

systems, three dimensional structures of mixtures of block

copolymers with nanoparticles have been studied in [46, 47]
*Current address In this paper, motivated by several technologically and bi-



ologically important systems [2-4, 7, 12, 18, 48, 49], we L]
study the effect of specific attractive interactions (bitggi
between grafted polymers and small inclusions (particles)
that may infiltrate the polymer layer. In particular, we stud
the effect of these small nanoparticles on the film morphol-
ogy, using mean field type analytical theory supported by
Langevin dynamics simulations.

Our primary goal here is to establish how the properties
of a polymeric layer, such as its height and composition, de-
pend on the concentration of nanoparticles present inet, th
strength of their interaction with the polymers and the pa-
rameters of the layer such as the grafting density. We show
that such attractive interactions can result in sharp lacgée
changes in the layer structure, enabling global controhef t
polymer layer morphology and geometry, as well as nanopar-
ticle positioning within the layer. These results are inlgua
itative agreement with experiments on several systems (see
Discussion).

FIG. 1. (Color online) Snapshots of the Langevin simulatidn
. THE MODEL lustrating the collapse of the polymer layer upon additiérine
nanoparticles. The nanoparticles are shown as blue spheods
) ) ) ] mer chains, grafted from below onto a flat surface (not shpene)
We consider a layer aW,, flexible polymeric chains, each depicted in line format (i.e., their bead-spring structisr@ot re-
containing/N- monomers. Each chain is grafted at one endsolved here).Left panel: The layer in the extended swollen state
to a planar surface of are4 at a distance: from its near-  just below the transition; = 6.9 x 107°. Right panel: The col-
est neighbors. The polymer layer is in equilibrium with alapsed layer packed with nanoparticles, just above thesitian;
solution of nanoparticles of concentratiohat interact at- ¢ = 2.4x10™". e, = 2 anda = 4 for both panels. Snapshots were
tractively with the monomers of the chains. The particlesVisualized using PyMOL [50].
can penetrate the polymer layer, thereby changing its prop-

erties such as its density and the height above the graftinlg ) ] ) )
surfaceh - see Fig. 1 for illustration; we denote the num- engths are measured in units of the monomerisidde first

ber of nanoparticles in the layer a5,,. For simplicity, here term represents 'the entropic stretching of the polymers, un
we consider the nanoparticles to be of the same size as t/f¢" the assumption that the monomer density is a step func-
chain monomers. With an appropriate choice of monomefon, as in the Alexander-de Gennes model [26, 27, 34]. For
size, these particles may be thought of as representing sm& Prush without nanoparticles, the real monomer density dis
nanoparticles (perhaps 1 — 3nm in diameter) interacting tribution within the brush is closer to parabolic [27, 33],54
with polymer chains, as any other small additives which mayPut We will see that the predictions of this relatively sim-
penetrate a polymer layer, or as constituents of a mixed soP!€ extension of the Alexander-de Gennes mean field model
vent. As discussed in Section V, the conclusions of the meafi’® in very good agreement with simulations for the quan-
field theory discussed below are also expected to hold fofities of interest (see Section IV). The second term repre-
somewhat larger particles. sents the translational entropy of the nanoparticles withé

The layer height: is not dictated by the polymer length layer, and the third term is the is the correction to the tens
alone, but is established as a result of the minimizatioheft tional and configurational entropies due to excluded volume

total free energy of the system that depends on severatsalie€ffeCts. Together, these three terms account for the entrop
factors: entropic stretching of the polymers, steric rejunl ~ ©f @ll possible arrangements of the polymers, nanopasicle
between the monomers, and the interactions of the polymed empty sites (which are implicitly assumed to be filled
with the nanoparticles. A simple mean field free energy ofVith athermal solvent) [40, 43, 51]. Other approximations
such a layer, per unit area in unitskof 7', can be derived, for  for the free energy that express similar physics are possi-
example, using a lattice construction [27, 34, 39, 40, 43, 51 ble [34, 51, 52]; they result in qualitatively similar preei

53]: tions. The last term in Eq. (1) describes the direct inter-
action between the nanoparticles and the polymers, where
F(¢,h)/A = ch?/(2N) + (1) x is approximately proportional to the microscopic energy
th(plng+ (1—¢— ) In(l — ¢ — ) + xé) of the particle-polymer interaction (see Section 1V). le th

absence of the interaction term, in the small density expan-
whereo = N,/A = 1/a? is the polymer grafting den- sion, the free energy (1) reduces to the standard Alexateler-
sity, ¢ = N,,;,/(Ah) is the density of the nanoparticles and Gennes polymer brush [27, 34]. As we will be interested also
1 = N,N/(Ah) = oN/h is the monomer density; all in moderately high concentration regimes, we keep the full



expression for the logarithmic term, which ensures incom-beads, both the monomers of the polymers and nanopatrticles,
pressibility wheny + ¢ — 1, i.e., when the polymers plus interact through a pairwise 6-12 Lennard-Jones type poten-
the nanoparticles occupy all the available volume. Similatial [56] of the form

models have been used to study brushes in a mixture of two

solvents [39, 40, 43]. We focus on the caseof 0, which € ((2)12 -2 (2)6) +e—e r<b
corresponds to attractive interactions between nanajesti U(r) = ((b)12 ) (b)e‘) ) (4)
and the polymers. @\\x) 72 "=

The values of the variablels and ¢ are determined as
sketched below. The chemical potential of the nanopasticle
in the layer is, from Eq. (1):

which models short range molecular interactias—= 0 for
polymer-polymer interactions and nanoparticle-nanagart
interactions, representing a short-range repulsion with t
OF /A effective hard core diametérand the excluded volume
Mnp = Wlh:constz x¢+In(¢/(1—-¢d—)). (2) b3 For polymer-nanoparticle interactions, positévecorre-
sponds to attraction. Note that varyiagdoes not affect the
The osmotic pressure of the layer is excluded volume sizeor the strength of the hard core repul-
sion interaction energy. Dynamically, in simulations each
dF/A ho bead performs diffusion under the action of the determinis-
I=- d/é |6h=const= X(W_W_w_ln(l_¢_w)' B i for(I:Des from all other beads and the random thermal force
, . [55, 56]. Each chain is grafted at one end to a wall at 0,
Because the nanoparticles are free to diffuse between thepeing the perpendicular distance from the wall. The wall
polymer layer and the bulk solution, in equilibrium their jiseif is modeled by another purely repulsive potentiahaf t
chemical potential in the layey;,, must be equal to the shape of Eq. (4) with, = 0 andr = z, centered at = 0.
chemical potentiaj,. of the r)anoparticles in the solution |4 a1 simulations chains of lengthV = 100 were grafted
above the layer. The osmotic pressure of the ldyeand g g square lattice at a distance of either 4b or a = 3b
of the solutionll. must be equal as well. Assuming ideal from each other, in 4 x 4 or 6 x 6 array. Periodic boundary
solution, u. = In(¢/(1 — ¢)) =~ In(c) andIl, = —In(1 —  congitions were used in the in-plane directions. The simu-
c) ~ c. Thes_e two conditions determln_e the two unknowns:5tions were performed with two types of boundary condi-
the layer heighth and the concentration of the nanopar-jons on the top of the box: one corresponding to a reservoir
ticles in the layer¢. These equilibrium conditions arise f nanoparticles with fixed concentration (grand-candnica
from the minimization of the global thermodynamic poten- gnsemple with respect to particle number), the other with a
tial ®(c, h, Nyp) = F(h, Nnp) = pre(c) Nnp + Le(c) Ah OVEr  giyed number of particles in the simulation box (canonical en
layer heighth and the number of the nanoparticles in the semple). The two different boundary conditions were found
layer, N,,, = ¢hA, whenc is fixed ("grand canonical”), or 5 agree in regimes of parameter space where a comparison
the minimization of an appropriate “canonical” free energy,, a5 possible. The brush height was measured by creating
when the total number of nanoparticles in the system is ﬁxe(i'ime-averaged histograms of the monomer density as a
@nstead. Thes_e two cases may correspond to different eXpeginction of» (p (2) is normalized to unity;fooo p(2)dz = 1).
imental situations. The brush height is determined as thevalue at which the
monomer density becomes negligible, using the criteriah th

foh p(z)dz =1 — ¢, wheree small. Specifically, for the data
shown in the figures, = 0.000625. Within the overall sim-
ulation accuracy, the results are not sensitive to the geeci

In order to determine whether the simple mean field the'choice ofe. Onceh was determined from the monomer den-
ory captures the essential physics of the problem, it wagj, nrofile, all nanoparticles with <  were considered

augmented and verified via overdamped Langevin dynamg,nq in the layer, and those with> h were considered
ics simulations [53, 55, 56]. In these simulations, the poly 1, pe in solution. The simulations and the definitionshof

mers are represented as chains of beads kept on the stragd tested by comparing with known cases in the absence
by finitely extensible, nonlinear, elastic (FENE) springs ¢ nanoparticles [28].

[34, 55], which exert a force of the form

Ill.  SIMULATIONS

Frone = — 7 IV. RESULTS

2
- (2=)

The main result of the modeling is that the layer height,
on the nearest neighbor beads of the chain, whieis  as well as its composition and morphology are very sensi-
the spring constant; is the distance between beads, andtive to the number of added nanoparticles and the strength
Umaz 1S the maximum possible separation of beads, at whictof their interactions with the polymers. These results are
the FENE restoring force becomes infinitely strong. Thesummarized in Fig. 2 and illustrated in Fig. 1. For suf-
nanoparticles are modeled as freely diffusing beads. Alficiently strong polymer-nanoparticle interactions, &as-




ing nanoparticle concentration from zero causes the palyme
layer to compress. At still higher concentrations, thedrisn

reversed and further addition of nanoparticles resultfién t E
swelling of the layer. °
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0 ‘ FIG. 3: (Color online) The total mean field thermodynamicepet
107° 107 107 10° tial ® vs. polymer layer height for a = 4, N = 100, x = —10,
¢ and10™* < ¢ < 1072, The development of a minimum of the
- 10° ‘ ‘ — free energy (global thermodynamic potenti&lat low values ofh
5 SRITEEE €= 0.5KkT IPPEERE ";:t_—_if-“ reflects the predicted transition induced by the increasaimpar-
g MDA A e ticle density. At approximately = 1.2 x 102 (shown via the bold
£ 1073 “e e:: 2kT ] ,,‘:j,’.'v"' red line), the two minima are equal in energy.
= L LA TN i
£ @ . Le7-"»" Normalized number of
> ot el adsorbed particles
D A ’,},4“ o . .
S el g x/(V*kT) = —8.45(ep/KT) + 4, consistent with the effec-
% 1074 Pices 10 tive interaction range of2b [53]; it is also closely related
2 ettt 107 to the second virial coefficient of the polymer-nanopasticl
£ et 10" interaction potential (4) [57]y ~ % [ d3r(e=V(") —1).
2 1078 o ‘ 107 07 T07 10 T07 To The heuristic physics behind this behavior is simple: pen-
10°° 107 1072 10° etration of the nanoparticles increases the number of ener-
c

getically favorable contacts between the polymer and the
nanoparticles. This helps to overcome the entopic loss due
to excluded volume interactions in the high density layer.

; ; . . ; At low particle concentrations, nanoparticles penetrate t
concentration of the free nanoparticles in solutionfor different .
interaction strengthsLower panel: Average nanoparticle density porous, swollen texture of the unperturbgd layer, causiag t
in the layer as a function of for the same interaction strengths '@Yer to condense around them, decreasing the volume of the
as in the upper panel. The inset shows the number of adsorbd@yer- By contrast, at higher nanoparticle concentrafitives
particles, per unit area, compared to a simple Langmuirratiea  already dense, collapsed polymer layer has to increase its
isotherm (dotted line). In both panels the lines are the niiedsh ~ Volume in order to accommodate as many nanoparticles as

FIG. 2: (Color online)Upper panel: Layer height,, normalized
by the height in the absence of nanoparticles,as a function of the

theory (¢ = —0.75, —4,—8,—13.5), filled triangles correspond possible. Within the Alexander-de Gennes type mean field
to grand-canonical simulations, filled circles or squareanonical  theory described above, the mechanism of the observed tran-
simulations. In both panels the grafting distance is 4b. sition is characteristic of an ordinary first-order traiogit

with discontinuous changes in densities as in a liquid-gas

Notably, the nature of the compactification of the poly- transition [58]. This is apparent from the analysis of therth
mer layer is different at high and low interaction strengthsmodynamic potentiab: as the nanoparticle concentration
x(ep). For weak attraction, above a critical valye, and  increases, the global minimum @fsharply switches from a
low to moderatec, the layer heighth decreases continu- high value of the layer heiglit to a low one (see Fig. 3).
ously with the concentration of nanoparticleswhile for Simulations support the general picture supplied by the
X < Xx. and an appropriately chosen rangecpthe layer mean field theory; they also provide additional informa-
undergoes a sharp change from an extended, low densition about the particle distribution within the layer. When
state to a high density collapsed film packed with nanoparthe nanoparticle concentration is small enough so that they
ticles as shown in Fig. 2. This abrupt collapse is accom<constitute only a small perturbation to the standard poly-
panied by a corresponding sharp increase in the number afier brush, the monomer density profile is approximately
nanoparticles adsorbed within the layer, as shown in Figparabolic as seen in Fig. 4. Although our MFT takes the
1 and the lower panel in Fig. 2. The results of the mearmonomer density to be constant throughout the polymer
field theory are in very good agrement with simulations, adayer, the density profile obtained in simulations matches t
shown in Fig. 2. The interaction parameteiis fitted as  expected behavior of a plane-grafted brush [27, 32, 36, 54],



including the presence of a depletion region near the wall an "
a “foot” at highz in simulations [28, 59].

When the attraction between nanoparticles and polymers
is sufficiently strong and the nanoparticle concentrat®n i
sufficiently high, the brush becomes highly compact, and
space is almost completely filled with nanoparticles and
monomers. That is, the monomer density profile, becomes
approximately a step function as seen in Fig. 5. Of course
in simulations the step is not infinitely sharp, but instead |
cludes a transition region of intermediate monomer concen- ‘
tration. We include this intermediate region as part of the 0 10 20 30 40 50
brush when calculating the height. Distance from the wall z
b eTQZe%O:;eT:I?g Sn.d|n49 22 3 OEE). artllﬁlig&nilgg gsr?f;Lees ?]22 oariz -IG. 5: (Color online) Time averaged histograms of the moaiam

. - . L and nanoparticles’ distribution above the grafting sweféor pa-
ticle density profile for> < h qualitatively tracks the rameter values for which many nanoparticles are bound to the

monomer density profile consistent with the expectation thay,,sh The solid red line shows a step function which dropto

the nanoparticles in the polymer layer are bound to one 0g; the upper brush boundayr,= h. Both profiles are close to step
more monomers. functions because monomers and nanopatrticles are tigathepl

as in a solid. Both profiles were generated for= 4, ¢, = 2,

c = 2.3 x 1073, The area under both data curves is normalized to
unity for presentation purposes.
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003 the mixed solvent, the interactions between the components

or the solvent composition. However, the changes in the
brush layer were studied in the regimes where either one of
the solvent components was a “bad solvent” for the polymer
(repulsive interactions between nanoparticles and palyme
N in our terminology) or the mixed solvent was inherently ther
o 10 20 30 20 50 modynamically unstable (attraction between the nanoparti
Distance from the wall z cles in our terminology). This is in contrast to the resudts r
ported here that arise solely from direct attractive intéom
FIG. 4: (Color online) Time averaged histograms of the mosxsn  between thenanoparticles and the polymersin a stable and
and nanoparticles’ distribution above the grafting sweféar pa-  good solvent, without any interactions between nanoparti-
rameter values for which few nanoparticles are bound tothstb  cles themselves. In the context of previous works, thisezorr
The monomer distribution profile is nearly parabolic, aseexed  sponds to an interesting case when both solvents in the mix-
for a brush with no nanoparticles. The solid red line shows &y re gre “good solvents” for the polymer, but the brush i sti

parabola to guide the eye. Both profiles were generated ford, — nstaple in a certain composition region [39-41, 43, 60, 61]
e, = 2, ¢ = 4.2 x 107°. The area under both data curves is nor-

malized to unity for presentation purposes. Consideration of monc.)m_er—s.ized. nanopart@cles may be di-
rectly applicable to realistic situations, particularfyoine
imagines a coarse-grained approach in which one monomer
is a nano-scale moiety composed of several amino acids or
other chemical units. In fact, the simulations carried out i

V. DISCUSSION Section IIl are, by nature, coarse-grained, and, provitied t
polymers under consideration are sufficiently flexible, the
We have found that the morphology and composition ofmfonomer sizé needs not be taken on the atomic scale.
surface layers of grafted polymers can be controlled by ad- Although we present the case of monomer-size particles
dition of attractive nanoparticles. In particular, we hae  only, the results of this study are more broadly useful for
served a sharp transition from a low density swollen layer tcseveral reasons. Firstly, this approach is a useful framewo
a high density compact one, triggered by either the increasallowing one to analyze more complicated cases, and many
in the concentration of the nanoparticles or the increase inf the same physical arguments made here hold for particles
the interaction strength. larger than the monomer units as well. The appropriate free
Similar models have been used in the past to describenergy analogousto Eqg. (1) can be derived on the mean field
polymer brushes in a mixture of solvents. It was found that(MF) level with appropriate modifications to the lattice gas
the morphology and the height of the brush can be controlledrgument (or other phenomenological arguments) used to de-
by varying the solvent quality of one of the components ofrive Eq. (1), and a similar comparison to simulation may be

0.021

Particle distribution

0.01r |




carried out, as will be reported elsewhere. For even larger Our results suggest strategies for the control of morpholo-
particles, whose size exceeds the “blob” size, a charatiteri gies of composite materials for practical applicationse Th
length scale of the brush, roughly equal to the grafting disinsights from the model also inform future analysis of bio-
tance, additional effects not included in a simple mean fieldogical systems such as interactions of unfolded polyplegti
theory might become important. Such effects include cerrecwith nanoparticle-like objects such as small proteins aod p
tions to the configurational entropy of the polymers, agsin vide resolution for existing controversies [18, 19]. One-pa
from either adsorption onto the surface of the larger platic ticular motivation for our work is the controversy regamlin

or meandering around them, lateral stretching of the polypossible morphological changes in the layers of natively un
mers, depletion interactions between large particlesdadu folded constituents of the nuclear pore complex induced by
by the smaller monomers and crystallization of large partithe binding of other folded proteins [18, 19]. Although our
cles [26, 44—-47, 62—-64]. The details of the density profileamodel, in its present form, is not directly applicable tosthi
might be important for precise determination of the pagticl system due to the relatively large nanoparticles involved i
distribution within the brush, and more sophisticated tremn  the latter, the results are qualitatively consistent whi db-
such as self-consistent field theory (SCFT) might be needeserved behavior. In addition, it provides a foundation on
[27, 30, 32, 41, 44, 54, 60, 61, 65]. However, preliminarywhich to construct more elaborate models. Finally, thegtro
simulations with larger nanoparticles show that the qaalit dependence of the number of the nanopatrticles in the layer
tive predictions of the simple mean field theory hold even foron their concentration in the bulk has important implicaso
larger nanoparticles. Thisis in accord with the generabund for the estimation of the binding affinities to flexible objec
standing that for particles of size smaller than the blob,siz such as unfolded proteins [11].

additional effects such as the lateral polymer stretchiieg a

sub-dominant [29, 44, 45, 63, 66]. A systematic discussion Acknowledgments
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