
Poly(N‑isopropylacrylamide)-Based Mixed Brushes: A Computer
Simulation Study
Fabien Leónforte* and Marcus Müller*

Institut für Theoretische Physik, Georg-August-Universitaẗ, Friedrich-Hund-Platz 1, 37077 Göttingen, Germany

ABSTRACT: Temperature-sensitive poly(N-isopropylacrylamide) (PNIPAM) polymer
brushes of fixed molecular weight and grafting density are modeled in the framework of a
coarse-grained model with soft, nonbonded interactions and an implicit solvent. This
model has been developed to address experimentally relevant, large invariant degrees of
polymerization, and nonbonded interactions are expressed via a third-order (virial)
expansion of the equation of state. The choice of interaction parameters is intended to
mimic the swelling behavior of PNIPAM in water as the temperature increases toward
the lower critical solution temperature (TLCST). Results of molecular dynamics
simulations for one component brushes are compared to experimental data. Mixed
brushes incorporating small and large amounts of grafted poly(ethylene glycol) polymers
are then considered. The effects of mixing polymer components on the response of the
mixed brushes to temperature changes are monitored, and the results are compared to
experimental data. In the end, two design principles for biomolecule triggering using
temperature-sensitive mixed polymer brushes with functional and switchable end-groups
are proposed and studied. This work is in favor of establishing qualitative rules for the design, optimization, and comprehension
of binary polymer brushes for bioengineering purposes.

KEYWORDS: molecular dynamics simulations, DPD thermostat, implicit solvent, thermo-responsive polymers, functional end-groups,
biomolecules

1. INTRODUCTION

End-grafted water-soluble poly(N-isopropylacrylamide) (PNI-
PAM) polymer brushes are promising for the fabrication of
responsive surfaces due to their reduced swelling above a lower
critical solution temperature (TLCST) estimated to be ∼305.15 K
(32 °C).1−3 Below the TLCST, the polymer chains are swollen
with water, whereas above it, dehydration effects drive the
polymer components to form more compact structures that
depend on the grafted density of the brush.4 On the basis of this
phase transition, grafted PNIPAM brush surfaces display
increased hydrophobicity5 and reduced layer thickness6 above
the TLCST. Several aspects of the polymers can alter the thermal
response of the brush. For example, the molecular weight
impacts the initial swollen state of the brush (less swelling at
higher molecular weights); furthermore, an increase in the
temperature range of switching is observed when the grafting
density is decreased.7

Interest in PNIPAM thermoresponsive polymers has arisen
because the TLCST is close to the physiological temperature of
humans. Therefore, modifications of the bulk substrate with
polymers such as PNIPAM are extremely important for emerging
medical and biological technologies. For instance, PNIPAM has
been successfully utilized to control protein adsorption as well as
cell attachments.8−12 Additionally, PNIPAM-modified substrates
(multicomponent polymer brushes) enable the harvesting of
confluent cell sheets as well as the release of said cell sheets
through simple control of the environmental temperature.

For this purpose, good protein resistance for polymer brushes
can be achieved by mixing PNIPAM with water-soluble
poly(ethylene glycol) (PEO) polymers. This strategy was
previously proposed for microgel particles in which PEO was
employed as a cross-linker of linear PNIPAM.13,14 PEO polymers
are water-soluble, biocompatible, nontoxic, and nonimmuno-
genic; they can be used as grafted chains, and their role in the
controlled release of macromolecular objects can be crucial.15

Because of their large excluded volume, PEO components in
brushes exhibit a repulsive osmotic interaction when penetrated
by proteins or cells, and they have been shown to provide a steric
repelling barrier against protein adsorption.16 Furthermore,
because of their high hydration rate, PEO polymers can boost
drug release when they are mixed with some other species.15

Therefore, understanding the behavior of mixed PNIPAM:PEO
polymer brushes is prerequisite for using such systems in on-
demand drug delivery applications.
It was recently shown that PEO polymers demonstrate

complex intricate behaviors whenmixed with other water-soluble
polymers. Indeed, like PNIPAM, PEO also forms hydrogen
bonds with water that could interfere with interactions of
PNIPAM with itself and with water.17 In particular, it has been

Special Issue: Forum on Polymeric Nanostructures: Recent Advances
toward Applications

Received: November 3, 2014
Accepted: January 21, 2015
Published: January 29, 2015

Forum Article

www.acsami.org

© 2015 American Chemical Society 12450 DOI: 10.1021/am5076309
ACS Appl. Mater. Interfaces 2015, 7, 12450−12462

www.acsami.org
http://dx.doi.org/10.1021/am5076309


shown that hydrophobically driven adsorption of proteins can be
avoided by the creation of a protective hydration shell that is due
to specific PEO−water hydrogen bonding.14,18,19 Furthermore,
in recent works by Seeber et al.,17 intriguing behaviors have been
observed. It was shown that PNIPAM:PEO mixed brushes swell
less when the species are mixed, that both species seem to
interact at all temperatures (though less at T < TLCST), and that
even a small amount of PEO in a PNIPAM brush can have a
strong effect on the ability of PNIPAM to exhibit a thermal
response. In the latter study, protein adsorption was quasi-
suppressed even at T > TLCST due to the creation of hydrophilic
surfaces by PEO components that extend outward from the
brush and sustain solubility by reducing the collapse of the
PNIPAM component. Here, we will conceptually address these
issues as a function of graft density in which PNIPAM and PEO
become increasingly mixed.
The challenge in modeling stimuli-responsive polymeric

systems is in trying to account for the subtle interplay between
their chemo- and physicomechanical properties and to capture
the involved collective mechanisms without the loss of relevant
details and within an accessible computational time and length
scale. The choice of the simulation model used to describe the
stimuli-responsive polymer and its interaction with the solvent is
therefore crucial. In the framework of standard particle-based
simulations, one method is to develop a coarse-graining
procedure that decimates irrelevant degrees of freedom of the
polymer20−22 and accounts for the solvent either implicitly (e.g.,
by tuning the interaction range of the pair potential)23,24 or by
including it explicitly,25,26 which is probably more realistic but
slows the computational efficiency and limits the size of the
systems.
Another way to access experimentally large and invariant

degrees of polymerization, accounting for realistic fluctuations, is
to make use of coarse-grained polymers with soft, nonbonded
interactions.27,28 Within the framework of molecular dynamics
(MD) simulations with a dissipative-particle-dynamics (DPD)
thermostat, this approach allows us to efficiently equilibrate the
morphology at a relatively low computational cost when used in
conjunction with a sequential and adaptive cooling procedure
and a computationally efficient calculation of the interactions.29

In contrast to the standard coarse-graining approach in which the
solvent is implicitly included through a tunable interaction range
in the force field,24 the aqueous solvent in our model is implicitly
expressed through coefficients appearing in a third-order virial
expansion of the equation of state (EOS) for the nonbonded
interactions.27,28 Therefore, our model accounts for the
molecular characteristics on a coarse-grained level and uses a
top-down representation of the interaction of the polymers with
their environment via an EOS with experimentally realistic
molecular weights.
This paper is organized as follows. In section 2, we provide

details of the simulation techniques and describe the coarse-
graining procedure. Brushes composed of pure PNIPAM at
various molecular weights and grafting densities are studied in
section 3. Biocompatible mixes of PNIPAM:PEO brushes are
investigated in section 4.1, in which we provide a detailed analysis
of the combined effects of grafting densities and the composi-
tional ratio of both species upon temperature-induced swelling of
the brush. To make this study viable for experimental purposes,
we also provide additional results concerning the effect of
polydispersity. In section 4.2, we analyze two experimentally
accessible strategies for the development of temperature-
sensitive PNIPAM-based mixed brushes for biomolecule

triggering or potential drug release. This paper then closes
with a brief summary.

2. MODEL AND METHODOLOGY
We employ a coarse-grained model with soft interactions for nGaussian
polymer chains of type A (PNIPAM) and B (PEO). The mixed brushes
are composed of n =∑α=A,B nα chains, where the molecular contour of a
polymer chain contains Nα effective interaction centers (segments). We
define the fraction of α polymers in the mixed brush as fα = nα/n and the
ratio of the size of α species chains to the reference chain length N̅ used
in the model as ϕα = Nα/N̅. The polymer chains are irreversibly grafted
at random positions onto a hard, impenetrable wall located at r⊥ = 0.

The explicit degrees of freedom of the solvent are integrated using an
equation of state (EOS) formalism.27,28,30 In this formalism, the effective
nonbonded interactions between the polymer segments take the form
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where we define the configuration {ri(s)} by a set of indexes i and s that
run over all of the polymer chains (independent of the polymer species)
and all segments of the polymer, respectively. ρ̂α(r|{ri(s)}) denotes the
dimensionless local density of species α = A, B in volume Ree

3 (which
depends explicitly on the particle coordinates), where Ree represents the
end-to-end distance of a reference chain with N̅ segments. The
dimensionless local densities are defined by
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whereΘα(i,s) = 1 if the sth segment on the ith polymer chain belongs to
species α and 0 otherwise. To regularize the Dirac function in eqs 1 and
2, a weighted-density approximation is used, which leads to a coarse-
grained density
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with weighted functions w2(r) and w3(r) defined for the second- and
third-order virial contributions in eq 1, respectively, and taking the form
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for r≤ am and 0 otherwise. The DPD-like weighting functions defined in
eq 4 only differ in their spatial range, and we chose a2 = 0.9a3 ≡ bCG,
where the choice of the Kuhn length bCG for the reference chain will be
discussed in section 2.1. The am choice is motivated by avoiding
liquidlike packing effects of the coarse-grained segments31,32 that
represent multiple atoms along the polymer backbone. Finally, the
nonbonded interactions for the free-energy functional (eq 1) in the final
form of a coarse-grained multibody DPD model (M-DPD)31,33−35

Hamiltonian can be rewritten as

∫ ∑
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In the simulations, the connectivity along the molecular backbone is
modeled by a discretized Edwards Hamiltonian for the Gaussian
conformations {ri(s)}
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The bonded interaction between consecutive interaction centers along a
chain molecule has a finite extensibility of bmax = 2b

CG and mean-squared
bond length of (12/17)(bCG)2. In the absence of nonbonded
interactions or geometric constraints, the conformations follow
Gaussian statistics characterized by the squared end-to-end distance
Reo
2 = (12/17)Ree

2 . The simulation cell has a lateral extension L∥ = 16Ree,
and periodic boundary conditions are used in the lateral x and y
directions. The brush grafting density is defined as σ = n/L∥

2, which can
also be expressed in the dimensional form σRee

2 = n/(L∥/Ree)
2. The

height of the simulation cell L⊥ is much larger than the height of the
brush.
In molecular dynamics (MD) simulations, the classical equations of

motion are integrated via the velocity−Verlet algorithm with a time step
of Δt = 5 × 10−3τ. The mass of a single bead is set to m ≡ 1, and via
combination of the units of length and energy (kBT), the unit of time is τ
≡ ((bCG)2/kBT)

1/2, which can thus be mapped to an experimental time
scale. The temperature (T) is kept constant at kBT = 1 using a dissipative
particle dynamics (DPD) thermostat,36,37 which accounts for hydro-
dynamic interactions due to the local conservation of momentum. The
thermostat adds to the total conservative force calculated from eqs 5 and
6, a dissipative force (Fi

D) and a random force (Fi
R) on each monomer i.

Both forces are applied in a pairwise manner such that the sum of the
thermostating forces acting on a particle pair vanishes. With Γ as the
friction constant, the dissipative force is given by

∑ ω= −Γ ̂ ̂
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where rîj = (ri − rj)/rij and vij = vi − vj. The weighting function is ω
D(rij)

= (2π(bCG)3/15)w2(rij) (cf. eq 4). The random force is given by
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where θij is a random variable with zero mean, unit variance, second
moment ⟨θij(t)θkl(t′)⟩ = (δijδjl + δilδjk)δ(t − t′) and θij = θji. The weight
function ωR(rij) satisfies the fluctuation−dissipation theorem [ωR]2 =
ωD. Friction Γ and noise strength ξ define the temperature by ξ2 =
2kBTΓ. We chose Γ = 0.5τ−1 in all of our simulations. Depending on the
grafting density, runs over a period of 350−1000τ are sufficient to
achieve the final equilibrated state.
2.1. Coarse-Graining Representation of Polymer Species. To

relate the coarse-graining model to a specific polymer molecular, one
must account for the conformational differences between the PNIPAM
and PEO compounds. To this end, a detailed procedure was followed
and is described in ref 30. We first required that the molecular model
preserve both the molecular volume (να) and the average, squared end-
to-end distance of each species in the coil (Reo

2 (α)). The molecular
volume is related to the experimental monomer number density ρ0(α)

exp in
the pure phase of the experimental system and the number of repeat
units ≡α α αN M /exp

w( ) w( ), which is the ratio of the molecular weight
of the polymer to the molecular mass of the chemical repeat units of the
polymer species. Thus, να = Nα

exp/ρ0(α)
exp . The stoichiometry can be

accounted for through the weight fraction ϕα such that ϕB = 1 − ϕA,
which, in conjunction with the molecular weight Mw(α), allows us to
estimate and map the model to the experimental number of molecules
per unit volume nα/V = (ϕα/Mw(α))[νAϕA/Mw(A) + νBϕB/Mw(B)]

−1.
Here, we model the polymers as Gaussian chains of statistical segment
lengths bA

exp = 0.38 nm for PNIPAM and bB
exp = 0.29 nm for PEO, whereas

the densities of each species in the pure phase are ρ0(A)
exp = 0.95 g/cm3 and

ρ0(B)
exp = 1.15 g/cm3, respectively. Furthermore, the chemical repeat unit
m a s s e s a r e = 113.16 g/molw(A) f o r P N I P AM a n d

= 44.0532 g/molw(B) for PEO.

The coarse-graining (CG) procedure consists of discretization of the
polymer chains by a factor nCG, which aims to map nCG repeated units to
one interaction center. Here, PNIPAMpolymers represent the reference
chains, and discretization leads to rescaling of the statistical segment
length (bA

CG)2 =Reo
2 (A)/NA

exp/nCG, which also defines the reference Kuhn
length bCG ≡ bA

CG. Hence, species B are also discretized such that NB
CG =

Reo
2 (B)/(bA

CG)2, and the coarse-grained segmental densities for each
species are rescaled by the ratio (bα

exp/bA
CG)2.

2.2. Implicit Solvent Interaction. The solvent-mediated self-
interaction coefficient vαα is related to the Flory−Huggins parameters of
each species with solvent S via the relation χαS(T) = (1 − (να

2/νS)
vαα(T))/2, which consequently requires the determination of the
coefficients vαα and wααα from the characteristic thermodynamic
properties of each species. If these coefficients are known for each
species, the interspecies compatibility is obtained through the mixing
rule38,39 χBA(T) = (νref/kBT)(δB(T) − δA(T))

2, where the segment
reference volume νref is approximated by νref ≈ (νBνA)

1/2 and δB and δA
are the Hildebrandt solubility parameters.

It follows that the second-order interaction coefficients can be
expressed as vBA(T) = [χBA(T)(νAνB)

1/2 + vAS(T)νA
2/2 + vBS(T)νB

2/
2](νAνB)

−1, and the remaining mixed third-order coefficients via mixing
of the self-interaction quantities wBBA(T) = [wAAA(T)wBBB

2 (T)]1/3 and
wAAB(T) = [wBBB(T)wAAA

2 (T)]1/3. For the determination of wααα, we
make use of the mean-field EOS for the pure species as
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where the dimensionless local density ρ̂, which also appears in eq 2, here
represents the species density in the pure phase; therefore, it is written as
ρ̂0(α). In our solvent-free model, vapor corresponds to the solvent, and
we require it to be equal to the coexistence density ρ̂coex(α) at which point
the polymeric liquid coexists with its vapor under the assumption that,
due to the very low density of the vapor, the pressure at coexistence is
approximately null. For ourmodel, this is equivalent to requiring that the
polymer phase separate into a dense, polymer-rich phase under poor
solvent conditions. Under this assumption, one obtains the relation
ρ̂coex(α) ≈ −3vαα/4wααα. By introducing dimensionless inverse
compressibility κN̅ ≡ Reo

3 /(κTρ̂coex(α)kBT) = vααρ̂coex(α) +
2wααα(ρ̂coex(α))

2 with κT = −(1/V)(∂V/∂P)T, we arrive at the relations
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Thus, the third-order self-interaction coefficients for the CG procedure
can be obtained by eliminating the inverse compressibility κN̅ in eq 10.

3. PNIPAM-BASED HOMOPOLYMER BRUSH
As discussed in section 2.2, the solvent-mediated interaction
coefficients encode the knowledge of the thermodynamic
properties of the polymer species. In the case of PNIPAM, we
aim to reproduce its qualitative thermal response in an aqueous
environment. For this purpose, we used the empirical approach
developed in ref 40. The model accounts for temperature-
dependent alteration of hydrogen bonding of the amide groups
of the polymer through the knowledge of an effective Flory−
Huggins interaction parameter41,42 χeff(Φ,T) at a givenmonomer
volume fraction (Φ).
For grafted polymers, the resulting model exhibits a collapse of

chains (poor solvent conditions) at T ≥ 303.65 K, exhibits
vertical phase separation in the range TLCST ≤ T ≤ 303.65 K,
exhibits good solvent conditions for the brush down to 299.51 K,
and exhibits vertical phase separation below the latter temper-
ature only at high grafting densities. On the basis of compiled
experimental observations, this model aims to reproduce the
thermal response of PNIPAM in the range of 283−343 K and
allows us to explicitly obtain expressions for the temperature
dependence of the second- and third-order coefficients43,44 given
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the parametersΘ = 307.81 K andW = 532.15 K, namely, vAA(T)

= 31.41(1 − T/Θ) and wAAA(T) = −2.93(1 − T/W). The

resulting temperature-dependent Flory−Huggins compatibility

parameter χ(T) is depicted in Figure 3.

In the upper row of Figure 1, we show the resulting chain
conformations for a brush of grafting density σ = 0.01 nm−2

comprised of PNIPAM polymers of molecular weightMw = 48K
below and above the LCST at 288 and 323 K, respectively. In the
latter regime (i.e., under poor solvent conditions), lateral chain

Figure 1. (Upper row) Snapshots of the chain conformations of PNIPAM polymers of weightMw = 48 kDa and grafting density σ = 0.01 nm
−2 below (T

= 288 K) and above (T = 323 K) TLCST. (Lower row) Swollen brush height for PNIPAM polymers of weights (a) Mw = 25K and (b) Mw = 48K as a
function of the brush grafting density.

Figure 2. (a) Ratio of the brush thickness for temperatures Tlo = 293 K andThi = 333 K as a function of the grafting density (σ) and surface coverage σRee
2

at different polymer weightsMw. Inset: swollen brush thickness at σ = 0.2 nm
−2 andMw = 94K. (b) Number density profiles as a function of the distance

r⊥ to the grafting substrate for a brush of grafting density σ = 0.002 nm
−2 and PNIPAMs of weightMw = 25K. Temperatures below (288 K), around (308

K), and above (323 K) the TLCST are depicted.
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aggregations that form “octopus micelles” are observed in
agreement with experiments.45−47 On the basis of unfavorable
polymer−solvent surface tension, surface micelles or dimples are
expected to appear when the grafted molecules begin to
overlap.4,48,49 In the snapshot on the right in Figure 1, we also
observed collapsed globules formed by only a single chain. These
fluctuations of the dimple sizes stem from the heterogeneities of
the local surface coverage due to random grafting.
In the lower row of Figure 1, we plot the swelling behavior of

pure PNIPAM brushes as a function of the grafting density for
two different molecular weights. ForMw = 25K, the polymers are
discretized into NCG = 221 segments, whereas forMw = 48K, the
Gaussian chains contain NCG = 424 units. For both systems, the
segmental length is identical and is equal to bCG ≃ 0.55 nm. In
Figure 1, the average height of the brush ⟨H⟩ is obtained by
estimating the first moment of the number density profiles ρ(r⊥)
= L∥

−2∫ dr∥ρ(r∥,r⊥); namely, ⟨H⟩ ≡ 2∫ r⊥ρ(r⊥) dr⊥/∫ ρ(r⊥) dr⊥,
where the factor 2 ensures that ⟨H⟩ reduces to the layer thickness
for a step density profile.
In Figure 1a and b, we observe a decrease in the brush

thickness both below and above the TLCST with a transition
region that becomes broader when the grafting density (σ)
decreases.7,50 Within that limit, polymer collapse is spread out,
and the position of the critical temperature is difficult to define.51

This effect is probably in part due to lowering of the interaction
forces between polymer segments. When Mw decreases, the
temperature variation of the brush height appears to be smoother
than at higher molecular weights.7 In the latter case, the
sharpness of the transition is a consequence of stretching of the
chains. Increased steric repulsion and a larger number of
interacting elements result in a higher free-energy barrier
between the swollen and collapsed states. The equilibrium
brush profiles are the consequence of interplay between
screening of the bottom layers from the aqueous solvent and
slowing of the penetration of water inside the brush. As soon as
water interacts with the inner, deeper brush layers, the brush
deflates abruptly.
To rationalize these different trends, we plotted in Figure 2a

the ratio of the brush thickness between the low and high
temperature regimes for different polymer weights Mw as a
function of the brush grafting density (σ). As also obtained from
self-consistent-field (SCF) simulations52 and observed exper-
imentally,6 this ratio depicts a maximum at an intermediate value
of the grafting density (σ) whose magnitude increases with Mw
and shifts to lower values as Mw increases. As already discussed,
the strong dependence on Mw at an intermediate σ is due to
stretching of the polymers. For high Mw, the grafting density at
which the brush is maximally swollen is very low. In fact, for such
systems, when we increase the grafting density, the swelling
behavior and shape of the transition region are modified. This is
shown in the inset of Figure 2a, where the swelling of a brush of
grafting density σ = 0.2 nm−2 and polymers of Mw = 94K are
presented and show an additional bump in the vicinity of the
TLCST. The experimental observation of this peak for high weight
PNIPAM polymers with a large grafting density is often
attributed to a vertical phase separation within the brush53,54

with a dense layer close to the grafting substrate and a second
layer that swells.54 This picture comes from fitting of segment
concentration profiles that are better achieved using bilayer
functions. However, an unambiguous relationship between the
peak and a bilayer profile is still a matter of debate,6 and it is not
clear if vertical phase separation is responsible for the presence of

the peak. In our simulations, we also found no clear evidence of a
bilayer profile.
Finally, at the very low surface density limit (i.e., σ = 0.002

nm−2), we observed in Figure 1 that the change in polymer
extension between the low and high temperature regimes forMw
= 25K is smaller than for Mw = 48K. This agrees with recent
experimental observations in which this effect was attributed to
conformations of PNIPAM chains that remain swollen, or
collapse into single-chain globules, even above TLCST.6,51 The
very low grafting density corresponding to the low polymer
weight does not favor the collapse of neighboring chains into
dimples or the emergence of a cooperative response to the
solvent quality. The density profiles in Figure 2b seem to favor
the existence of layering;55 however, it should be noted that
despite configurational averaging, the plots remain very noisy
such that any conclusions about layering will remain unsettled.

4. MIXED PNIPAM:PEO BRUSH
Poly(ethylene oxide) (PEO) immersed in water exhibits a
PNIPAM-like critical TLCST that results from temperature-
dependent changes in hydrogen bonding of the oxide groups. To
account for this effect on the level of the virial coefficients, we
make use of the solvation model proposed byMatsuyama et al.,56

which has been revisited by Bekiranov et al.57 In the simplest
approach, the second- and third-order coefficients are written as

τ χ τ τ τ

τ τ τ

= − + +

= + +

v

w

( ) 1 2 ( ) ( )(2 ( ))

( ) 1 ( )(4 3 ( ))

BB

BBB
3

(11)

where τ λ τ λ τ τ θ= + = − T( ) ( )/(1 ( )), 1 /0 , and χ(τ) = 1/
2− τ. The characteristic temperature θ0 is defined as χ(θ0) = 1/2.
A negative vBB(τ) value corresponds to poor solvent conditions,
and vBB(τ) > 0 corresponds to a good solvent. The energy barrier
of hydrogen bonding is introduced through the relation λ(τ) =
λ0e

(γ(1−τ)), where γ = Δε/(kBθ0). In fact, this model can be used
for a wide variety of hydrogen-bonding systems. For PEO, θ0 =
730 K, γ = 6, and λ0 = 1.66 × 10−5. The resulting Flory−Huggins
parameter χ(T) for PEO is plotted in Figure 3.

In addition, the interspecies compatibility parameter has to be
defined for mixed brushes. To this aim, we make use of the
relation discussed in section 2.2 with the Hildebrand parameters
δPEO = 20.2 (J/cm3)1/2 and δPNIPAM = 17.235 (J/cm3)1/2 at 303
K.58 In fact, from the temperature dependence of the solvent-
mediated interaction χαS(T) depicted in Figure 3, we infer that

Figure 3. Temperature dependence of the the solvent-mediated χαS(T)
and interspecies χαβ(T) Flory−Huggins compatibility parameters as
used in the simulations. Snapshots correspond to the side and top views
of the equilibrated morphologies for a mixed brush of compositions fA =
0.8 for PNIPAM and f B = 0.2 for PEO with a grafting density of σ = 0.42
nm−2.
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the opposite trend of each species gives rise to a mixed
interaction in our solvent-free model that depends on the
temperature only weakly.
Here, we consider two systems that differ in the molecular

weights of each species. System I consists of PNIPAMwithMw(A)
= 25K and PEO withMw(B) = 5K that are discretized into NA

CG =
55 and NB

CG = 38 interaction centers, respectively. The reference
characteristic length scale is equal to 4.46 nm. System II aims to
mimic the behavior of PNIPAM polymers withMw(A) = 94K and
PEO withMw(B) = 18.8K. Each polymer is therefore represented
by Gaussian chains of length NA

CG = 208 and NB
CG = 146 with a

reference length of 6.12 nm.
Taking advantage of the particle-based representation of the

M-DPD model, we consider polydisperse systems of fixed
polydispersity index (PDI) ≡ ⟨(Nα

CG)2⟩/⟨Nα
CG⟩2 = 2, where α =

[A, B], in addition to the monodisperse case.
In the case of system I, three different grafting densities of the

brush are considered at a fixed lateral extension L∥ = 16Ree,
denoted as S(1): {σ = 0.21 nm−2}, S(2): {σ = 0.42 nm−2}, and
S(3): {σ = 0.63 nm−2}, whereas for system II we deal only with a
low grafting density σ = 0.105 nm−2. For each sample S(i), the
number of PNIPAM and PEO chains varies such that the overall
grafting density of the brush remains constant. We therefore
always fulfill the condition f = Σα fα ≡ 1 by varying f B ∈ {0; 0.2;
0.4; 0.6; 0.8}.
4.1. Effect of the Fraction of PEO. Figure 4 shows side and

top views of mixed PNIPAM:PEO brushes for temperatures
below (278 K) and above (323 K) TLCST over three sets of
grafting densities. To complement the snapshot, we provide
more details about the density profiles ρ(r⊥) of each species as a
function of the distance r⊥ to the grafting substrate in Figure 5.
We note that morphologies are obtained for relative fractions of
PEO chains f B = 0.2 and 0.8, the complement being filled by
PNIPAM chains. At low temperature and independent of the
grafting density (σ), PNIPAM chains dominate the brush
structure because they are exposed to a good solvent. For systems
with high PEO compositions, the dominance of PNIPAMs at the
top of the brush is preserved but additional lateral segregation
appears, which becomes stronger with low surface coverage. For
such systems, as the temperature increases above the TLCST, the
vertical stratification switches and clear laterally segregated and
collapsed domains are developed. By increasing σ, we observe
more defined domains. With high PEO contents, PNIPAM
chains collapse to form domains embedded in the PEO matrix.
With small PEO content, PEO forms domains outside of a
PNIPAM matrix.
A more qualitative characterization of the switching behavior

and lateral structure formation of the domains can be achieved by
computing the structure factor Sc(q) for the composition
contrasted between each species,27,28 which is defined through

∑ ∑ γ γ= −
= =

S i s i sq( ) [ ( , ) ( , )]e
i

n

s

N
jq r

c
1 1

A B
( )

2
i

i

(12)

where γα(i, s) = 1 if the sth segment on the ith polymer chain
belongs to species α; otherwise, γα(i, s) = 0. Because of the
translational invariance in the parallel directions (x, y), the
structure factor Sc(q⊥, q∥) is circularly averaged over the parallel
reciprocal vector q∥.
Figure 6a depicts the temperature dependence of the maximal

intensity (Ic(T)) of Sc(q) for the systems considered in Figures 4
and 5. This quantity should reveal the emergence of lateral

domains with different compositions. The structure factor of
each species is plotted in Figure 6b to discriminate between the
species that participate most in the formation of the domains. For
T <TLCST, themaximal intensity Ic(T) has a higher magnitude for
a large f B fraction of PEO. The poor solvent conditions for PEO
encourage the formation of PEO domains, and this effect is
enhanced when the amount of PNIPAM is too small to shield the
PEO chains from the aqueous solvent. From Figure 6b, we also
see that increasing the grafting density favors the collapse of PEO
chains at low f B, whereas it alters their structure at high f B. In this
case, the domains percolate laterally over the sample. For T ∼
TLCST, PNIPAM components penetrate the brush, and PEO
swells. PNIPAM chains create a top layer that is presumably a
better solvent than water for PEO. During the temperature-
induced transitions of each species, fluctuations in the
compositions decrease, which leads to a smearing of Ic(T). The
intensity of the Ic(T) decrease is higher at a high f B fraction of
PEO because many preformed PNIPAM domains are destroyed
when the PEO polymers swell. Finally, for T > TLCST, the
composition contrast increases strongly because PNIPAM
creates domains in the PEO matrix. This collapse is easier

Figure 4. Side and top views of monodisperse mixed brushes of system I
(Mw(A) = 25K for PNIPAM andMw(B) = 5K for PEO). The temperature
(T) of the water is varied below and above the TLCST. The relative
fraction of PEO chains is also varied between small ( f B = 0.2) and large
( f B = 0.8) amounts, and brushes of the grafting densities S(1): {σ = 0.21
nm−2}, S(2): {σ = 0.42 nm−2}, and S(3): {σ = 0.63 nm−2} are
considered. PNIPAM chains are colored green, and PEO chains blue.
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when the number of PNIPAM chains is smaller (i.e., high f B),
which explains the earlier increase of Ic(T) for f B = 0.8. As shown
in Figure 6b, increased grafting density also boosts this effect.
Conversely, for a large fraction of PNIPAM, well-defined PEO
domains emerge on top of a rich PNIPAM matrix.
In Figure 7a and b, we plot the brush thickness of system S(3)

for (a) monodisperse and (b) polydisperse brushes. In the main

panels of both figures, the average height ⟨H⟩ of each species and
the corresponding swelling of the one-component PNIPAM
brush ( f B = 0) are plotted; the insets depict the swelling of the
total brush height. We first note that polydisperse systems depict
a brush thickness at low temperature that is larger and a switching
interval around TLCST that is broader than those of the
monodisperse brushes. Polydisperse brushes also depict higher,

Figure 5. (a−c) Density profiles ρ(r⊥) of each species as a function of the distance r⊥ to the bare substrate and for different compositions f B. Open
symbols are for T < TLCST and filled for T > TLCST. These profiles were generated from the morphologies depicted in Figure 4.

Figure 6.Maximal intensity of the structure factor Sc(q) of the compositions using eq 12 for the systems depicted in Figures 4 and 5 computed for (a)
both species and (b) each species independently.

Figure 7. Swelling of mixed PNIPAM:PEO brushes of grafting density σ = 0.63 nm−2 as a function of the f B fraction of PEO chains for (a) monodisperse
and (b) polydisperse samples of PDI = 2.Measured average thickness of each species (primary panels) and average thickness of the whole brush (insets).
The swelling behavior of the corresponding pure PNIPAM (h-PNIPAM) brush ( f B = 0) is also plotted. Filled symbols correspond to PNIPAM
components, whereas empty symbols represent PEO components. Arrows mark the position of the TLCST.

ACS Applied Materials & Interfaces Forum Article

DOI: 10.1021/am5076309
ACS Appl. Mater. Interfaces 2015, 7, 12450−12462

12456

http://dx.doi.org/10.1021/am5076309


sharper, earlier swelling of PEO species when the PNIPAMs
inversely shrink. This observation can be attributed to facilitated
penetration of the aqueous solvent because of the size
polydispersity of both species. It also accentuates the swelling
of PEO chains once they contact water. This effect is enhanced
when the fraction of PEO chains ( f B) > 0.5, which is also visible
(but weaker) in the case of the monodisperse system.
Independent of the dispersity effects, we observe a decrease in
the PNIPAM thickness when an increasing amount of PEO
chains is added. For T < TLCST, this is because of poor solvent
conditions for PEO and likely concomitant shielding by
PNIPAM. For T > TLCST, the PEO brush height decreases as
the fraction is increased because the density of chains is swollen
by the good solvent, and the additional steric repulsion is
reduced. For the polydisperse system, PEO chains are not
shielded as well by PNIPAM, and size polydispersity facilitates
penetration of water into the brush. This leads to an increase in
the brush height when f B increases in the polydisperse brush.
4.2. Response of PNIPAM:PEO Mixed Brushes to Local

Forces Exerted by Adsorbed Biomolecules. Designing
biofunctional materials necessitates understanding of protein and
cell adhesion at interfaces. New materials with tailored surface
topographies and chemistry are promising candidates and trigger
more complex protein/substrate interactions allowing for
repeatable, noninvasive, and nondestructive attachments to
cells or proteins. One route to address these multiple constraints
is to develop multicomponent polymer brushes with functional

groups on one of the components of the brush.59 For example,
PNIPAM-b-PS:PEO mixed brushes or PNIPAM:PEO-b-PS in
which a small hydrophobic polystyrene end-block (PS) strongly
interacts with the hydrophobic domains of the biomacromole-
cule in solution could provide such functionality. The next
challenge consists of being able to remove the nonanchored
biomacromolecules from the surface on demand without
removing the functional brush coating. This requires an
understanding of the elastic properties of the brush surface
(stresses, forces, and deformations) and the optimal amount and
spatial distribution of anchors at the top of the brush, as well as
how it depends on the surface coverage and possible lateral
morphologies.
To address these questions, we considered PNIPAM:PEO

mixed brushes with a fraction of the chain ends irreversibly
connected to an immobile clamp. The numerical experiment is
sketched in Figure 8, where PEO chains carry functional chain
ends that we denote as clicks. In simulations, the chain ends are
attached by a spring of stiffness Ks = 1 kBT/nm

−2 to an immobile
clamp that is transparent to nonattached polymers. Each
connection between the clamp and a chain end involves an
immobile click (part of the clamp) and a mobile click connected
to the polymer, which allows us to monitor the forces (Fs)
exerted by the clicked chains on the clamp. Furthermore, we vary
the number (nc) of clicks, which are randomly distributed within
a defined area, mimicking the effect of a single or multiple
hydrophobic attachment(s) to the biomacromolecule. Finally,

Figure 8. Sketch of the simulation setup. PEOs are clicked at T > TLCST to an immobile, virtual clamp (i.e., transparent to nonclicked polymers). The
temperature is then decreased to reach the swollen state regime of PNIPAM. In simulations, the click parts of the clamp are permanently linked by a
spring to the chain ends during cooling, and forces that act on the clamp are monitored. Snapshots depict side views of a cut section in the middle of a
brush with PNIPAM weights of Mw(A) = 94K and PEO Mw(B) = 18.8K and a lateral extension of L∥ ≃ 98 nm.
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the position r⊥
clamp of the clamp is chosen to be 1.5 nm above the

maximal extent of the selected polymers within the defined area.
Here, we consider mixed brushes with an f B fraction of PEO

polymers and different brush grafting densities (σ). For each
system, we chose to work at a fixed number of clicks (nc) whose
surface densities depended on the fraction of PEO in the brushes.
At a fixed f B fraction and different grafting densities (σ), we
imposed the corresponding surface density of clicks σc( f B) to
fulfill the constraint σc( f B)/σ ∼ cste (constant). In addition, for
two different fractions f B

(1) and f B
(2) at a fixed brush grafting

density (σ), we chose the surface density of clicks to follow the
relation σc( f B

(1)) = ( f B
(2)/f B

(1))σc( f B
(2)).

4.2.1. Clicked PNIPAM Chains. We first consider the
aforementioned system I (see Figure 4) (i.e., PNIPAM Mw(A)
= 25K and PEOMw(B) = 5K) for which the f B fraction of PEO is
fixed to either f B = 0.2 or 0.8, and nc PNIPAM polymers are
connected to the clamp. For the system depicted in Figure 9, the
brush grafting density is fixed at σ = 0.42 nm−2, and we use σc( f B
= 0.8) ≃ 0.04. The clamp is located at r⊥

clamp( f B = 0.8) ≃ 16.5 nm
and r⊥

clamp( f B = 0.2) ≃ 18.5 nm, and the lateral size of the brush is

Figure 9. (a and b) Average brush surface profiles and corresponding snapshots when PNIPAM chains are clicked at differing nc amounts of clicked
PNIPAMs. Temperature decreases were monitored at 330, 315, 308, and 278 K. (c) The average force acting on the clamp as a function of temperature
and number of clicks (nc). The f B ratio of PEO components is also varied. PNIPAM Mw(A) = 25K, and PEO Mw(B) = 5K.
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L∥ ≃ 71 nm. Starting at 278 K (<TLCST), the system is first
equilibrated in the presence of clicks. The temperature is then
increased by increments of 10 K; at each jump in temperature,
the trajectories and forces that act on the clamp are collected
during 2× 105 molecular dynamics simulations (1000τ) until the
temperature reaches 338 K (≫TLCST).
In Figure 9a and b, we plotted the average brush surface as a

function of lateral coordinates for different temperatures along
the cooling line and numbers of clicks. We observe a weaker
deformation amplitude of PNIPAM domains upon heating when
the fraction of PEOs is higher. When T increases, the solvent
quality for PNIPAM changes from good to poor, giving rise to a
chain collapse (see Figure 1); PEOs, on the other hand,
experience the opposite trend. For high f B and large nc, the
deformation of the brush surface below the clicks fixed on the
clamp (see Figure 8 and the sketch of the simulation protocol)
results from the overlap of a collection of individual PNIPAM
chains, and the contours in Figure 9a depict widespread
elevation. In Figure 9b, we also note narrowing of the deformed
brush/solvent interface for small f B and large nc.
Figure 9c collects the average force on the clamp as a function

of temperature, number of clicks (nc), and brush grafting density
(σ). When the temperature is reduced, the force−temperature
curves strongly increase after the TLCST, and it is immediately

notable that pulling out one PNIPAM chain is always more costly
than acting on many chains with increasing cost at low grafting
density and higher strength when f B is large. We also note that
the magnitude of the force decreases when the grafting density
increases. At high σ, it is easier for the clicked PNIPAM chains to
optimize their interface energy with the solvent by building a
larger interface and cooperatively deforming neighboring
PNIPAM chains, which leads to a decrease in the resulting
force acting on the clamp. These points show that neighboring
chains that are collapsed near the pulled ones play an important
role in decreasing the cost of deformation, and their contribution
leads to additional elevation that surrounds the deformed and
PNIPAM-rich domain.

4.2.2. Clicked PEO Chains. In Figure 8, we investigate the
reverse system, namely, PEO chains clicked to the clamp at high
temperature and for different f B fractions of PEO. Following the
same protocol as in section 4.2.1, the mixed brushes were then
cooled by 10 K steps to reach the fully swollen state of PNIPAMs.
Here, we consider polymers of system II as discussed in section 4,
namely, PNIPAM of Mw(A) = 94K, and PEO of Mw(B) = 18.8K.
Finally, because of the higher mass of the polymers, we consider a
smaller grafting density σ = 0.105 nm−2 for the brush. The lateral
size of the system is fixed to L∥ ≃ 98 nm, and we use a surface
density of clicks σc( f B = 0.2) ≃ 0.045. As before, the location of

Figure 10. (a−d) Average force acting on the clamp when PEO chains are clicked as a function of temperature and number of clicks (nc). The f B ratio of
PEO components is also varied. PNIPAMMw(A) = 94K, and PEOMw(B) = 18.8K. (insets) Average force that would be exerted by PNIPAM species on
the clamp as a function of temperature.
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the clamp lies 1.5 nm above the maximal extent of the selected
polymers, which means that, depending on f B, its position varies
between r⊥

clamp( f B = 0.2) ≃ 25 nm and r⊥
clamp( f B = 0.8) ≃ 30 nm.

In addition to the average force (Fs) exerted by the clicked
PEO chains on the clamp, we also monitored the average force
that PNIPAM polymers would exert if the clamp was a finite
object and not transparent for the other species. For this purpose,
we use a harmonic wall located at position r⊥

wall ≡ r⊥
clamp + 30 nm,

where r⊥
clamp is the position of the clamp. The potential is written

as Uw = 0.5Kw(Δr⊥ − Δrwc )2 with Δr⊥ = r⊥
wall − r⊥ and Δrwc = rw

c +
(r⊥

wall − r⊥
clamp). The relative cutoff distance below the position of

the clamp is fixed to rw
c = 1.224 nm. Upon cooling, PNIPAM

polymers swell and may reach the position r⊥
clamp of the clamp and

eventually swell beyond it. Therefore, we obtained a very rough
estimation of the force by computing the quantity ⟨Fw⟩ ≡
∫ dr⊥ρ(A)(r⊥)Uw′ (r⊥), where ρ(A)(r⊥) represents the number
density of PNIPAM polymers. Such a method allows for
estimatation of the force that could be exerted by the other
polymer species on the biomacromolecule to which the PEO
chains are anchored.
The resulting force−temperature curves are depicted in Figure

10a−d. Starting from good solvent conditions for PEO,
decreasing the temperature results in a transition to poor solvent
conditions, whereas PNIPAM experiences the opposite trend.
Keeping PEO chains under tension upon cooling results in an
increase in the average force (Fs/nc) acting on the clamp, and
swelling of PNIPAM leads to an increase in the virtual force (Fw)
that could act on the clamp. It also appears that Fs/nc is rather
independent of the amount of PEO at high temperature. Only at
low temperatures does the force for nc = 1 increase upon
changing f B from 0.2 to 0.8. It is again noteworthy that keeping
one chain under tension is always more costly than acting on
many chains, and that this cost decreases when the f B number of
PEO chains in the brush decreases. In contrast, the contribution
of PNIPAMs to the force that acts on the clamp naturally
increases. At high f B, PEO forms laterally extended domains, and
extracting one chain from such domains is more expensive than
for a system with smaller, more dispersed domains, which is the
case at small f B. This reveals the importance of effective
attractions in PEO-rich domains.
The insets in Figure 10 show how the force ⟨Fw⟩ that PNIPAM

molecules exert on the clamp depends on nc. The swelling of
PNIPAM molecules upon cooling leads to an increasing
contribution to ⟨Fw⟩. At low T, we observe an increase in the
⟨Fw⟩magnitude with a decrease in f B because the number density
of PNIPAM also increases. At a large fraction of PNIPAM ( f B =
0.2), the magnitude for small nc is larger than for high nc, whereas
this trend is inverted when the fraction of PNIPAM polymers
decreases (increasing f B). The reason is that at high f B the
deformed PEO domains are denser, and PNIPAMs have to avoid
these domains to reach the aqueous solvent. As the size of the
deformed domains increases, the barrier for PNIPAMs to cross is
more costly. At small f B, the domains are more dispersed, and
increasing nc results more in deforming many small PEO
domains. The cost may therefore behave as the sum of
contributions of crossing singular-like domains of PEO.
As noted for clicked PNIPAMs, the force that acts on one

clamp always results from the contribution of neighboring chains
of the same species (i.e., the cost of deforming the whole
domain). It turns out that the additional elevation surrounding
pulling out a single PEO chain involves a cost that is dependent
on the composition of the species. High f B leads to contributions
that are higher than at small f B.

5. SUMMARY

In this work, we used molecular dynamics simulations of a soft,
coarse-grained model with an implicitly treated solvent to
explore the temperature response of PNIPAM-based pure and
mixed brushes. The model can represent experimentally large,
invariant degrees of polymerization that can account for realistic
fluctuations. In contrast to previous work that employed a
collocation grid to compute density-dependent nonbonded
interactions,60,61 we used multiple dissipative particle dynamics
(M-DPD)33−35 that does not break translational invariance. This
allowed us to evaluate the force and displacement response of the
polymers to a prototypical biomacromolecule.
In a first part of this study, we investigated the ability of the

model to reproduce the temperature-induced swelling of pure
PNIPAM polymers of different molecular weights as a function
of the brush grafting density. In agreement with previous
experiments7,50 and numerical works,52 we observe sharpening of
the collapse upon heating as we increase the molecular weight of
the grafted chains or increase the grafting density. Sharpening of
the transition between the low and high temperature states when
the grafting density increases, and the dependence of the
transition on the molecular weight of the polymer, confirmed the
model as it relates to experimental observations. Limited to low
grafting densities, we find evidence for the formation of complex,
lateral, and localized structures (dimples). For high molecular
weight and grafting density, we observe maximum swelling of the
brush in the transition regime without evidence for the presence
of a vertical phase separation.
In the second part of this study, we examined the

conformational properties of PNIPAM-based mixed brushes
after incorporating various amounts of a temperature-sensitive
polymer (PEO) that exhibits a swelling behavior that is
antagonistic to that of PNIPAM. Brushes of different grafting
densities and relatively low molecular weights were studied, and
mono- and polydisperse brushes were considered. We find the
development of complementary morphologies for both species
depending on the temperature relative to the TLCST and the
number of PEO chains in the brush. In particular, increasing the
fraction of PEO chains strongly modifies swelling of the brush in
the temperature range below and around the TLCST. In addition
to this effect, polydispersity increases the height of the brush
above the TLCST with a magnitude that increases with the fraction
of PEO.
In the last part of this study, the response of the mixed brushes

to a local constraint acting on one of the species was investigated.
The choice of the constraint was intended to mimic the presence
of a biomacromolecule that preferentially interacts with the
functionalized ends of the brush molecules. First, various
numbers of PNIPAM chain ends were pulled out of the brush
as the temperature increased toward the TLCST. We found that
the cost of deforming a single PNIPAM molecule was always
higher than for larger domains with a strength that increased with
the fraction of PEO. Furthermore, the cost of deformation at low
grafting density was always found to be higher than at high
grafting density. Second, PEO chains were used to support the
constraint while the temperature was decreased from above to
below the TLCST. We find that neighboring PEO molecules
collapse around the polymers that carry the constraints, leading
to surrounding molecules being elevated. The cost of
deformation was also found to increase with the fraction of PEO.
Our findings provide a basis for further simulations by

elucidating general mechanisms that control the morphology of
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thermoresponsive multicomponent polymer brushes. The
simulation model and strategy are well suited to capture relevant
parameters, and more importantly, the same form of density
functional of nonbonded interactions has been shown to devise a
solvent-free model for lipid membranes,31,62,63 allowing us to
study mixed polymer brushes in contact with a lipid membrane
within a unified framework. The last part of this study is intended
to elucidate fundamentals for such systems. Finally, the versatility
of the model allows for consideration of more complex and
realistic mixing of the polymer species. In particular, given the
Flory−Huggins effective interactions,64 mixed pH and thermor-
esponsive brushes could be envisaged65 with or without
functional chain ends.59
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