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Abstract. We performed a molecular theory to study the switching mechanism of
mixed brushes. For mixed brushes, because of the different solvent selectivity, one
species forms the poor solvent layers, whereas another species creates the upper, good
solvent layer. The structural properties of the mixed brushes were analyzed in detail
for various solvent responds. The thermodynamic properties of the mixed brushes,
such as the lateral pressure-area isotherms and chemical potentials, are studied as a
function of surface coverage. The possibility of perpendicular segregation in mixed
brushes is explained. The presented results allow us to quantify the responsive fea-
tures of mixed brushes and provide guidance for the design of multicomponent brushes
for specific applications.
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1 Introduction

Mixed brushes, in which two chemically distinct polymers are randomly or alternately
immobilized by one end via a covalent bond on a solid surface with high grafting densi-
ties, represent a new class of surface-responsive materials. These materials were demon-
strated to be highly promising applications for the protein adsorption [1], drug delivery,
nanotemplating [2], and design of stimuli-responsive systems [3]. Therefore, the proper-
ties of mixed brushes have been intensively investigated theoretically [4-8], simulatively
[9-16], and experimentally [17-25].
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The mixed brushes were of great research interest, mainly because the presence of
the switching properties between hydrophobic and hydrophilic wetting behavior caused
by a change in their environment. The switching properties of the mixed brushes are
substantially dependent on grafting density, molecular weight, their interaction with the
solvent and compatibility of two distinct grafted polymers. By altering the grafting den-
sity and molecular weightsthe lateral phase separation of mixed brushes has been defini-
tively demonstrated by theory [4] and simulation [9,10]. Zhao and He [18] observed
that the mixed PMMA/PS brush thickness increased with the molecular weight of ”free”
polymers collected from the solutions in nearly linear fashions. Wang and Muller [11]
investigated the microphase separation of mixed brushes exposed to different solvents
using Mean-Field simulations. Brown et al. [12] gave the results of Monte Carlo study
of a grafted-polymer brush composed of two types of chains under near-melt conditions.
They observed the formation of a strongly segregated structure. Merlitz et al. [13] carried
out simulations using LAMMPS molecular dynamics. The switching process was ana-
lyzed in detail for various solvent selectivities, chain lengths, and grafting densities. Zhu
and Zhao [19] investigated the phase morphologies of environmentally responsive mixed
PtBA/PS and mixed PAA/PS brushes on silica particles after treatments with nonselec-
tive good solvents and selective solvents by TEM. The results confirmed the theoretical
predictions of the formation of ”rippled” nanostructures and surface-tethered micellar
structures of mixed brushes induced by nonselective good solvents and selective sol-
vents, respectively.

Although the switching mechanisms of mixed brushes were intensively studied by
theory and simulation, few theoretical investigations were directed in studying the ef-
fect of interaction between polymers and solvent in mixed brushes. The thermodynamic
properties of mixed brushes were also rarely investigated. In this paper, we present a
molecular theory [26-28] to study the effect of interaction between grafted polymers and
solvent in mixed brushes. The theory has been used previously to study the thermody-
namics and structural properties of tethered polymers [26, 27] and has been shown to be
in quantitative agreement with simulations and experimental observations [26, 28]. We
give a molecular theory that considers the size, shape, and conformation of every molec-
ular type, which is different from the self-consistent field theory. The self-consistent-field
theory is employed along with a Gaussian chain model for bonding constraints and a
random mixing approximation for nonbonded interactions. The chain model we employ
to generate the chain conformations is a three-state RIS model [29]. In this model, each
bond has three different isoenergetic states. The conformations are generated by a simple
sampling method and all are self-avoiding. In this work, our aim is to explore the switch-
ing properties, thermodynamic properties and explain the mechanism of perpendicular
segregation upon exposure to different selective solvents in mixed brushes.

The paper is organized as follows. First, we describe the molecular theory. Then, we
present relevant results, concentrating on the effect of interaction between grafted poly-
mers and selective solvents. In the last section, we draw conclusions on the switching of
mixed brushes, depending on solvent quality.
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2 Molecular theoretical approach

In order to create a mixed brushes system, two species were homogeneously grafted onto
the substrate surface which defined the x−y plane at z=0. The two polymer species con-
sisted of monomers which shall be denoted as A type and B type respectively. We write
the free energy of the mixed brushes system containing equal amounts of species A and
B chains exposed to solvent, which explicitly includes the size, shape, and conformation
of every molecular. We assume the two components have identical chain length NP and
segment volume νP. They are tethered onto the substrate surface and only allowed in
the z ≥ 0 half-space. The number of tethered chains per unit area is σA = σB = NP/Ar.
The number of solvent molecules is NS, each with a volume of νS. We assume that the
only inhomogeneous direction is the z direction. The free energy per unit area of mixed
brushes in solution is given by

βF

Ar
= ∑

i=A,B

(

−
SPi

kB Ar
+

βFint,r

Ar
+
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Ar

)

−
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+
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The first term in Eq. (1) denotes the conformational entropy of polymer chains, which
can be given by

−
SPi

kB Ar
=σi∑

α

Pi(α)lnPi(α) (2)

P−i(α)(i= A,B) is the probability distribution function (PDF) of finding a chain in con-
formation α. The polymer volume fraction profile is given by

<φPi(z)>dz=σi ∑
α

Pi(α)νP(z;α)dz (3)

where vP(z;α) denotes the volume that a polymer chain in conformation α contributes in
the layer between z and z+dz.

The second term in Eq. (1) describes the effective intermolecular interaction between
the polymer segments and the solvent molecules, which can be given by

βFint,i

Ar
=

χi

νS

∫

<φPi(z)>φS(z)dz (4)

where χi(i=A,B) is the Flory interaction parameter measuring the strength of the solvent-
polymer effective repulsions. Different effects of interaction between grafted polymers
and selective solvents are indicated as a function of the key parameters χi [29, 30]. The
φS(z) is the position-dependent volume fractions of the solvent. The volume fraction of
solvent is given by φS(z) = ρS(z)νS , where ρS(z) corresponds to the number density of
solvent molecules at z.

The third term in the free energy, Eq. (1), describes the interaction between the surface
and polymer segments and can be given by

βUsur,j

Ar
=σiβε i ∑

α

Pi(α)ni(α;0) (5)
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where ni(α;0)(i= A,B) denotes the number of polymer segments within distance δ from
the surface and ε i is the depth of the square well potential. In this paper, we set βε i=0.01.

The fourth term in Eq. (1) is the z-dependent translational entropy of the solvent
molecules, which is given by

−
SS

kB Ar
=

∫

ρS(z)[lnρS(z)νS−1]dz (6)

The last term in the total free-energy expression, Eq.(1), represents the repulsive in-
teractions of the system and can be given by

βUrep

Ar
=β

∫

π(z)[<φPA(z)>+<φPB(z)>+φS(z)−1]dz (7)

where π(z) represents the position-dependent repulsive interaction field. They are re-
lated to the local osmotic pressure necessary in order to fulfill the thermodynamic condi-
tion of constant solvent chemical potential at all distances from the surface [25]. This field
is determined by packing constraints associated with the excluded volume interactions
which are position-dependent and have the form

<φPA(z)>+<φPB(z)>+φS(z)−1=0 (8)

Minimization of the free energy with respect to Pi(α)(i=A,B) yields

Pi(α)
1

qi
exp[−β

∫

π(z)ni(α;z)νPdz−
χi

νS

∫

φS(z)ni(α;z)νPdz] (9)

Here, qi is a normalization constant ensuring that ΣαPi(α)=1. Here, ni(α;z) corresponds
to the number of polymer segments that a polymer chain in conformation α has at posi-
tion z. The solvent volume fraction is given by

φS(z)=exp[−βπ(z)νS−
χA

νS
MφPA(z)>−

χB

νS
<φPB(z)>] (10)

Substituting the expression for the PDF, Eq. (9), the solvent volume fraction, Eq. (10),
into Eq. (1) gives the minimal free energy

βFmin

Ar
=−σA lnqA+σA lnσA−

χA

νS

∫

<φPA(z)>φS(z)dz−
∫

ρS(z)dz

−σB lnqB+σB lnσB−
χB

νS

∫

<φPB(z)>φS(z)dz−β
∫

π(z)dz (11)

The lateral pressure can be directly measured experimentally using a Langmuir trough
[27] and is given by Π=−∂F/∂Ar .
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Using Eq. (11), the lateral pressure becomes

β∏=σA+σB+
χA

νS

∫

<φPA(z)>φS(z)dz+
χB

νS

∫

<φPB(z)>φS(z)dz

+
∫

ρS(z)dz+β
∫

π(z)dz (12)

The chemical potential, µi =−(∂F/∂NPi)T,Ar
(i=A,B), is given by

βµi =−lnqi+lnσi+
2χi

σiνS

∫

<φPi(z)>φS(z)dz−
χi−1

σiνS

∫

<φPi(z)>dz (13)

The unknowns in the above equations are the position dependent repulsive fields. These
quantities are determined by substituting Eq. (3), Eq. (9) and Eq. (10) into the packing
constraints, Eq. (8). Details numerical methodology can be found in Refs. [26-28].

3 Results and discussion

We present some representative results for the solvents responsive properties of mixed
brushes.

First, we study the distributions of mixed brushes polymer segments at different
strength of interaction between grafted polymers and selective solvents.
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Figure 1: The average volume fraction of the grafted chains as a function of the distance from the surface for

mixed brushes composed with polymer species A and B. The surface coverage is σi =0.1mn2.

Fig. 1 shows the volume distribution of the mixed brushes composed with A and B.
We assumed that B stands for the solvent species in a good solvent and the A species was
exposed to a poor solvent. The volume distribution of the mixed brushes is determined
by the total amount of species A and species B chains. Because of the different solvent se-
lectivity, here, the A species forms the poor solvent layers, whereas the B species creates
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the upper, good solvent layer and is presented at the top of the brush. In this case, the
perpendicular segregation, induced by solvent, in mixed brushes will be presented. This
segregation can be rationalized as follows: The gain in B chain entropy upon moving out
of inner layer region is much larger than that the loss of conformational entropy of the A
chain collapse. It allows to regulate the repulsive excluded volume interactions and loss
of conformational entropy through perpendicular segregation of the A and B chains. This
conforms to the earlier theoretical studies [4] and simulations [31] that have already pre-
dicted various morphologies of similar domains in the situation of nonselective solvents,
which have been qualitatively verified in experiment [32].

Many properties of brushes can be referred not only to the density profile but also
to brush height. In monodisperse chains system, we define the height of the grafted
layer by H =

∫

< φP(z)> zdz/
∫

< φP(z)> dz, and it measures the amount of stretching
of the grafted polymers. Fig. 2 presents the height as a function of surface coverage
for grafted polymers with a different χi. The significant dependence of its height on the
solvent selectivity is visible. Fig. 2 demonstrates that the height of the grafted polymers
decreases with increasing χi.
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Figure 2: The height of the grafted layer as a function of the surface coverage for mixed brushes composed

with polymer species A and B.

Fig. 2 shows the height of the mixed brushes composed A and B. We define the
averaged height of the mixed brushes grafted layer by HAB = (

∫

< φPS(z)> zdz+
∫

<

φPB(z)> zdz)/
∫

< φPA(z)+φPB(z)> dz. The averaged height of the mixed brushes is
determined by the total amount of A and B chains. It is interesting to note that the height
of mixed brushes presents the maximum height at σ=0.65nm−2. There is the decrease of
height in mixed brushes system when σ>0.65nm−2. This is because, at very high surface
coverage, the micellar structures form in selective solvents, which have been presented
by Zhu and Zhao [19, 24] and can’t appear in monodisperse chains system.

We now turn to the thermodynamical behavior of the polymers layers in different
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Figure 3: The lateral pressure-area isotherms of mixed brushes composed with polymer species A and B.

selective solvents. In particular, we concentrate our attention on the lateral pressure and
the chemical potential of the polymer brush layers. The lateral pressure provides a direct
measure of the lateral interactions within the polymer layer.

Fig. 3 shows the lateral pressure of the mixed brushes. In the presence of the both
polymer A and B, the lateral pressure is determined by the repulsion between the blobs
of A and B and the attractive interaction between species B chains. Since the solvent is
poor for the A component, this lead to chains collapsed and the A segment density is
high near the surface. This collapse results in a reduction in the conformational entropy
of the A chains and also an increase in the segment A and segment B excluded volume
interactions, which contribute significantly to the large and positive lateral pressure. At
the same time, there are the attractive interactions between B segments, which contribute
to negative lateral pressure. As a result, when area α>4.5nm2, the total lateral pressure
(χA=0.55, χB=−0.5, χA=0.52, χB=−0.5) is smaller compared with the lateral pressure
in the monodisperse case at χi=0.52, and it is always larger than that in the monodisperse
case at χi =−0.5. As for as when area α<4.5nm2, the total lateral pressure is larger than
the lateral pressure in the monodisperse case at χi = 0.52, it is because the total surface
coverage of A and B is higher than in the monodisperse case. Therefore there are the large
excluded volume interactions between polymer segments at very high surface coverage.

Fig. 4 presents the chemical potential of the grafted polymers as a function of the
surface coverage for grafted polymer layers. The chemical potential increases monotoni-
cally. Because the system is incompressible, the chemical potential is an exchange chemi-
cal potential, that the exchange chemical potential measures the change in the free energy
when the number of polymer molecule increases. The exchange potential measures the
work required to replace solvent molecules by polymer molecules. The insertion of poly-
mer molecules requires removing solvent molecules. Thus, when inserting polymers, the
free-energy cost needs to be overcome. In mixed brushes, on one hand, the insertion of
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Figure 4: The chemical potential of the grafted layer as a function of the surface coverage for mixed brushes

composed with polymer species A and B.

polymer molecules with high χi the more free-energy cost needs to be overcome. On the
other hand, polymer molecules with high χi collapsed in poor solvents, which require
removing less solvent molecules. So the chemical potential profile of polymer A and B in
Fig. 4 present intersection.

4 Conclusions

We presented a molecular theory that enables the study of the effect of interaction be-
tween grafted polymers and solvent. In particular, we explore the switching mechanism
upon exposure to different selective solvents in mixed brushes. The theory considers
interaction between grafted polymers and solvent and its explicit coupling to the poly-
mer conformations, that is, the polymer volume fraction. The results presented here can
explain the switching mechanism of mixed brushes upon exposure to different selective
solvents. To the investigations of the lateral pressure and the chemical potential give a
further explain to the effect of selective solvents. The results can help to give a fundamen-
tal understanding of how solvent environments influence the molecular organization of
grafted polymers chains.

It is important to mention at this point that the switching properties of the mixed
brushes are also substantially dependent on temperature, concentration of ions and com-
patibility of two distinct grafted polymers. These properties of mixed brushes were com-
prehensively investigated [33-37]. In this paper, we concentrate on the effect of interac-
tion between grafted polymers and solvent. The results also provide useful insights re-
garding the factors that need to be considered in designing materials, which respond to
variable environments by changing their surface properties or for fine-tuning of wetting
properties and provide guidance for the design of multicomponent brushes for specific
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applications.

Acknowledgments. We thank Dr. Chun-Lai Ren for his insightful discussion. This work
was supported by the National Natural Science Foundation of China (Nos. 21264016 and
21364016) and General Foundation of Yi Li Normal University through (No. 2013YSYB17).

References

[1] I. Szleifer, Biophys. J. 72(1997) 595.
[2] N. Ayres, Polym. Chem. 1 (2010) 769.
[3] B. Zhao and W. J. Brittain, Prog. Polym. Sci. 25 (2000) 677.
[4] S. Minko, M. Muller, D. Usov, et al., Phys. Rev.Lett. 88 (2002) 035502.
[5] E. Zhulina and A. C. Balazs, Macromolecules 29 (1996) 2667.
[6] A. Dong, J. F. Marko, and T. A. Witten, Macromolecules 27 (1994) 6428.
[7] M. W. Matsen and M. Schick, Phys. Rev. Lett. 72 (1994) 2660.
[8] J. F. Marko and T. A. Witten, Phys. Rev. Lett. 66 (1991) 1541.
[9] P. Y. Lai, J. Chem. Phys. 100 (1994) 3351.

[10] R. C. Van Lehn and A. Alexander-Katz , J. Chem. Phys. 135 (2011) 141106.
[11] J. F. Wang and M. Muller, J. Phys. Chem. B 113 (2009) 11384.
[12] G. Brown, A. Chakrabarti, and J. F. Marko, Europhys. Lett. 25 (1994) 239.
[13] H. Merlitz, G. L. He, J. U. Sommer, et al., Macromolecules 42 (2009) 445.
[14] K. G. Soga, M. J .Zuckermann, and H. Guo, Macromolecules 29 (1996) 1998.
[15] A. D. Price, S. M. Hur, G. H. Fredrickson, et al., Macromolecules 45 (2012) 510.
[16] Y. L. Xu, X. Q. Chen, X. Han, et al., Langmuir, 29 (2013) 4988.
[17] L. Ionov and S. Minko, ACS Applied Materials & Interfaces 4 (2012) 483.
[18] B. Zhao and T. He, Macromolecules 36 (2003) 8599.
[19] L. Zhu and B. Zhao, J. Phys. Chem. B 112 (2008) 11529.
[20] M. A. Stuart , W. T. Huck , J. Genzer, et al., Nature Mater. 9 (2010) 101.
[21] E. R. Zubarev, J. Xu, A. Sayyad, et al., J. Am. Chem. Soc. 128 (2006) 15098.
[22] Y. Guo and M. G. Moffitt, Macromolecules 40 (2007) 5868.
[23] D. Usov, V. Gruzdev, M. Nitschke, et al., Macromolecules 40 (2007) 8774.
[24] B. Zhao and L. Zhu, Macromolecules 42 (2009) 9369.
[25] I. Luzinov, S. Minko, and V. V. Tsukruk, Prog. Polym. Sci. 29 (2004) 635.
[26] I.Szleifer and M. A. Carignano, Macromol. Rapid Commun. 21 (2000) 423.
[27] C. L. Ren, R. J. Nap, and I. Szleifer, J. Phys. Chem. B 112(2008) 16238.
[28] C. L. Ren, D. Carvajal, K. R. Shull, and I. Szleifer, Langmuir 25 (2009) 12283.
[29] P. J. Flory, Statistical Mechanics of Chain Molecules (Hanser Publishers, Munich, Germany,

1989).
[30] P. G. De Gennes, Scaling Concepts in Polymer Physics (Cornell University Press, London,

1979).
[31] O. A. Guskova and C. Seidel, Macromolecules 44 (2011) 671.
[32] M. Lemieux, D. Usov, S. Minko, et al., Macromolecules 36 (2003) 7244.
[33] K. Gong and W. G. Chapman, J. Chem. Phys. 135 (2011) 214901.
[34] P. Y. Lai and K. Binder, J. Chem. Phys. 97 (1992) 586.
[35] M. Muller, Phys. Rev. E 65 (2002) 030802.
[36] L. Zhu, R. S. Hafner, and T. P. Lodge, Macromolecules 43 (2010) 8209.
[37] S. Santer, A. Kopyshev, H. K. Yang, et al., Macromolecules 39 (2006) 3056.


