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Abstract

This article reviews recent literature on polymer brushes with an emphasis on linear polymer brushes attached to
solid substrate surfaces. The following topics are included: (i) theoretical and experimental studies of homopo-
lymer brush structure; (ii) theoretical investigations of diblock copolymer brushes; (iii) preparation of homopo-
lymer brushes by physisorption, “grafting to” and “grafting from” methods; (iv) synthesis of diblock copolymer
brushes; and (v) fabrication of patterned polymer brushes.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction to polymer brushes

Polymer brushes refer to an assembly of polymer chains which are tethered by one end to a surface or
an interface [1–3]. Tethering is sufficiently dense that the polymer chains are crowded and forced to
stretch away from the surface or interface to avoid overlapping, sometimes much farther than the typical
unstretched size of a chain. These stretched configurations are found under equilibrium conditions;
neither a confining geometry or an external field is required. This situation, in which polymer chains
stretch along the direction normal to the grafting surface, is quite different from the typical behavior of
flexible polymer chains in solution where chains adopt a random-walk configuration. A series of
discoveries show that the deformation of densely tethered chains affects many aspects of their behavior
and results in many novel properties of polymer brushes [2].

Polymer brushes are a central model for many practical polymer systems such as polymer micelles;
block copolymers at fluid–fluid interfaces (e.g. microemulsions and vesicles), grafted polymers on a
solid surface, adsorbed diblock copolymers and graft copolymers at fluid–fluid interfaces. All of these
systems, illustrated in Fig. 1, have a common feature: the polymer chains exhibit deformed configura-
tions. Solvent can be either present or absent in polymer brushes. In the presence of a good solvent, the
polymer chains try to avoid contact with each other to maximize contact with solvent molecules. With
solvent absent (melt conditions) polymer chains must stretch away from the interface to avoid overfilling
incompressible space.

The interface to which polymer chains are tethered in the polymer brushes may be a solid substrate
surface or an interface between two liquids, between a liquid and air, or between melts or solutions of
homopolymers. Tethering of polymer chains on the surface or interface can be reversible or irreversible.
For solid surfaces, the polymer chains can be chemically bonded to the substrate or may be just adsorbed
onto the surface. Physisorption on a solid surface is usually achieved by block copolymers with one
block interacting strongly with the substrate and another block interacting weakly. For interfaces
between fluids, the attachment may be achieved by similar adsorption mechanisms in which one part
of the chain prefers one medium and the rest of the chain prefers the other.

Polymer brushes (or tethered polymers) attracted attention in 1950s when it was found that grafting
polymer molecules to colloidal particles was a very effective way to prevent flocculation [4–9]. In other
words, one can attach polymer chains which prefer the suspension solvent to the colloidal particle
surface; the brushes of two approaching particles resist overlapping and colloidal stabilization is
achieved. The repulsive force between brushes arises ultimately from the high osmotic pressure inside
the brushes. Subsequently it was found that polymer brushes can be useful in other applications such as
new adhesive materials [10,11], protein-resistant biosurfaces [12], chromotographic devices [13], lubri-
cants [14], polymer surfactants [1] and polymer compatibilizers [1]. Tethered polymers which possess
low critical solution temperature (LCST) properties exhibit different wetting properties above and below
LCST temperature [15]. A very promising field that has been extensively investigated is using polymer
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brushes as chemical gates. Ito et al. [16–18]. have reported pH sensitive, photosensitive, oxidoreduction
sensitive polymer brushes covalently tethered on porous membranes, which are used to regulate the
liquid flowing rate through porous membranes. Suter and coworkers [19,20] have prepared polystyrene
brushes on high surface area mica for the fabrication of organic–inorganic hybrids. Cation-bearing
peroxide free-radical initiators were attached to mica surfaces via ion exchange and used to polymerize
styrene. This process is important in the field of nanocomposites. Patterned thin organic films could be
useful in microelectrics [21], cell growth control [22,23], biomimetic material fabrication [24], micro-
reaction vessel and drug delivery [25].

This review will be restricted to linear polymer brushes on solid substrate surfaces. In terms of
polymer chemical compositions, polymer brushes tethered on a solid substrate surface can be divided
into homopolymer brushes, mixed homopolymer brushes, random copolymer brushes and block copo-
lymer brushes. Homopolymer brushes refer to an assembly of tethered polymer chains consisting of one
type of repeat unit. Mixed homopolymer brushes are composed of two or more types of homopolymer
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chains [26]. Random copolymer brushes refer to an assembly of tethered polymer chains consist-
ing of two different repeat units which are randomly distributed along the polymer chain [27].
Block copolymer brushes refer to an assembly of tethered polymer chains consisting of two or
more homopolymer chains covalently connected to each other at one end [28]. Homopolymer
brushes can be further divided into neutral polymer brushes and charged polymer brushes. They
may also be classified in terms of rigidity of the polymer chain and would include flexible
polymer brushes, semiflexible polymer brushes and liquid crystalline polymer brushes. These
different polymer brushes are illustrated in Fig. 2.

The study of polymer brushes extends into many fields, including physics, chemistry, material science
and engineering. During the last two decades many scientists have investigated the behavior of the
tethered layers using experimental and theoretical methodologies. This review is organized as follows.
Theoretical and experimental studies of homopolymer brushes will be briefly discussed in Section 2.
Theoretical consideration of the behavior of the tethered diblock copolymer brushes will be summarized
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Fig. 2. Classification of linear polymer brushes, (a1–a4) homopolymer brushes; (b) mixed homopolymer brush; (c) random
copolymer brush; (d) block copolymer brush.



in Section 3. Preparation of homopolymer brushes by physisorption, “grafting to” and “grafting from”
approaches will be reviewed in Section 4. Synthesis of tethered diblock copolymer brushes and patterned
polymer brushes will be discussed in Sections 5 and 6.

2. Theoretical and experimental studies of homopolymer brushes

2.1. Theoretical studies of flexible homopolymer brushes

Alexander [29] was one of the first scientists who noted the distinctive properties of polymer brushes
through theoretical analysis concerning the end-adsorption of terminally functionalized polymers on a
flat surface. Further elaboration by de Gennes [30,31] and by Cantor [32] stressed the utility of tethered
chains to the description of self-assembled block copolymers. The internal structure of polymer brushes
was illustrated by numerical and analytical self-consistent field (SCF) calculations, and by computer
simulations.

The configurational space of the polymer chains is limited by the presence of an interface in polymer
brushes. The deformation of densely tethered polymer chains reflects a balance between interaction and
elastic free energies. Dense tethering of polymer chains on an interface enforces a strong overlap among
the undeformed coils, increases the monomer–monomer unit contacts and the corresponding interaction
energy. The polymer chains are forced to stretch away along the direction normal to the grafting sites,
thereby lowering the monomer concentration in the layer and increasing the layer thickness,L. Stretch-
ing lowers the interaction energy per chain,Fint, at the price of a high elastic free energy,Fel. The
interplay of these two terms determines the equilibrium thickness of the layer.

It is easy to use the Alexander model to make this argument clearer [2,29]. The Alexander model
considers a flat, nonadsorbing surface to which monodisperse polymer chains are tethered. The polymer
chains consist ofN statistical segments of diametera, the average distance between the tethering point is
d, which is much smaller than the radius of gyration of a free, undeformed chain. The free energy per
chain includes two terms:

F � Fint 1 Fel �2:1�
Fint refers to the interaction energy between two statistical segments andFel refers to the elastic free
energy. Two assumptions are made to enable simple expressions for these two terms. The first one is that
the depth profile of statistical segments is step-like. The concentration of statistical segments is a
constant within brushes,w � Na3

=d2L: The second is that all free ends of tethered polymer chains are
located in the single plane at a distanceL from the tethering surface.

The “Flory approximation” [33] is used to obtain an explicit expression for free energy. This argument
estimates the reduction in configurational entropy from results for an ideal random walk chain
constrained to travel a distanceL from the grafting surface to the outer edge of the polymer brush.
The corresponding free energy per chain can be expressed in the following equation:

F=kT < nw2d2L=a3 1 L2
=R2

0 �2:2�
wherev is a dimensionless excluded volume parameter andR0 is the radius of an unperturbed, ideal coil.
The first term represents the interaction energy between statistical segments and the second represents
the elasticity of Gaussian chains. A “scaling argument” approach gives a similar result. The equilibrium
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thickness is obtained by minimization ofF with respect toL and is shown in the following equation:

L=a < N�a=d�2=3 �2:3�
The most important and distinctive characteristic of polymer brushes expressed in Eq. (2.3) is that the

equilibrium thickness varies linearly with the degree of polymerization. This is in contrast with free
polymer chains in a good solvent, in which the dimension of polymer chain varies withN in a relation-
ship ofR , N3=5 [33]. This is also very different from the behavior of the free polymer chains in a theta
solvent where polymer chains possess an unperturbed configuration,R0 , N1=2

: In conclusion, theore-
tical considerations demonstrate that the densely tethered polymer chains are deformed. The relationship
between the equilibrium thickness and degree of polymerization of polymer chains is linear. This is the
origin of the novel behavior of tethered polymer brushes.

The idea of the balance of interaction energy and elastic free energy, the essential features in the
Alexander model, can be applied to other situations involving polymer brushes in a theta solvent or a
poor solvent [34]. In a theta solvent, the interaction between statistical segments disappears. The free
energy per chain is expressed in the following equation:

F=kT � ww3d2L=a3 1 L2
=Na2 �2:4�

wherew is a dimensionless third virial coefficient. The relationship between the equilibrium thickness
andN can be obtained by minimization of free energy with respect toL.

L=a < N�a=d� �2:5�
It is interesting to see that the linearity ofL with N is maintained in theta solvents and poor solvents.

Compared to Eq. (2.3), the chains have shrunk by a factor of (a/d)1/3, but polymer chains are still
distorted at the theta point. This is remarkably different from the behavior of free polymer chains in
theta solvents, where the relationship between chain dimension andN is R0 , N1=2

:

For a brush without solvent (melt brush), the relationship between the thickness of polymer brushes
and degree of polymerization can be obtained by a similar approach. It was found that the relationship
can be described in the following equation:

L , N2=3 �2:6�
As indicated in Eq. (2.6), the tethered polymer chains in the melt state are deformed compared with the
behavior of free polymer chains in melt state, where the relationship isR0 , N1=2

:

In conclusion, no matter whether in the presence of a good solvent, a theta solvent, a poor solvent, or
in the absence of solvent (melt conditions), the polymer chains in tethered polymer brushes exhibit
deformed configurations. The degree of deformation of polymer chains depends on the environmental
conditions to which tethered polymer chains are exposed. Deformed configurations are found under
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Table 1
The relationship between the dimensions of polymer chains andN under various conditions

Tethered polymer chain Free polymer chain

Good solvent L=a < N�a=d�2=3 Rg , N3=5

Theta solvent L=a < N�a=d� Rg , N1=2

Bulk state L , N2=3 Rg , N1=2



equilibrium conditions. The relationship between the number of statistical segmentsN and the dimen-
sion of tethered and free polymer chains (L andRg, respectively) under various conditions is summarized
in the Table 1 for comparison.

The Alexander approach is a simple free energy balance argument. It does not attempt to examine the
details of the conformations of polymer chains or the density profile of chain units at a distance from the
grafting surface. This simple model can be used to describe the hydrodynamic properties of polymer
brushes and other properties, which depend on perturbing the balance between chain stretching and
chain–chain repulsion. Such properties are the hydrodynamic thickness, permeability of a brush and the
force per area required to compress a brush (either vertically or laterally). The lubrication forces that
arise when two brushes are brought into near contact are related to the hydrodynamic properties.

However the following questions on brush structures are not well represented by the Alexander
model. These questions include: the shape of the chain unit density, the location of the free ends of
polymer chains, how the polymer chains segregate or mix in a mixed polymer brush of either different
chain lengths or different chemical compositions and how the polymer chains interpenetrate each other.
Considerable theoretical work beyond the simple Alexander model has been devoted to understanding
the detailed structure of polymer brushes. Relatively simple theoretical results have been obtained for a
wide variety of brush properties and situations under the conditions of strong stretching. A simple
hypothesis about free chain ends from the interface is made: the free chain ends may be located at
any distance from the interface [1,35–38]. This is different from the Alexander model in which all chain
free ends are located at the same distance from the interface. The results show that the potential of a
chain is a parabola. All of the properties of the more detailed “parabolic” brush description are consistent
with the scaling analysis of the Alexander model argument.

2.2. Experimental studies of flexible homopolymer brushes

Experimental research has been carried out to elucidate polymer brush structures and explore their
novel properties. However it is not easy to design a very good polymer brush system and experimental
method to check the theoretical predictions. For end-adsorbed polymer brushes, optical probes such as
evanescent waves [39], ellipsometry [40], infrared spectroscopy [41] and multiple-reflection interfero-
metry [42,43] have given information equivalent to the total amount of polymer adsorbed. Many
scattering experiments have been performed to investigate the structure of end-grafted polymer systems.
The variation of chain unit density as a function of the distance from the tethering interface and how
structure properties change with the quality of the solvent were studied. Cosgrove et al. [44,45]
performed neutron scattering experiments on short (average molecular weightMn < 5000 g=mol�
poly(ethylene oxide) chains end-grafted to 100mm latex spheres in suspension. Neutron scattering has
ample spatial resolution to observe features of the density profile. The results compared favorably to
numerical calculations. Parsonage and coworkers [46] studied the adsorption of the diblock copolymer
polystyrene-b-poly(4-vinylpyridine) (PS-b-PVP) from toluene solution onto mica and used radiolabel-
ing techniques to measure the coverage for various PS-b-PVP copolymers on mica. With fixed PVP
chain lengths, they found roughly constant coverage over a range of PS chain lengths and found brush
heights scaling asN. This was consistent with predictions from the Alexander model (Flory argument).
Patel et al. [47] studied a series of adsorbed block copolymers where a block strongly interacts with the
surface and the other block adsorbs weakly. They determined the layer thickness from the range of the
onset of detectable repulsive force exerted between the layers. The experimental results showed that for
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a series of copolymers of nearly constantd and variableN of the weakly adsorbed block, linearity ofL
with N was observed.

The work of Auroy et al. [48] gave strong support of linearity of polymer brush height with respect to
the degree of polymerization of tethered polymer chains. To prepare a large amount of brush as a
scattering target, they chemically end-grafted polydimethylsiloxane (PDMS) chains on porous silica
particles and performed neutron scattering. Information about the total amount of adsorbed polymer and
brush height was extracted from the raw data. Their results in CH2Cl2, a good solvent for PDMS, are
illustrated in Fig. 3. It showed not only the linearity of the layer thickness vs. molecular weight over
more than a 30-fold variation inN, but also a good agreement with the predicted inverse 2/3 power
dependence ond. Molecular dynamics simulation work of Murat and Grest [49–51] also supported the
results of the Flory argument. It is expected that more experimental data will be reported with the results
of newly developed experimental methods.

2.3. Theoretical studies of semiflexible polymer brushes, liquid crystalline polymer brushes, charged
polymer brushes and binary polymer brushes

Semiflexible polymer brushes [52], liquid crystalline polymer brushes [53–60], charged polymer
brushes [61–66] and binary polymer brushes [26] have also been studied from a theoretical point of
view. For semiflexible polymer brushes on a flat substrate, polymer backbone structures are more
persistent and the segment–segment interactions would have directional components. These persistent
polymer backbones can be found in many synthetic polymers and biological macromolecules like DNA
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and RNA. The situation is different from that of flexible polymer brushes, where segmental interactions
are considered to be directionally isotropic. The coupling between the angular and concentration distri-
butions of the segments of a semiflexible polymer brush would yield many interesting features unique to
persistent chains. An interesting question in a long semiflexible polymer brush is the possibility of
forming a liquid-crystalline polymer brush. For spatially homogeneous worm-like chains in a good
solvent, it is known that orientational interactions are responsible for inducing an isotropic–nematic
phase transition [59].

The phase diagram for semiflexible polymer brushes in terms of the reduced isotropic interaction
parameterws /a vs. the reduced anisotropic interaction parameterus /a is presented in Fig. 4 [52]. Here
s is the surface grafting density,a is the bond length,u represents the coefficient of an anisotropic
interaction andw is a segmental excluded volume. The solid curve describes first-order transitions
between different regimes, while the dashed curve represents a smooth crossover between the isotropi-
cally collapsed and stretched states. The phase diagram shown in Fig. 4 consists of four regimes: (i)
strongly stretched brushes with the orientation order parameterS. 0 and the brush heightL . Na=3;
whereN is the number of segments; (ii) weakly stretched brushes withS� 0 andL , �ws=a�1=3 p Na=3;
wherew is the segmental excluded volume; (iii) isotropically collapsed brushes withS< 0 andL ,
�sv=uwu�N p Na; wherew andv are the second and third virial coefficients of the segmental interactions;
and (iv) nematically collapsed brushes withS. 0 andL , �sv=uwu�N p Na: The first-order isotropic–
nematic phase transitions between isotropically and nematically collapsed brushes, and between
stretched and nematically brushes have been predicted by a scaling theory.

The phase transition behavior of liquid crystalline polymer brushes has been investigated [53–58].
Pickett and Witten [57] studied the thermal transition in liquid crystalline polymer brushes in the
absence of solvent. Using the simple Alexander model, Mercurieva et al. [58] investigated a swollen
brush with thermotropic mesogenic groups in polymer chains. The liquid crystalline polymer brushes
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exhibit a discontinuous phase transition, which is similar (or even identical) to the transition in a polymer
solution, or alternatively a continuous transition depending on the grafting density of the brush. Amos-
kov et al. [53,55] reported a theoretical study of liquid crystalline ordering in planar polymer brushes
formed by macromolecules with mesogenic groups in the main chains and immersed in a solvent. Using
numerical calculations with a SCF approximation, they found the existence of a microphase-segregated
brush regime with a collapsed orientationally ordered intrinsic sublayer and a swollen external sublayer.
The transition from a conventional brush state to the microphase-segregated state is continuous at high
grafting density. At small grafting density this transition is a jump-wise first order transition for finite
chain length (N). The magnitudes of the jumps in the average characteristics of the brush tend toward
zero in the limitN! ∞: Amoskov et al. [54] also studied the interaction of liquid crystalline polymer
brushes oriented face to face under compression and subsequent extension. It was shown that contact
between liquid crystalline brushes composed of folds of grafted chains led to interpenetration of brushes
and formation of a combined structure. The brushes appeared to be glued together and remained joined
even if the grafting surfaces were forced apart.

The behavior of charged polymer brushes (polyelectrolyte brushes) is another intriguing research area
[61–66]. This polymer brush system is more complex because of the introduction of electrostatic interac-
tionsbetween thegrafted polymer chains.Scalinganalysisofplanarpolyelectrolyte brushes revealeda much
more complex behavior than that of neutral brushes [61,66]. Pincus’s study [66] showed that a polyelec-
trolyte brush exhibits two different types of behavior depending on the degree of charge on the chain and
grafting density. It can be strongly charged, loosing its mobile counterions, which leads to the scaling
relationship of brush height andNasL , N3 (Pincus regime). Or it conserves the counterions mainly inside
the brush, thus, being practically electroneutral (osmotic regime). If a salt is added into the solution and the
salt concentration in solution is much higher than the concentration of counterions in the brush, then a third
regime (salt brush) is formed. The behavior of a polyelectrolyte in this regime is very similar to that of a
neutral brush, although the electrostatic interaction is dominant. The interactions in the brush can be
described by an effective second virial coefficient incorporating both nonelectrostatic and electrostatic
interactions. Israels et al. [65] described numerical results from an SCF model for the structure and scaling
behavior of charged polymer brushes. Their studies showed that “Pincus regime” is too small to be detected.

Binary polymer brushes have also been extensively studied [26,60,67–70]. Marko et al. [60,66] used
the SCF theory to examine the equilibrium properties of a binary polymer brush composed of immiscible
chains under melt conditions. For two homopolymers with sufficiently high immiscibility, two possible
ordered phases were studied: a “rippled” phase described in terms of a “density wave” in composition
directed along the surface, which was equivalent to lateral microphase separation; and a “layered” phase
rich in one component at the bottom of the brush and rich in the second component at the top of the
brush. Their results showed that the lateral transition was expected to be the one observed. Soga et al.
[26] used a coarse-grained simulation method that involved direct calculation of the Edwards Hamilto-
nian to study the behavior of binary polymer brushes in a solvent. They found that if two components
were sufficiently immiscible, lateral binary microphase separation occurred over a wide range of solvent
conditions. The onset of phase separation was delayed as solvent quality increased. Under poor solvent
conditions they found interesting structural variations as a result of the combination of phase separation
from solvent and phase separation of the two components.

Although extensive theoretical research work has been carried out on semiflexible polymer brushes,
liquid crystalline polymer brushes and binary polymer brushes, few experimental results regarding these
polymer brushes have been reported.
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3. Theoretical studies of tethered copolymer brushes

Extensive theoretical work on the behavior of the copolymer brushes has been reported in the past
several years [25,71–77]. By changing chain architecture, grafting density, whole chain length, relative
chain length, interaction energy between different blocks and interaction energies between blocks and
solvents, a variety of novel well-ordered structures such as “onion”, “garlic”, “dumbbell”, flowerlike and
checkerboard have been predicted using the mean field method, scaling arguments, Monte Carlo simu-
lations and SCF lattice calculations [25,72–75]. The theoretical results indicate that tethered copolymer
brushes on a flat substrate are an excellent candidate for forming patterned polymer films.

Using a mean field method, Dong et al. [71] studied the phase behavior of densely tethered diblock
copolymers in the melt state and observed distinct patterns of phase separation. Unique structures have
also been noted in polymer brushes where attractive functional groups are attached to the free ends of the
chains [78,79]. A “layering effect” was observed; the functional groups were localized in a layer at the
top of the brush. Gersappe et al. [76] used Monte Carlo simulations and numerical SCF lattice
calculations to study the behavior of copolymer brushes. By varying the sequence distribution of
tethered linear AB copolymers, they found that brushes composed of block copolymers showed distinct
lateral inhomogeneities, with large domains of A and B units. The size of these domains appears
diminished in random copolymer brushes. The alternating copolymer brushes do not exhibit distinctive
domains like those in block copolymer brushes. Tethered diblock copolymer brushes are predicted to
form patterns under specific conditions, theoretical considerations will be reviewed in Sections 3.1 and
3.2.

3.1. Pattern formation from tethered Y-shaped copolymer brushes

Zhulina and Balazs [73] used theoretical models to study the pattern formation for a tethered Y-
shaped AB copolymer on a flat surface. The model is described as follows: (i) the stem of the Y is just
one site in size and serves to tether macromolecules to the surface; (ii) one arm of the Y is an A
homopolymer chain, while the other arm is an incompatible B homopolymer; and (iii) both A and B
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are assumed to be flexible and identical in length. The size of each monomer is given bya. The tethering
density of the copolymer chains is (1/s), wheres is the area per polymer chain. The polymer brush is
immersed in a solvent and the solvent is assumed to be nonselective, i.e. it is of the same quality for both
components A and B. The behavior of the chains at both high and low grafting densities was considered.

Due to the interplay between A, B and solvents, the microphase segregation in this system is governed

B. Zhao, W.J. Brittain / Prog. Polym. Sci. 25 (2000) 677–710688

Fig. 6. The plots reveal the effect of increasingNA, while keepingNB fixed at 80. The diblock copolymers are grafted by the
more soluble A component. The other parameters are set atxBS � 2; xAS � 1 andxAB � 0: Y refers to the grafting direction
andfP denotes the polymer density. The plots marked B show the polymer density of the B blocks, while the plots marked A
show the density of the A blocks. Reprinted with permission from Macromolecules 1996;29:6338.q 2000 American Chemical
Society [72].



not onlybyNandx butalso tetheringdensity.Thestudy focusedon thecaseofpoor solvents. In this situation
the polymer chains undergo lateral segregation. Coupling this phase behavior with the incompatibility
between A and B, which is characterized byx , can further drive the chains to form a variety of unique
morphologies. In the case where the grafting density is relatively high, the thickness of the brush is given
by L � Na3

=s: They also assumed that the brush was subdivided into two horizontal sublayers of
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Fig. 7. The plots reveal the effect of increasingNB, while keepingNA fixed at 80. The copolymers are grafted by the more
soluble A component. The other parameters are set atxBS � 2; xAS � 1 andxAB � 0: Y refers to the grafting direction, andfP

denotes the polymer density. The plots marked B show the polymer density of the B blocks, while the plots marked A show the
density of the A blocks. Reprinted with permission from Macromolecules 1996;29:6338.q 2000 American Chemical Society
[72].



thicknessH1 and�H 2 H1� (see Fig. 5). The lower sublayer contains randomly mixed segments of the A
and B chains. The upper layer consists of microsegregated domains of A and B, which form regular,
alternating “stripes”.N 2 n andn are used to denote the average number of units per block localized in
the upper and lower sublayers. The width isD, and thus the periodicity is 2D. In the cases of poor
solvents, solvent quality is taken into account and a new parametert is introduced. This parametert is a
measure of the relative deviation from theQ temperature,t � �Q 2 T�=Q: The results are shown in the
following equations:

n� �N=xt�1=2 �3:1�
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Fig. 8. 3D plots showing the effect of increasingNA while keepingNB fixed at 20 for diblock copolymers grafted by the soluble
A block: (a)NA � 30; and (b)NA � 120: xBS � 2; xAS � 0; xAB � 0: Y refers to the grafting direction andfP is the polymer
density. The plots marked B show the density of B block, while the plots marked while the plots marked A show the density of A
blocks. Reprinted with permission from Macromolecules 1996;29:8254.q 2000 American Chemical Society [74].



H1 � N1=2s21x21=2t23=2 �3:2�

D � aN1=2 �3:3�
These equations indicate that increasingx results in an increase in the thickness of the segregated

sublayer. However,x does not affect the value ofd. At low grafting density, a “sparse” brush forms. The
brush loses its lateral homogeneity and splits into separate coils in good or theta solvents or aggregates
into “pinned micelles” or “octopus” structures in poor solvents. The pinned micelles could be mixed
micelles, internally segregated micelles, or split micelles depending on the interaction parameter
between chains A and B. Higherx results in split micelles and the layer self-assembles into a checker-
board pattern.

3.2. Pattern formation from tethered diblock copolymer brushes

Zhulina et al. [72] continued their studies on forming patterned films by considering the behavior of
tethered linear flexible AB diblock copolymer brushes in a poor solvent. In this study, they mainly
considered the situation wherexAB is close to zero, but the solvent affinities of different blocks are
significantly different. Under these assumptions, the behavior of polymer brushes is determined by
polymer–solvent interactions. Both SCF calculation and scaling arguments were employed to study
the pattern formation from these polymer brushes.

The grafting density is given by 1/s, wheres is the area per chain. The diblock copolymer chains
containNA q 1 andNB q 1 units of sizea. The brush is immersed in a poor solvent for both compo-
nents. The values of the second virial coefficients are negative, which means the contact between like
monomers are attractive. It is assumed that the interactions between both blocks and surface are the same
as that with the solvent. Thus, the system behavior can be described by two parameters,tA � �1 2
xAS�=2 andtB � �1 2 xBS�=2; wherexAS andxBS are the Flory–Huggins parameters for the respective
polymer–solvent interactions. The study focused on relatively sparse grafting density. To obtain a clear
picture, the following parameters were assumed: the grafting density per line alongx is 0.025,xAB � 0;
xAS � 1 andxBS � 2: The results from SCF calculations are shown in Figs. 7 and 8.

For brushes in which polymer chains are tethered by the less soluble block, the copolymer chains
associate into “onion” structures, where the less soluble B’s form the inner core and the more soluble A’s
form the outer layer to shield the B’s from the unfavorable solvent. Even for smallNA, this structure is
favored. AsNA is increased, the polymer density within the shell increases and the B cores are more
effectively shielded from the solvent. Further increasingNA does not change the density but enhances the
lateral and vertical extent of the A coating.

For brushes in which chains are tethered by the more soluble block, each A block contributes to form the
leg of the micelles whose core consists of the less soluble B blocks (see Fig. 6). AsNA is increased the legs
become less stretched, and A blocks form a shield around the core to minimize the unfavorable contacts
between the solvent and B blocks. Further increases inNA make the shielding of A blocks around B blocks
more effective. At the same time, the B block cores are pushed away from the tethering surface. Here the
number of chains in a micellef is more sensitive toNA than the previous case. The changes whenNA is fixed,
while NB is increased are also considered. The calculation results from two-dimensional SCF are shown in
Fig. 7. At smallNB, the core is small and effectively shielded by A blocks in all directions. AsNB

increases, the size of the micelles is increased; further increasingNB decreases the density of A around B
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core. The density of the core initially increases with the length of B; however, onceNB is sufficiently
long, the core density depends only on the value ofxBS and becomes independent ofNB.

Through scaling theory, they determined how the size and shape of the micelle structures vary with
the solvent quality and the properties of the diblocks. A diagram was determined to delineate where
these different structures appear as a function of the relevant parameters. In the case where the
solvent is a theta solvent or good solvent for one block but is a poor solvent for another block, it
is expected that the self-assembly will be affected by the swelling of the solvophilic component, and the
morphology will be different from the previous case [74]. In this case, the surrounding solvent is a theta
solvent or a marginally good solvent for A blocks (i.e.tA � �T 2 QA�=T $ 0) and a poor solvent for B
blocks (i.e.tB � �QB 2 T�=T . 0�: QA andQB are the corresponding theta temperatures for A and B
blocks. The Flory–Huggins interaction parameter between A and B blocks,xAB, is assumed to be zero.

It is easier to visualize the micelle formation by three-dimensional (3D) plots obtained from SCF
calculations. The density profiles provide a picture of local concentration gradients in the system. Fig. 8
displays the graphic output from the SCF calculations. The figure shows the effect of increasingNA while
keepingNB fixed at 20 for diblock copolymer grafted by the soluble A block. When the length of the
soluble A block is small, the layer is laterally homogeneous; the A chains are too short to stretch and
aggregate with each other. AsNA is increased, B blocks form a core; A blocks stretch and form a shell
around the B core to reduce the unfavorable contacts between B and solvents. Further increasingNA
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makes A blocks form a polymer brush. As expected for planar brushes, the micelles formed by B blocks
move away from the grafting surface (Fig. 8b and c).

For the chains tethered by less soluble B blocks, B blocks form a dense micellar core and the soluble A
blocks form a shield around the B cores. The structure resembles a “flower” whose core is formed by B
blocks and the “petals” are formed by the A blocks.

If the grafting is relatively uniform, the micelles self-assembled from the tethered diblock copolymer
brushes will form an ordered array or pattern on the surface. Also the size and spacing of micelles, and
thus the dimension of the pattern can be controlled by tuning various parameters such asNA, NB, xAB,
xAS, xBS and grafting density. These patterned polymer films could be useful in many applications,
including tailoring surface properties for wetting, friction protection, information technology, and
micro- or nano- reactors.

4. Synthesis of polymer brushes

This section describes the preparation of polymer brushes on solid substrate surfaces (impenetrable
interfaces). Generally, there are two ways to fabricate polymer brushes: physisorption and covalent
attachment (see Fig. 9). For polymer physisorption, block copolymers adsorb onto a suitable substrate
with one block interacting strongly with the surface and the other block interacting weakly with the
substrate. Covalent attachment can be accomplished by either “grafting to” or “grafting from”
approaches. In a “grafting to” approach, preformed end-functionalized polymer molecules react with
an appropriate substrate to form polymer brushes. The “grafting from” approach is a more promising
method in the synthesis of polymer brushes with a high grafting density. “Grafting from” can be
accomplished by treating a substrate with plasma or glow-discharge to generate immobilized initiators
followed by polymerization. However “grafting from” well-defined self-assembled monolayers (SAMs)
is more attractive due to a high density of initiators on the surface and a well-defined initiation mechan-
ism. Also progress in polymer synthesis techniques makes it possible to produce polymer chains with
controllable lengths. Polymerization methods that have been used to synthesize polymer brushes include
cationic, anionic, TEMPO-mediated radical, atom transfer radical polymerization (ATRP) and ring-
opening polymerization. In the following section, the emphasis will be put on the synthesis of polymer
brushes from SAMs.

4.1. Preparation of polymer brushes by physisorption

Tethering of polymer chains onto a solid surface could be a reversible process or irreversible process.
Irreversible grafting is accomplished by chemical bonding, this method includes “grafting to” and
“grafting from”. Physisorption is a reversible process and is achieved by the self-assembly of polymeric
surfactants or end-functionalized polymers on a solid surface [80]. The surface grafting density and all
other characteristic dimensions of the structure are controlled by thermodynamic equilibrium, albeit
with possible kinetics [2].

Physisorption of block copolymer or graft copolymer occurs in the presence of selective solvents or
selective surfaces, giving rise to selective solvation and selective adsorption, respectively. The detailed
polymer brush structure depends on the selectivities of these media and the nature of the copolymers, the
architecture of copolymers, the length of each block and the interactions between blocks and surface. In
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the case of selective solvents [46], an ideal solvent is a precipitant for one block which forms an
“anchor” layer on the surface and a good solvent for other block which forms polymer brushes in the
solution. In the case of a selective surface [81,82], one block is preferentially adsorbed on the surface and
another one forms a polymer brush. Many papers have been published in the field of physisorption of
block copolymers; various techniques have been employed to probe the brush structures. We have
selected some representative examples to illustrate this method.

Parsonage et al. [46] studied a series of polymer brushes prepared by adsorption of 18 PS-b-PVP block
copolymers of various molecular weights. Toluene is a selective solvent for PS-b-PVP; PVP blocks
formed an anchor layer on the surface while PS blocks formed a brush. Their results showed that for all
but the copolymer of highest asymmetry, the measured adsorption density was in good agreement with
the theoretical studies. For highly asymmetric copolymers, the large relative size of the nonadsorbing
blocks played a significant role in reducing the surface adsorption density.

In the study of Fytas et al. [83], PS-b-PEO block copolymer was adsorbed on a glass prism surface to form
a PEO anchor and PS buoy. Toluene is a good solvent for both blocks; polar PEO blocks showed a stronger
attraction to the surface than the nonpolar PS blocks. The brush was formed by the stretched PS blocks. A
copolymer concentration greater than the threshold value for maximum adsorbance was used. They used
evanescent-wave dynamic light scattering to probe the thermal fluctuations of the segment density profile of
the brush (dynamic structure of polymer brushes). Experimental results revealed the presence of long-lived,
thermally induced layer fluctuations and strong surface effects on thermal decay rate.

Field et al. [84] used specular neutron reflection to investigate the density profile of PS-b-PEO block
copolymer adsorbed from toluene-d8 onto a quartz surface. The results showed that the reflectivity
profiles were well described by a parabolic or error function for polymer density profiles normal to
the interface. Using the same copolymer, PS-b-PEO, to form polymer brushes on silicon wafers by
adsorption from toluene, Motschmann et al. [85] studied the adsorption kinetics and adsorption
isotherm. Their experimental results revealed that the adsorption kinetics show two processes on a
clearly separated time scale. In the beginning, the adsorption process was diffusion controlled, leading
to a surface coverage with small interaction between chains. A denser brush was formed by the pene-
tration of chains through the existing monolayer combined with the conformation rearrangement.

Atomic force microscopy (AFM) was used to study the polymer brushes reported by Kelly et al. [86].
Adsorption of PS-b-PVP on mica was achieved in toluene, while adsorption of poly(4-tert-butylstyrene-b-
poly(sodium styrene-4-sulfonate) (PtBS-b-NaPSS) on mica was accomplished in aqueous solution. Force–
distance (F–D) profiles of PS-b-PVP in a good solvent and a series of F–D profiles of PtBS-b-NaPSS as a
function of aqueous NaCl concentration were obtained. AFM F–D profiles of the second brush showed a
strong dependence of interaction distance on NaCl. Images showed that the chain density is not uniform.

Preparation of polymer brushes by adsorption of block copolymer from a selective solvent (or on
selective surface) is not difficult. However, the polymer brushes exhibit thermal and solvolytic instabil-
ity due to the weak interactions between the substrate and the block copolymers [87]. The interactions in
most cases are van der Waals forces or hydrogen bonding. Desorption could occur upon exposure to
other good solvents or the adsorbed polymers are displaced by other polymers or other low molecular
weight compounds. If these polymer ultrathin films are heated to a high temperature (e.g. above glass
transition temperature or melting temperature), dewetting occurs and polymer films are no longer
homogeneous due to formation of polymer droplets [88,89]. Also, it is not always easy to synthesize
block copolymers, which are suitable for physisorption. Some of these drawbacks could be overcome by
covalently tethering polymer chains to substrates.
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4.2. “Grafting to” approach to fabricate polymer brushes

“Grafting to” approach refers to preformed, end-functionalized polymers reacting with a suitable
substrate surface under appropriate conditions to form a tethered polymer brush. The covalent bond
formed between surface and polymer chain makes the polymer brushes robust and resistant to common
chemical environmental conditions. This method has been used often in the preparation of polymer
brushes. End-functionalized polymers with a narrow molecular weight distribution can be synthesized
by living anionic, cationic, radical, group transfer and ring opening metathesis polymerizations. The
substrate surface also can be modified to introduce suitable functional groups by coupling agents or
SAMs.

Koutsos et al. [90,91] synthesized a series of thiol-terminated polystyrenes with a low polydispersity
(,1.2) by anionic polymerization and prepared chemically end-grafted polystyrene chains on a gold
surface by exposing the gold substrate to a toluene solution of these polymers. AFM was used to study
the polymer conformation of these end-grafted polystyrenes in bad solvents (water). Microphase separa-
tion of polymer monolayer into globular clusters was observed at higher surface coverage and it was
found that the sizes of these clusters were consistent with the scaling laws, which were predicted for
pinned micelles.

Mansky et al. [27] synthesized a series of hydroxy-terminated random copolymers of styrene and
methyl methacrylate with different ratios by a “living” radical polymerization. These end-functionalized
polymers were reacted with silanol groups on the silicon wafer surface under vacuum at 1408C to form
tethered random copolymer brushes. They found that a random copolymer brush with a specific compo-
sition provided a surface with no preferential affinity for either PS component or PMMA component.
This surface has been successfully used to control the domain orientation of PS-b-PMMA films spin
coated on this copolymer brush surface.

Using a similar strategy, Bergbreiter et al. [92] tethered terminally functionalized poly(tert-butyl
acrylate) onto oxidized polyethylene films. Yang et al. [93] prepared vinyl-terminated SAMs on silicon
surfaces and used hydrosilation reaction to covalently tether poly(methylhydrosiloxane) and its deriva-
tives onto the solid surface. Ebata et al. [94] synthesized end-grafted polysilane on quartz surfaces by the
“grafting to” approach and characterized the tethered polysilane by UV spectroscopy. Poly(amidoa-
mine) dendrimers were also successfully tethered to a mercaptoundecanoic acid SAM [95]. Tran et al.
[96] studied the structure of polyelectrolyte brushes that were prepared by the attachment of trichlor-
osilyl-functionalized PS to a substrate followed by sulfonation of the tethered PS.

Frank et al. [97] prepared surface-immobilized polymer films by a photochemical process. A silicate
surface was modified with 4-(30-chlorodimethylsilyl)propyloxybenzophenone followed by deposition of
a polystryrene or poly(ethyloxazoline) film. Illumination with UV light produced a covalently bound
film via a photochemical attachment. Typically, several nanometers of polymeric overcoat could be
attached.

In general, only a small amount of polymer can be immobilized onto the surface by “grafting to”
approach. Macromolecular chains must diffuse through the existing polymer film to reach the reac-
tive sites on the surface. This barrier becomes more pronounced as the tethered polymer film
thickness increases. Thus the polymer brush obtained has a low grafting density and low film
thickness. To circumvent this problem, investigators have used the “grafting from” approach, which
has become more attractive in preparing thick, covalently tethered polymer brushes with a high grafting
density.

B. Zhao, W.J. Brittain / Prog. Polym. Sci. 25 (2000) 677–710 695



4.3. “Grafting from” approach to synthesize polymer brushes

The “grafting from” approach has attracted considerable attention in recent years in the preparation of
tethered polymers on a solid substrate surface. The initiators are immobilized onto the surface followed
by in situ surface initiated polymerization to generate tethered polymers. The immobilization of
initiators on the substrate surface can be achieved by treating the substrate with plasma or glow-
discharge in the presence of a gas or forming initiator-containing SAMs on the substrates.

4.3.1. Synthesis of tethered polymers from plasma- or glow-discharge-treated substrates
It is easy and convenient to use plasma and glow-discharge treatment to introduce initiators onto

substrate surfaces [16–18,98–102]. Ito et al. [16] subjected a porous PTFE membrane to a glow-
discharge using a high frequency modulator (400 W) in the presence of ammonium gas at a pressure
of 0.5 Torr (see Fig. 10). The amino groups were immobilized on the surface, the number of amino
groups was determined by ninhydrin. It was found that the density of amino groups on the surface
increased with increasing power and time of the glow-discharge treatment. The immobilized amino
groups initiated the polymerization ofg-benzyll-glutamateN-carboxyanhydride to produce tethered
polymers on the PTFE membrane. Hydrolysis of the tethered poly(g-benzyl l-glutamide) afforded
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poly(glutamic acid) brushes. The modified membrane was used as a pH-sensitive chemical gate. Using
the same strategy, they grafted poly(methacrylic acid) (PMAA) on a porous polycarbonate membrane
[17,98] and grafted poly[3-carbamoyl-1-(p-vinylbenzyl)pyridinum chloride] (PCBVP) on a porous
PTFE membrane [18]. The PMAA brush modified membrane was also used as a pH-sensitive gate. The
PCVBP brushes modified membrane was used in oxidoreduction-sensitive control of water permeation.

Park et al. [99] glow-discharged a porous glass filter treated with octadecyldimethyl-N,N-diethyla-
minosilane in the presence of air. Peroxide groups were introduced onto the surface. Heating the treated
substrate in a dimethylformamide (DMF) solution of a spiropyran-substituted methyl methacrylate and
methyl methacrylate at 608C for 4 h produced a tethered copolymer. This copolymer brush modified
porous glass filter was used for photocontrolled gating because the pendent spiropyran isomerized to the
merocyanine group upon ultraviolet light irradiation. This change led to a different solubility of the
tethered copolymer in toluene. The zwitterionic merocyanine form of tethered copolymer contracted in
toluene. Therefore the permeability was controlled through UV irradiation. In a publication by Yama-
guchi et al. [100], a porous polyethylene (HDPE) film was treated with an argon plasma for 60 s and was
then left in contact with air for 60 min, and then in contact with the solution ofN-isopropylacrylamide
and benzo[18]crown-6-acrylamide at 808C. Tethered copolymer was produced on the substrate surface.
This polymer brush modified film could be used for a fast response molecular recognition ion gating
membrane by taking advantage of the thermal sensitivity of tethered polymer and the different stability
of the complex of crown ether and some ions.

However, this approach to prepare tethered polymer brushes has some drawbacks. First of all, it is not
easy to control the initiator type and amount. The surface polymerization mechanism is not well defined.
Compared with plasma or glow-discharge, the SAM technique to immobilize initiators on the substrate
surfaces leads to a more well-defined polymerization mechanism.

4.3.2. Synthesis of tethered polymer brushes by conventional radical polymerizations
In many reported systems which used the “grafting from” method via a radical polymerization

mechanism, the immobilization of radical initiators usually involved a series of steps [103–105]. An
anchor molecule was immobilized on the solid substrate surface and then the initiating species was
linked to the anchor molecules in one or more additional steps. For example, Boven et al. [103] treated
glass beads with 3-aminopropyltriethoxysilane (g-APS) to obtain amino functional groups on the
surface. The azo initiators were then immobilized onto the surface through the formation of amide
bonds between theg-APS modified surface and an acid chloride functionalized azo initiator. Subsequent
surface initiated radical polymerization produced tethered PMMA chains.

Sugawara and Matsuda [106] used a similar strategy to graft PS on poly(vinyl alcohol) film and poly(-
acrylamide) onpoly(ethylene terephthalate) (PET)film. First theycoated thesubstrate with poly(allylamine)
which had been partially derivatized withphotoreactivephenylazido.The aminatedpolymerwaschemically
fixed on the surface the reactive phenylnitrene generated from UV irradiation. Carboxylated azo initiators
were then immobilized onto the surface through a condensation reaction with immobilized aminated
polymer. Radical polymerization under suitable conditions yielded tethered polymers.

Ballauff and coworkers [107] prepared spherical polyelectrolyte brushes by photoemulsion polymer-
ization. First, a PS latex was prepared by conventional emulsion polymerization. In the second step, a
seeded emulsion polymerization was performed using 2-[p-(2-hydroxy-2-methylpropiophenone)]-ethy-
lene glycol-methacrylate which acts as a photoinitiator. The third step was a photoemulsion polymer-
ization in the presence of acrylic acid. This “grafting from” process produced PS cores with a shell of
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linear poly(acrylic acid) brushes. These particles were used to test theoretical predictions of the depen-
dence of the hydrodynamic radius on ionic strength.

Minko et al. [108–114] studied radical polymerization initiated from a solid substrate from both
theoretical and experimental approaches. On the experimental side, they attached radical initiators on
solid substrates such as silicon wafers, glass and ultrafine powders by either physisorption of azo or
peroxide macroinitiators or chemical immobilization of azo initiators. Introduction of the covalently
bound azo initiator onto a silicon wafer was performed with the method described by Tsubokawa et al.
[115]. The silicon wafer was first treated with 3-glycidoxypropyltrimethoxysilane followed by the
reaction with 4,40-azobis(4-cyanvaleric acid). The surface-initiated radical polymerization was studied
by in situ ellipsometric measurements of the amount of grafted chains [109]. Using the same approach,
Sidorenko et al. [116] synthesized mixed or heterogeneous polymer brushes composed of PS and PVP by
a two-step grafting procedure on the surface of silicon wafers. Velten et al. [19,20] attached peroxide
radical initiators bearing a single cationic group to mica surfaces via ion exchange. The bound PS chains
were obtained from radical polymerization of styrene under appropriate conditions.

B. Zhao, W.J. Brittain / Prog. Polym. Sci. 25 (2000) 677–710698

X Y A I I*

Anchoring group Cleavable group

Initiator
Surface

Immobilization

A I I*

Polymerization

A I

Cleavage

I

Rühe’s initiators:
Si

R

Cl

R

(CH2)
9

O C
O

N
N

MeCN

CN

Me

Me

R: Me, Cl

Fig. 11. Schematic description of the concept for the preparation of cleavable polymer brushes by “grafting from” approach and
the initiators synthesized by Ru¨he et al. Reprinted with permission from Macromolecules 1998;31:592.q 2000 American
Chemical Society [117].



Although these studies successfully prepared polymer brushes, there are several disadvantages.
Immobilization of initiator on the surface involved several steps, which may lead to low graft densities
of initiators and tethered polymers if the reactions are not quantitative. Secondly, side reactions which
possibly exist in the initiator immobilization reaction may introduce some undesired structures on the
surface. Accurate characterization of the initiator layer is nontrivial. This lack of knowledge about the
exact composition of the initiator layer makes the understanding of polymerization mechanism difficult
in some cases. It has been shown that theg-APS layer is a very complex structure, sometimes multilayer
structures may result.

To circumvent this problem, Ru¨he and coworkers [117–123] reported a strategy in which the
complete initiator was attached to the substrate’s surface in one step by SAM techniques. Fig. 11
shows this strategy. The system consisted of three components: an anchoring group A linking the
initiator to the surface, the initiator (I-I) and a cleavable group (C) that allowed for degrafting of the
macromolecules from the substrate for analysis. The initiator was self-assembled on the surface
followed by in situ radical polymerization of styrene or other monomers by radicals generated from
the bound initiator upon heating. A unique feature of this strategy was that the initiator monolayer
contained a cleavable group. Therefore the tethered polymer could be degrafted and analyzed. A series
of azo initiators were synthesized and immobilized on the silica gel surface. Polymerization experiments
indicated this strategy had achieved great success. The kinetics of polymerization initiated from the
surface bound initiator was studied by dilatometry. After polymerization the polymer was cleaved off
and the molecular weight was determined. From the molecular weight, the mass of the grafted polymer
and the specific surface area, the number of polymer chains per unit area was calculated and compared to
the corresponding values of the initiator monolayers. It has been found that the average distance between
tethered PS chains was 2–3 nm, smaller than the radii of gyration of the corresponding polymer
molecules.

Using the same strategy, they also synthesized PS brushes and PMMA brushes on planar silicate
substrates. These polymer brushes have been characterized by various surface characterization techni-
ques including IR spectroscopy, surface plasmon resonance measurement, ellipsometry, X-ray reflecto-
metry, AFM and neutron reflectometry [122]. Charged polymer brushes have attracted substantial
attention in recent years in both theory and experiments.

As discussed in the theoretical consideration of homopolymer brushes, charged polymer brushes
exhibit more complex behavior compared to neutral polymer brushes. Biesalski et al. [120] prepared
and characterized a polyelectrolyte monolayer covalently attached to a planar solid substrate. PVP
brushes were synthesized by surface initiated radical polymerization followed by quarternization of
the tethered poly(4-vinylpyridine) withn-butyl bromide in nitromethane at 658C. A tethered cationic
polyelectrolyte monolayer [poly(4-vinyl-N-n-butylpyridinium) bromide] on flat silicate substrate was
successfully prepared. The thickness of the resulting cationic monolayer can be controlled in a wide
range, starting from 2 to more than 1000 nm in the solvent-free state.

Peng et al. [121] reported the synthesis of polymer brushes with liquid crystalline (LC) chains. A
methacrylate derivative with a phenylbenzoate mesogenic side chain was synthesized. A surface-immo-
bilized azo initiator was used to produce LC polymer brushes by polymerization of the phenylbenzoate
monomer. LC brushes with thicknesses up to 200 nm in the dry state were obtained. The nematic–
isotropic transition temperature of the LC brushes was 2–38 higher than that of spin-cast films made
from the same polymer. The authors suggested that this difference could be due to chain stretching of the
brushes and a concurrent stabilization of the nematic LC phase.
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4.3.3. Synthesis of tethered polymer brushes by controlled radical polymerization
In order to achieve a better control of molecular weight and molecular weight distribution and

synthesize novel polymer brushes like block copolymer brushes, controlled radical polymerizations
including ATRP, reverse ATRP, TEMPO-mediated and iniferter radical polymerizations have been
used to synthesize tethered polymer brushes on solid substrate surfaces [124–129].

In the early 1980s, Otsu et al. [130,131] reported that the polymerization of styrene and MMA in
solution was living-like by using dithiocarbamate derivatives as initiators which were described as
iniferters. Iniferters means that they act as initiator, transfer agent and terminator. It was also reported
that photolysis of the iniferterN,N-diethyldithiocarbamate by UV irradiation yielded a reactive radical
and nonreactive radical which exclusively led to termination reaction through recombination with a
growing polymer chain. By use of this method, they successfully grafted PS and PMMA onto cross-
linked polystyrene containing dithiocarbamate groups [127]. On the basis of Otsu’s work, Nakayama
and Matsuda [124] immobilizedN,N-diethyldithiocarbamate groups on a cross-linked chloromethylated
PS. Irradiation of this initiator-immobilized surface in the presence of a vinyl monomer such asN,N-
dimethylacrylamide,N-[3-(dimethylamino)- propyl]acrylamide, methacrylic acid or styrene at room
temperature produced tethered polymers. Since polymerization proceeded only during photoirradiation
and at irradiated areas, a precise spatial control could be achieved. Recently, de Boer et al. [129]
prepared polymer brushes using surface-grafted iniferter monolayers.
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ATRP is a newly developed controlled radical polymerization [132]. It has attracted considerable
attention due to its control of molecular weight, molecular weight distribution and synthesis of block
copolymers. Ejaz et al. [125] and Husseman, et al. [126] applied ATRP in the synthesis of tethered
polymer brushes on silicon wafers and achieved great success. Ejaz et al. immobilized the ATRP initiator 2-
(4-chlorosulfonylphenyl)ethyltrimethoxysilane onto a silicate substrate by Langmuir–Blodgett techniques.
Surface initiated polymerization from the immobilized initiators in the presence of MMA under suitable
conditionsproduced PMMA brusheswithhigh graftingdensity.Themolecular weight and molecular weight
distribution were controlled by addition of a predetermined amount of free initiator in the polymerization
systems. Hussemann et al. prepared SAMs of 50-trichlorosilylpentyl-2-bromo-2-methylpropionate on sili-
cate substrates. Thea-bromoester is a good initiator for ATRP. They have successfully synthesized PMMA
brushes by the polymerization of MMA initiated from the SAMs. It has also been reported that tethered
polyacrylamide has been obtained from surface initiated ATRP of acrylamide on a porous silica gel surface
[127].Recently,Matyjaszewskietal. [133] reportedadetailedstudyofpolymerbrushsynthesisusingATRP.

Alkoxyamine initiators are another class of initiators for controlled radical polymerization. Based on a
recent report of Hawker and coworkers [134], this method has been extended from polymerization of
styrene to other monomers such as acrylates, acrylamides and acrylonitrile. They also immobilized this
type of initiator onto silicate surfaces by SAMs (see Fig. 12) [126]. However, the initial attempt to
control polymer growth from the surface bound alkoxyamine initiator was unsuccessful due to the
extremely low initiator concentration. Adding free alkoxyamine initiator in the polymerization solution
successfully controlled the polymerization. It was found that the thickness of polymer brushes increased
linearly with conversion and the variation of the thickness of PS brushes with molecular weight
was also linear. The cross-sectional area per chain was ca. 2 nm2. The PS chains were cleaved off
the substrate. Analysis by GPC indicated that the polydispersity was 1.14, which was very close
to that of the polymer obtained in bulk polymerization. Weimer et al. [135] attached a TEMPO
initiator to a mica-type layered silicate via ion exchange. In situ living free radical polymerization
resulted in a dispersed nanocomposite.

4.3.4. Synthesis of tethered polymer brushes by carbocationic polymerization
In the early 1980s, Vidal et al. [136,137] used carbocationic polymerization to graft polyisobutylene

on a silica surface. They modified the silica gel surface with 2-(chloromethylphenyl)ethyldimethylchlor-
osilane. The immobilized initiators interacted with diethylaluminum chloride to produce carbocationic
species which initiated the polymerization of isobutylene. High grafting rates, grafting ratios and graft-
ing efficiencies were obtained in experiments using C2H5Cl as solvent, with Et2AlCl/surface Cl� 20 at
2508C for 30 min.

Recently Jordan and Ulman [138] synthesized tethered poly(N-propionylethylenimine) on gold
surfaces. They first formed a hydroxy-terminated SAM on gold surfaces and then exposed the monolayer
to a constant stream of trifluoromethanesulfonic anhydride vapor for about 1 h. The conversion of
hydroxy groups to triflate functional groups occurred overnight in a sealed reaction vessel. The surface
initiated cationic polymerization of 2-ethyl-2-oxazoline was allowed to proceed for 7 days under reflux.
Ellipsometry measurements indicated that a 10 nm polymer brush was obtained. The polymer brushes
were characterized by contact angle measurements and FTIR spectroscopy. The external reflection FTIR
spectrum of this polymer brush was very similar to that of a bulk polymer. The polymer chains were
functionalized with an alkyl moiety by means of a termination reaction withN,N-dioctadecylamine.
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However the conversion of the hydroxy group to the triflate group was not well characterized and the
initiation efficiency was not determined.

Zhao and Brittain [139] reported the synthesis of PS brushes via carbocationic polymerization. 2-(4-
trichlorosilylphenyl)-2-methoxy-d3-propane was immobilized on a silicate substrate; TiCl4-catalyzed
polymerization of styrene produced PS brushes. FTIR-ATR was used to monitor initiator efficiency by
monitoring the diminution of they(C-D) absorption. An initiation efficiency of 7% was observed for the
formation of a 34 nm thick brush; additional initiator was consumed in a second, sequential styrene
polymerization. Factors that influenced brush thickness included solvent polarity, Lewis base additives,
and TiCl4 concentration.

4.3.5. Synthesis of tethered polymer brushes by anionic polymerization
Living anionic polymerization is a good technique to prepare tailored polymers. Jordan et al. [140]

used anionic polymerization to synthesize polystyrene brushes on gold substrates. The SAM of 40-
bromo-4-mercaptobiphenyl was prepared on a gold substrate and then reacted withs-BuLi to form a
monolayer of biphenyllithium. Tethered polystyrene brushes with a dry thickness of 18 nm were
obtained from surface initiated anionic polymerization. Based on the results from in situ swelling
experiments which was monitored by ellipsometry, a grafting density of 3.2–3.6 nm2/chain and a degree
of polymerization of 382 were calculated with the use of mean-field theory.

Using a similar strategy, Ingall et al. [141] formed a SAM of 3-bromopropylsilane monolayer on the
substrate. This monolayer was then lithiated with lithium di-tert-butylbiphenyl and subsequent addition
of monomer to the system initiated the anionic polymerization. A tethered poly(acrylonitrile) film with a
thickness up to 245 nm was obtained if the polymerization was allowed to proceed for 8 days.

4.3.6. Synthesis of polymer brushes by other polymerization methods
Ring-opening metathesis polymerization (ROMP), group transfer polymerization (GTP) and other

polymerization methods have also been employed in the synthesis of tethered polymer brushes. Herrman
and coworkers [142] immobilized a tris(neopentyl)nitridomolybdenum metathesis catalyst onto silica
and performed ROMP of norbornene. Weck et al. [143] formed a norbonene-terminated SAM on the
substrate and then generated initiating species by exposing the substrate to a CH2Cl2 solution of a
ruthenium-based ROMP initiator. Surface initiated polymerization produced polynorbonene brushes
on the surface. Buchmeiser and coworkers [144] used ROMP to prepare polymer brushes composed
of norbornene-basedl-valine- andl-phenylalanine-containing chiral monomers. PS-(divinyl benzene)-
based supports were derivatized with a norbornene substrate. Treatment of the support with an Mo or Ru
metathesis initiator followed by exposure to monomer produced the target polymer brushes which were
studied for chiral HPLC separations.

Through a multistep process, Hertler [145] immobilized silyl ketene acetals onto cross-linked poly-
styrene beads. Grafted PMMA and polyacrylonitrile on the cross-linked PS beads were obtained by
surface initiated GTP at2508C in THF in the presence of an anionic catalyst. Huber et al. [146]
stabilized nanometer gold particles by alkanethiols in which hydroxy groups were capable of coordinat-
ing titanium (IV). The resulting titanium (IV) alkoxide species catalyzed polymerization ofn-hexyl
isocyanate under very mild conditions. Poly(n-hexyl isocyanate) covalently attached to the gold nano-
particles was obtained.

Grafted polypeptide films on solid substrate surfaces have attracted considerable attention in recent
years [15,147–152]. Heise et al. [150] reported the polymerization ofN-carboxyanhydrides initiated
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from amino-terminated SAMs on silicon substrates. In 1993, Whitesell and Chang [147] reported
polyalanine chains grown from an evaporated gold surface. The polymerization of a cyclic monomer
initiated from a surface bound primary amine was carried out and the resulting polymer was estimated to
have an average degree of polymerization of 600 with a large polydispersity. Chang and Frank [151]
reported a novel dry process for surface deposition-polymerization of vapor phasea-amino acidN-
carboxy anhydride from a surface immobilized initiator layer. The silicon surface was modified with the
coupling agent, (3-aminopropyl)triethoxysilane, in which the primary amine was a good initiator for
ring-opening polymerization ofg-benzyl-l-glutamateN-carboxy anhydride. A film with thickness of
40 nm was obtained by this method.

5. Synthesis of tethered diblock copolymer brushes

Little work has been devoted to the synthesis of diblock copolymer brushes. Hussemann et al. [126]
reported the synthesis of block copolymer brushes on silicate substrates using surface initiated TEMPO
mediated radical polymerization. However, the copolymer brushes were not diblock copolymer brushes
in a strict definition. The first block was PS, while the second block was a 1:1 random copolymer of
styrene/MMA.

Zhao and Brittain [28,153,154] reported the synthesis of PS-b-poly(acrylate) tethered diblock copo-
lymer brushes. The properties of these diblock brushes were studied using water contact angles, ellip-
sometry, X-ray photoelectron spectroscopy (XPS), FTIR spectroscopy and AFM. Fig. 13 shows the
synthesis of PS-b-poly(methyl methacrylate) [28]. The synthetic route involved the following sequence:
(1) surface immobilization of 2-methoxy-d3-2-(4-trichlorosilylphenyl)propane (1) onto a silicate
substrate; (2) carbocationic polymerization of styrene; and (3) ATRP of MMA. The reaction of
MMA with the polystyrene film presumably involved chloro-terminated polystyrene chains as initiators.
The samples of tethered diblock polymers exhibited reversible surface changes in response to solvent
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treatment. For a sample with a 26 nm polystyrene layer and a 9 nm PMMA layer, the advancing water
contact angle increased from 75 (characteristic of PMMA) to 998 (characteristic of polystyrene) after
treatment with cyclohexane; subsequent treatment with CH2Cl2 returned the contact angle to the original
value of 758. This contact angle change was attributed to reversible changes in the chemical composition
at the polymer–air interface. XPS analysis indicated large compositional changes after treatment with
CH2Cl2 and cyclohexane which are consistent with the contact angle observations.

For a sample with 23 nm PS layer and 14 nm PMMA layer, AFM was used tostudy surface morphological
changes [153]. It was found the surface is relatively smooth with a roughness of 0.77 nm after CH2Cl2
treatment (see Fig. 14); treatment with cyclohexane at 358C for 1 h increased the surface roughness to
1.79 nm and created an irregular worm-like structure on the surface. A nanopattern was formed if mixed
solvents of CH2Cl2 and cyclohexane were used and the composition was gradually changed from CH2Cl2 to
cyclohexane (see Fig. 15). The advancing water contact angle of this surface was 1208.

Zhao and Brittain [154] have also prepared diblocks composed of PS and poly(methyl acrylate)
(PMA) and poly(N,N-dimethylaminoethyl methacrylate). These tethered diblocks also display reversible
changes in contact angles in response to selective solvent treatment. AFM study of the PS-b-PMA
brushes revealed a different morphology after treatment with CH2Cl2, which is likely due to the higher
Flory–Huggins interaction parameter between PS and PMA. Like tethered PS-b-PMMA, nanopatterns
appeared if a mixed solvent of CH2Cl2 and cyclohexane was used and the composition was gradually
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changed from CH2Cl2 to cyclohexane. The nanopattern scale was dependent on the thickness of the
tethered diblock brushes.

Sedjo et al. [128] synthesized tethered PS-b-PMMA brushes using reverse ATRP. This method used a
surface-immobilized azo initiator; polymerization of styrene with CuBr2 under ATRP conditions
produced a PS film that was capable of initiating MMA polymerization. These diblock copolymer
brushes displayed reversible changes in contact angles analogous to the PS-b-PMMA diblock brushes
prepared by carbocationic polymerization and ATRP.

Matyjaszewski et al. [133] reported the synthesis of poly(styrene-b-tert-butyl acrylate) brushes from
SAMs by ATRP. Hydrolysis of these diblock copolymer brushes yielded poly(styrene-b-acrylic acid)
brushes.

6. Synthesis of patterned polymer brushes

Patterned polymer brushes could be obtained by traditional photolithography or chemical amplifica-
tion of patterned SAMs. Ru¨he and coworkers [122] explored preparation of patterned, covalently
tethered polymer brushes by photolithography using an appropriate mask and deep or near UV irradia-
tion before, during and after polymer formation. Three approaches were tried. First, surface reactions
were carried out to remove tethered polymer chains from selected areas. The second approach used light
irradiation to decompose immobilized azo initiators in selected areas followed by polymer formation
through thermally induced radical polymerization in the unirradiated areas. The third technique was

B. Zhao, W.J. Brittain / Prog. Polym. Sci. 25 (2000) 677–710 705

Fig. 15. Nanopattern formed from a PS-b-PMMA brush with 23 nm PS and 14 nm PMMA. Reprinted with permission from
J Am Chem Soc 2000;122:2407.q 2000 American Chemical Society [153].



photoactivation of an initiator through a mask leading to photopolymerization in selected areas. All three
approaches allowed preparation of patterned, covalently tethered polymer brushes with a high spatial
resolution. Using photolithography, Chen et al. [155] obtained micropatterned, immobilized
poly(acrylic acid) on a polystyrene film. Hawker and workers [156] used TEMPO-mediated radical
polymerization to prepare a poly(tert-butyl acrylate) brush on a silicate substrate. A polystyrene film
containing bis(tert-butylphenyl)iodonium triflate was spin-cast onto the polymer brush followed by
exposure of the surface to UV radiation through a mask. Photogenerated acid converted poly(tert-
butyl acrylate) brushes to poly(acrylic acid) brushes. The end result was a patterned surface containing
distinct areas of hydrophobic and hydrophilic brushes.

Whitesides and coworkers [157] have introduced the concept of microcontact printing (mCP) to
prepare patterned SAMs. This method has been extended into patterning polymer films [158–
161]. Husemann et al. [158] have successfully achieved patterned, covalently tethered polymer
brushes by chemical amplification from patterned SAMs with hydroxyl and methyl terminal
groups. Their strategy is illustrated in Fig. 16. Di(ethylene glycol)- and methyl-terminated mono-
layers were patterned by microcontact printing on gold surface. Surface-initiated ring opening
polymerization of e-caprolactone in the presence of a free initiator such as benzyl alcohol
catalyzed by triethylaluminum under suitable conditions produced tethered polymer brushes in
the hydroxyl functionalized areas. It was found that the thickness of poly(e-caprolactone) varied
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Fig. 16. Strategy for amplification of a patterned SAM prepared by microcontact printing into a patterned polymer brush.
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linearly with theMn of the free polymer formed in solution from the added initiator. Shah et al.
[162] used ATRP to amplify initiator monolayers prepared by microcontact printing on gold
surfaces.

Whitesides and coworkers [163] reported patterned polymer growth on silicon surfaces using micro-
contact printing and surface-initiated polymerization. Microcontact printing was used to prepare a
patterned SAM composed of octadecyltrichlorosilane and norbornenyl tirchlorosilane. Exposure of
the surface to an Ru metathesis catalyst followed by surface-initiated ROMP of norbornene produced
patterned polymer brushes. The patterned polymer films were successfully used as reactive ion etching
resists.
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