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Polymer brushes offer a surface platform consisting of densely packed macromolecular monolayers

that can be used to generate and control nanostructures at surfaces based on the cooperative movement

of interacting, stretched polymer chains in response to changes in the surrounding microenvironment.

Depending on the chemical composition of the polymer and applied stimuli such as solvation or

temperature, interfacial properties of polymer brushes can induce surface topographies that have been

used to switch adhesion, morphology, wettability, and surface free energy. This review highlights recent

advances in polymer brush fabrication using surface initiated polymerization techniques, with

a particular emphasis on the advantages of using brushes to template surface properties at the

nanoscale.
Introduction to polymer brush nanostructures

Nanostructured surfaces have recently emerged as important

platforms for the development of applied nanotechnology, where

the precise control of surface properties can be fabricated on

tangible, macroscale substrates. Control of interfacial properties

such as wettability, adhesion and self-assembly at the solid-solid,

solid-liquid, and solid-air interface is the driving force for new

developments in a variety of fields such as sensors, electronics,
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and biomedical research.1–3 Interfaces also play a critical role in

the development of new materials for nanotechnology, where the

understanding of chemistry and physics in these small dimen-

sions present a considerable challenge.1 In order to develop

robust, nanostructured interfaces with tunable properties,

surface-bound polymers are a suitable candidate to meet these

criteria.4

Polymer chain ends that are covalently tethered to a surface

with a density high enough to alter the unperturbed solution

dimensions of the chains are known as polymer brushes.5 Films

generated from polymer chains in extended conformations

exhibit surface phenomena that are different than polymers

deposited onto a substrate from solution, such as wetting,
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phase-segregation, adsorption of molecules and macromolecules,

lubrication, and diffusion control. These unique properties of

polymer brushes over other thin polymer films and microgels are

dictated by the ordered, extended chains that are perpendicular

to the surface. The ordered chains are extended on the densely

grafted surface to balance two opposing energies: the entropic

energy gained by a random walk configuration of the polymer

chains and the energetic favourability of the chains to be highly

solvated and non-overlapping.6 This energy balance determines

many physical properties of polymer brushes such as lower

compressibility or high stiffness not observed in other polymer

thin films. In addition, the extended conformation yields

a greater surface area to the polymer thin film. The three

dimensional brush allows for greater numbers of functional

groups per unit area, allowing the side chain functionality to

have greater influence on the interfacial chemistry. In contrast,

thin polymer films and microgels are coiled and intercalated at

the surface, which causes poor solvation of the overlapping

chains and buried functional groups within the film layers.

Several recent reviews have been dedicated to topics including

the synthesis and applications of polymer brushes in fields like

biomaterials, sensors, and nanotechnology.2,7,8

The degree to which polymer chains in the brush regime

interact with each other to exhibit these surface phenomena is

largely determined by their method of formation. Polymer

brushes can be formed in a ‘‘grafting to’’ approach by synthe-

sizing a polymer in solution with a reactive functional group at

one end of the chain, which is covalently attached to a compli-

mentary functional group on the surface.9,10 This process,

however, is diffusion limited, which keeps polymer brush graft-

ing density low as well as limits the degree of chain extension

from the surface. As polymer chains are more likely to be in their

entropically favoured random coil configuration in solution, they

remain somewhat coiled once attached to the surface, forming

a blocking layer to surrounding reaction sites. These non-inter-

acting random coils are referred to as the ‘‘mushroom regime’’

which, in good solvents, have a thickness (H) proportional to

their degree of polymerization (N).

Polymer brushes are also synthesized by the direct polymeri-

zation from an immobilized initiator species on the surface in

a ‘‘grafting from’’ approach.6,11 Chains that are grown through

surface initiated polymerization (SIP) have higher grafting

density, s, which is typically reported in units of chains/nm2. The

distance between grafted polymer chains is typically much less

than the size of the polymer coil, or Flory radius.12 This config-

uration is known as the ‘‘brush regime,’’ where the brush thick-

ness is proportional to Ns1/3.11 Due to excluded volume effects,

the polymer chain will forcibly grow in a more extended

conformation as the polymerization proceeds. While this

extended conformation has entropic energy loss, the stretched

chains can interact more collectively. In this geometry, selective

control of the polymer brush nano-environment, brought about

by conformational changes using stimuli such as temperature or

polymer solvation, can dramatically alter film properties such as

thickness and morphology. These properties are vital, and can be

used to generate and control nanostructures.

Polymer brushes that are generated through ‘‘living’’ or

controlled polymerization techniques are especially attractive

towards the fabrication of nanostructures due to the precise
14136 | J. Mater. Chem., 2011, 21, 14135–14149
control over molecular weight and low polydispersity. These

techniques include, but are not limited to, atom transfer radical

polymerization (ATRP), ring opening metathesis polymerization

(ROMP), nitroxide mediated polymerization (NMP), and

Kumada-type polymerization (KCTP) reactions.8,13–21 Using

living polymerizations adds a further degree of control over

surface morphology as the extended polymer chains will have

a very small molecular weight distribution, making a more

homogenous collective polymer response.

This review article summarizes recent progress in the field of

polymer brushes with respect to both templating nanostructures

on macroscopic surfaces and using brushes to tune or amplify

existing nanostructures. The article focuses on the developments

in mixed and block copolymer brushes, polymer brush gradients,

stimuli responsive polymers, lithographically ordered polymers,

and specialized brushes such as conjugated and multicomponent

polymer surfaces.
Mixed polymer brushes

The increasing research interest involving mixed polymer brushes

in the last decade has arisen because of the stimuli- responsive

nature of these films. The topographical and surface energy

changes that occur in these systems are associated with the

selective solvation of one of the polymeric chain types tethered to

the surface. This has led to the creation of switchable and

responsive surface properties such as wettability, surface charge,

chemical composition or morphology, and mechanical proper-

ties. Experimental studies on mixed brushes began over a decade

ago when Sidorenko et al. reported the synthesis of mixed

homopolymer brushes of polystyrene (PS) and poly(2-vinyl-

pyridine) (P2VP) with brush thicknesses ranging from 10–

100 nm, by a two-step conventional free radical polymerization

process.22 This mixed brush exhibited reversible switching

properties in response to conformational changes brought about

by selective solvation of one of the two polymer components.

Since this work, considerable effort has been made in research

towards the synthesis, characterization, phase morphologies, and

applications of mixed brushes generated using a wide variety of

SIP methodologies.23–39

In terms of nanostructure generation, several groups have

observed reorganization of mixed brushes in response to solvent

and pH changes.10,21,32,33,37,40–53 Santer et al. examined the

morphology changes of two types of mixed PS-poly(methyl-

methacrylate) (PMMA) brushes that differed in their modes of

attachment to the surface in response to solvent changes,54,55

while others have investigated the switching mechanism of

PS-PMMA mixed brushes.45 Ionov et al. patterned mixed

brushes of P2VP and polyisoprene with brush thickness of 5.1

nm using a reversible chemical patterning technique, where the

brushes demonstrated switching behaviour in response to

different solvents.51

The pH responsive behaviour of mixed polyelectrolyte (PE)

brushes has been studied for applications involving changes in

morphology, wettability, and ion transport to electrodes.41,56,57

Mikhaylova et al. studied the switching behaviour of a stimuli-

responsive mixed PE brush containing poly(acrylic acid) and

P2VP using infrared spectroscopic ellipsometry (IRSE).41 The

protonation and deprotonation reaction was monitored in
This journal is ª The Royal Society of Chemistry 2011
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aqueous solutions with pH ranging from 2 to 10, and the struc-

tural and chemical changes in the polymer brush layer were

identified from the analysis of IRSE. Also, a switchable mixed PE

brush of incompatible polymers, poly(dimethylsiloxane)

(PDMS) and P2VP, was designed that demonstrates excellent

gating properties due to the regulation of ion transport through

nanoscopic domains formed by the swelling/shrinking of P2VP

chains in response to changes in pH.57

Mixed brushes have also been designed so that properties such

as nanomechanics or adhesion can also be tuned using external

stimuli. LeMieux et al. synthesized mixed polymer brushes of two

incompatible polymers with brush thicknesses between 20–

150 nm that had a nanostructured surface exhibiting microphase

segregation, as well as different mechanical properties based on

solvent.58 They have also fabricated stratified polymer surfaces

from a poly(n-isopropylacrylamide) (PNIPAM) -containing

mixed brush that undergo a change in mechanical response based

on temperature.59

The switching of adhesive properties in mixed polymer brushes

of PS and P2VP have also been observed, where the exposure of

the brush to select solvents for PS and P2VP modifies film

organization and outer surface composition.60 Mixed polymer

brushes of poly(ethylene glycol) and P2VP have also been

designed to act as nanolayers for tunable bacterial adhesion.61

Lastly, Sheparovych et al. described a mixed polymer brush of

PDMS and polyethyleneoxide (PEO) with tunable adhesive

properties.62 Atomic force microscopy (AFM) studies show that

in water, the swollen PEO chains occupy the topmost layer of the

brush, whereas in air, the mixed brush rapidly reorganizes and

the PDMS chains constitute the topmost layer. Due to this rapid

switching of morphology, the mixed polymer brush has low

adhesive properties in both water and air.
Block copolymer brushes

Block copolymer brushes, which undergo nanophase separation

due to two immiscible blocks, have also been used to template

nanostructured surfaces similar to those observed in mixed

polymer brush systems. This was first demonstrated by Zhao

and Brittain, who measured the change in surface free energy

for poly(styrene-b-methyl methacrylate) brushes in good and

poor solvents. They observed nanoscale phase separation and

a change of contact angle representative of PS and PMMA

homopolymers as the brush rearranged in solvents of different

polarity.63 This work has been extended to include the revers-

ible rearrangement of polystyrene and poly(methyl methacry-

late-b-pentafluorostyrene) in different solvents, measuring the

wettability changes that occur upon solvation or brush

collapse.64

Architectures of nanostructured polymer brushes vary

between alternating blocks on a linear polymer brush or arms

with Y-shaped architectures, where the two immiscible blocks

originate from the same surface bound covalent anchor. Tsukruk

and others extensively studied nanostructures generated with

Y-shaped block copolymers.29,40,59,65–67 The two branches of the

Y-blocks are incompatible, so topography and morphology can

again be controlled by polymer-solvent interactions.

Block copolymer brushes have also been immobilized on

nanoparticle surfaces to generate tunable surface coatings.68
This journal is ª The Royal Society of Chemistry 2011
Y-shaped copolymer blocks have been used to help form stable

suspensions at aqueous/organic interfaces for nanodiamond65

and gold nanoparticles.67 Minko and coworkers polymerized

poly(styrene)-b-poly(4-vinylpyridine) to generate controllable,

hierarchical aggregates of block copolymer nanoparticles in

solution, which can also form superhydrophobic surfaces when

heated.69 The surface free energy of the polymer nanoparticles

can be tuned by selectively solvating PS or P4VP with toluene

and acidic water, respectively. Grafted block copolymers can

also template the formation of gold nanoparticles as demon-

strated by Chen et al. in polymerization of 2-dimethylaminoethyl

methacrylate (DMAEMA) via ATRP onto polymer micelles of

polystyrene-b-polyethylene glycol. The grafted block intercalates

into the nanoparticle coronal chains. By controlling micelle

morphology at different pH values, the PDMAEMA can direct

the formation of different sized gold nanoparticles in the micelle

corona.14

The nanostructuring of block copolymer brush assembly is

not limited to solvent switchability. Polymer brushes of poly(2-

succinyloxyethyl methacrylate-b-N-isopropylacrylamide)

(PSEMA-b-PNIPAM) show rearrangement behaviour in

response to temperature and pH. The thermoresponsive PNI-

PAM block collapses above its lower critical solution temper-

ature (LCST), while the PSEMA swells once it becomes

deprotonated at higher pH. Using force–distance measurements

on AFM, rearrangement of the blocks is confirmed for

a combination of different temperatures and pH levels relative

to homopolymer brushes, showing dual control over polymer

brush morphology.70 Ionic strength has also been used to

induce nanoscale block copolymer morphology changes. Brash

and coworkers studied polymers containing two hydrophilic

blocks, poly(oligoethylene glycol methacrylate-block-trimethy-

lammonium 2-methacryloxyoxyl ethyl chloride) (poly

(OEGAMA-b-METAC)), where phase separation of the

collapsed polymer occurred in increasing salt concentrations.

They found the nanodomains could be as small as 10 nm, and

tunable structures such as spheres, worms, and lines could be

obtained.71 Furthermore, this work demonstrated nanoscale

templating of proteins by the selective adsorption of fibrinogen

on the PMETAC domains which replicated the patterning of

the phase separated polymer brush, without compromising the

activity of the fibronectin.71

Block copolymer brushes have also been used to manipulate

the migration of nanoparticles across a surface. Santer and R€uhe

described the motion of silica nanoparticles across poly(methyl

methacrylate-b-glycidyl methacrylate) and poly(benzyl n-meth-

acrylate-b-styrene) surfaces by vapor-induced microphase sepa-

ration. The surface will reversibly form craters and hills, which

can be used to transfer the nanoparticle across domains, as

depicted in Scheme 1. By controlling the degree of polymeriza-

tion of the first block, specific nanostructures can be formed such

as ripples, worms and spheres.26

Recent work by Cheng and Cao describe the design of

a temperature controlled nanofluidic gate using the triblock

copolymer brush poly(styrene-b-acrylic acid-b-styrene).72 A

microchannel functionalized with the block copolymer brushes is

heated to extend the chains and prevent the flow of nanoparticles

through the system, while cooling results in chain collapse,

allowing flow to resume.72
J. Mater. Chem., 2011, 21, 14135–14149 | 14137
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Scheme 1 (a) Scheme of a polymer brush carrying a cargo. (b) During

topography switching accompanied by changes in the interfacial energy,

the ‘arms’ of the brush grasp the nano cargo and move it along

a surface.26
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Gradient polymer brushes

Methods for forming gradients on surfaces have received much

attention in recent years because gradients allow one to probe the

effects of surface composition on a variety of interfacial

phenomena. In polymer brush gradients, parameters such as

grafting density (s), molecular weight (MW), or composition are

varied laterally on the surface. Such gradients are critical to

improving the understanding physics of polymer brush systems,

since one or more parameters can be varied on a single sample.

Other applications include modification of microfluidic channels

and studies of cell motility.

Self-assembled monolayers (SAMs) are an important factor in

creating polymer brushes with a gradient in grafting density. A

variety of techniques exist in the literature to vary the structure

and composition of SAMs across a substrate including the

formation of gradients by a vapor front,73,74 cross-diffusion

through a matrix,75 electrochemical potential,76 linear-motion

drive,77 and microcontact printing.78 The examples listed above

are early examples of monolayer gradients on the millimetre- to

micrometre-scale.

To create SAM gradients on the nanometre scale is much more

challenging and typically involves the use of hard lithography

techniques. Ross et al. produced patterns in SAMs on gold by

selectively removing alkanethiolates with a scanning tunneling

microscope (STM).79 This procedure involved coating a gold

substrate with a SAM of HS(CH2)17CH3, which functions as an

ultrathin resist, which can then be etched by the STM tip. The

treatment results in window like features that penetrate the

organic monolayer. Patterns can be generated by STM that can

ultimately form an initiator density gradient. STM-based

lithography was taken further by Fuierer et al. by replacing the

removed thiols with a ferrocenyl-based thiol.80 In this report,

varying a few STM parameters can produce complex gradient

mesostructures. A direct-write ‘‘dip-pen’’ nanolithography tech-

nique has been developed by Piner et al. to deliver collections of

molecules in a positive printing mode.81 In this report, an atomic

force microscope tip is used to ‘‘write’’ alkanethiols with

a 30-nanometre line-width resolution on a gold thin film.

Molecules are delivered from the AFM tip to the gold thin film

via capillary transport. Others have used an alkane thiol gradient
14138 | J. Mater. Chem., 2011, 21, 14135–14149
of any form and size down to several tens of nanometres, which

can be ‘‘prewritten’’ by using an electron beam to irradiate

a SAM followed by a subsequent exchange reaction of another

alkanethiol.82 This approach is more versatile, as one can choose

among a broad range of molecular substituents.

The above techniques are very useful for forming gradients of

initiators on surfaces that can ultimately be used to form polymer

brushes with different grafting densities. Wu et al.83,84 created

a gradient in grafting density by covering the substrate with

a gradient of initiator species utilizing the technique developed

earlier by Chaudhury and Whitesides.73 Polymerization of

acrylamide from the surface-bound gradient of initiating sites

was accomplished using ATRP. The thickness of the polymer is

observed to be independent of the grafting density at low grafting

densities. A crossover to the brush regime was observed to occur

at a surface grafting density of 0.065 chains/nm2 and thickness

becomes largely dependent on grafting density. Poly(tert-butyl

acrylate) (PtBA) brushes were also polymerized from an initiator

gradient followed by conversion to poly(acrylic acid) (PAA), and

the resulting wet thickness of the film was analyzed at varying pH

values and ionic strength.20 The approach to forming the initiator

gradient was unique, where deposition of a gradient of inactive

silane was done first, followed by subsequent backfilling with an

ATRP initiator. In the resulting PAA brushes, it was observed

that at low grafting densities, the polymer brush wet thickness

remained constant, however, at s ¼ 0.08 chains/nm2, the thick-

ness follows the scaling law where H z s1/3. The thickness also

becomes dependent on the ionic strength of the solvent. Another

report utilized a ’’grafting to’’ approach, where Ionov et al. used

a temperature gradient to control the kinetics of polymer grafting

to form a gradient in grafting density.9 No pre-existing gradient

in initiator density was required. Grafting density gradients of

PNIPAM brushes were synthesized by Wang et al. utilizing an

electrochemical gradient to selectively desorb hexadecanethiol

from a gold substrate followed by backfilling with the ATRP

initiator.19 Steenackers et al. successfully created polymer

brushes of PMMA by self-initiated photografting and photo-

polymerization (SIPGP) from cross-linked biphenyl thiol

SAMs.85 Cross-linking the biphenyl thiol SAM was accom-

plished with a focused electron beam, where the beam energy was

increased linearly over different areas of the substrate. In the

presence of UV light, the non-crosslinked biphenyl thiols desorb

and SIPGP occurs selectively on the cross-linked biphenyl thiols.

Defined micro-and nano-structured polymer brush patterns were

prepared with features as small as 50 nm.

In polymer brush systems, not only can one create a gradient

based on grafting density, but also molecular weight. A gradient

in polymer brush molecular weight was developed by Tomlinson

et al. by covering a silicon wafer with chemisorbed ATRP initi-

ator and placing it vertically into a solution of monomer

(Fig. 1).86 During the reaction, a micropump removes the solu-

tion from the chamber causing a steady decrease in the solution

height. Varying the solution removal rate can control the profile

of the polymer brush length gradient on the substrate. A dry

PMMA brush height change from 0 to 22 nm was obtained in an

almost linear fashion at a lateral distance of 25 mm across the

substrate. Harris et al. presented a novel method based on an

earlier report by Higashi et al.87 for using photoiniferter-medi-

ated photopolymerization techniques to create molecular weight
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Schematic of the apparatus for creating surface- grafted polymer

assemblies with a gradient in molecular weight.86
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gradients of PMMA and poly(methylacrylic acid) (PMAA).88

Using a movable photomask permits creation of a UV exposure

time gradient along the substrate. The control over chain density

by this method has been taken further by functionalizing with an

arginine-glycine-aspartic acid sequence to control cell adhesion

across a substrate. Tomlinson et al. also successfully created

a composition gradient of PHEMA-block-PMMA via ATRP.18

A gradient in the first poly(hydroxylethyl methacrylate)

(PHEMA) block is simply made by gradually removing the

solution of monomer as demonstrated by Wu et al. Because

a bromine atom remains at the chain terminus after ATRP

polymerization, a block copolymer brush can be made via rein-

itiation. The substrate is subsequently placed in a solution of

methyl methacrylate (MMA) without gradual removal of

monomer to create a gradient in PHEMA, but not in MMA.

Another option is to create a gradient in both PHEMA and

MMA by also using the solution draining technique during

polymerization of the second block. In another report by Xu

et al. ATRP can be carried out inside microchannels to produce

flat gradient and patterned surfaces.89 Poly(dimethylamino-ethyl

methacrylate) (PDMAEMA)-b-poly(butyl methacrylate)

(PBMA) brush gradients consisting of a uniform PBMA bottom

block and a molecular weight gradient PDMAEMA top block

were also synthesized by gradually filling the polymerization

chamber containing the PBMA brush coated substrate with the

second ATRP solution.90

The synthesis of mixed polymer brushes with a unidirectional

gradient in composition has also been described.91 Treatment of

this mixed brush composition with selective solvents revealed

unique switching behaviour, where only one of the polymer

brushes is well solvated and in its extended conformation as was

described earlier. A combinatorial approach has also been used

to study the effect of relative grafting density.92 Grafting density

gradients of two chemically different polymer brushes (PMMA/

PS) propagating in opposite directions were synthesized from

a binary mixed initiator layer by combining ATRP and NMRP

in two steps. After treatment of the brush with glacial acetic acid,

a selective solvent for PMMA, nanopatterns composed of rela-

tively ordered nanoscale domains were observed in the region

where the ratio of PS to PMMA grafting density was in the range

from 0.67 to 2.17 chains/nm2 and the overall grafting density was

0.85 chains/nm2. Tomlinson et al. utilized such gradient copoly-

mer structures to map out the influence of block length on
This journal is ª The Royal Society of Chemistry 2011
surface morphologies of PHEMA-b-PMMA in response to

selectively collapsing the top PMMA block of the copolymer.93

Since there is no gradient in grafting density, the dry thickness of

each block is directly proportional to its MW. Wang et al.

utilized an electrochemical-gradient to generate mixed polymer-

brush gradients of poly(N-isopropylacrylamide) (PNIPAM) and

PHEMA.94 Starting from a spatially uniform layer of initiator,

a PNIPAM brush layer was grown. Then an in-plane electro-

chemical gradient was applied, which removed the PNIPAM

brush preferentially at more negative potentials. The remaining

active initiator sites were quenched followed by backfilling of the

exposed gold regions with thiol initiator to generate an initiator

density gradient from which a PHEMA was polymerized to

achieve counter-propagating grafting density gradients of PNI-

PAM and PHEMA.

Orthogonal polymer brush gradients are also possible, in

which two parameters (grafting density and molecular weight)

are varied independently in orthogonal directions. Each point on

an orthogonal gradient substrate is a unique combination of two

surface properties, and Genzer and coworkers have used surface-

initiated radical polymerization techniques to create such

systems. Fabrication of surface grafted orthogonal gradients can

be achieved in two steps: (1) the formation of a concentration

gradient of initiator molecules followed by (2) the creation of

a molecular weight gradient perpendicular to the initiator density

gradient. It is also possible to hold constant one parameter while

varying the other. This has been demonstrated by Bhat et al.,95

where orthogonal gradients were used as functional combina-

torial templates to direct the assembly of nanoparticles. Immer-

sion of the gradient substrate of poly(dimethylamino-ethyl

methacrylate) (PDMAEMA) in a pH 6.5 solution of nano-

particles allowed an electrostatic interaction between the

DMAEMA groups in the brush and the citrate groups absorbed

on the surface of the nanoparticles.

The formation of polymer brush gradients has been applied to

manipulate nanoparticles across surfaces. In order to move

nanosized objects, the surrounding polymer brush environment

must be on the same order of magnitude as the object. Gradients

are needed, therefore, where the slope changes drastically across

lengths as low as 100 nm. A recent report by Schuh et al. has

demonstrated such a polymer brush gradient by a unique

combination of interference lithography and surface-initiated

photopolymerization.96 A UV-interference pattern is used to

partially destroy a SAM of photoinitiator, followed by SIP of the

initiators that remain intact. To generate the UV-interference

pattern in the SAM, a parallel beam of light was partly reflected

from a mirror positioned perpendicular to the surface. This

arrangement leads to an interference pattern with strong fluctu-

ations in light intensity that illuminates the surface. The UV light

decomposes the initiator only in illuminated areas. By varying

the angle of the interfering light beams in the patterning step,

polymer brushes with different sized nanostructures could be

prepared. Additionally, superimposing two UV light patterns

generates more complex patterns. A mixed polymer brush with

a gradient in composition was also accomplished in this report by

simply performing a short (10 min) polymerization of N,N-

dimethylacrylamide (DMAA) from an unstructured SAM. The

remaining unreacted initiators were then partially deactivated

using the interference process, followed by a second
J. Mater. Chem., 2011, 21, 14135–14149 | 14139
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polymerization of MMA from the surviving initiators to create

a composition gradient where DMAA has a constant graft

density, but the grafting density of MMA fluctuates at the

nanometre scale.
Stimuli-responsive polymer brushes

Stimuli-responsive polymers are materials that respond in

a controlled and predictable manner to external triggers, such as

changes in temperature,97,98 solvent,99 pH,100 applied mechanical

force,101 light,102,103 and exposure to electrical and magnetic

fields.104 When grafted on a surface in high density, responsive

polymers can be used for a wide variety of applications such as

surface wettability, micro- and nano-fluidics, electronics,

mechanical actuation, chemical sensing, biocompatibility, and

controlled drug release. The generation of nanostructures typi-

cally is used to amplify these responses. The following section

focuses on a review of recent advancements made in the field of

stimuli-responsive homopolymer and copolymer brushes.

For applications related to the changing of wettability, stimuli-

responsive polymer brushes are an excellent material to consider

as they frequently undergo large changes in surface free energy

when switching from one conformation to another upon expo-

sure to an external stimulus. Temperature and light are two of the

most widely used stimuli to induce changes in wettability. A well-

known temperature-responsive polymer, PNIPAM, which has

a LCST of 32 �C and will undergo a phase transition due to

changes in solvent quality and temperature, is widely studied for

its ability to switch surface wettability.97,105 At temperatures

below the LCST, the predominantly intermolecular hydrogen

bonding between the PNIPAM chains and water molecules

contributes to the hydrophilicity of the film. At temperatures

above the LCST, however, this H-bonding is disrupted, resulting

in a compact and collapsed conformation of the PNIPAM

chains. This makes it difficult for the hydrophilic C]O and N–H

groups to interact with the water molecules leading to a hydro-

phobic PNIPAM film. For example, PNIPAM was polymerized

on both flat and rough silicon substrates using ATRP to show

changes in contact angle between 63.5� to about 150� for rough
surfaces formed by microlithography, when the temperature is

increased from 25 �C to 40 �C.97 Others have prepared polymer

grafts of PNIPAM by ATRP on nano-textured substrates in

which changes in macroscopic wettability are likely due to

changes in the nanoscopic topography of the surface associated

with expansion and contraction of the grafted polymer layer, as

well as changes in the hydrophobicity of the polymer as it passes

through its transition temperature.106 Large changes in contact

angle were observed as the pore size of the substrates was

increased, with a change from about 13� to about 112� with

a large pore size. PNIPAM has also been copolymerized on

various substrates to enhance wettability changes.107–111 Other

thermo-responsive surfaces have been obtained by growing

brushes of poly(2-(2-methoxyethoxy)ethyl methacrylate-co-oligo

(ethylene glycol)) copolymers,112 poly-N-[(2,2-dimethyl-1,3-

dioxolane)methyl]acrylamide (PDMDOMA), and poly-

zwitterionic hydrogels113,114 which also undergo temperature

dependent changes in surface wettability.

Light-induced conformational changes in a polymer brush can

also affect the surface wettability. Locklin and coworkers used
14140 | J. Mater. Chem., 2011, 21, 14135–14149
spiropyran-(SP) containing polymers and copolymers to show

large changes in wettability due to the large change in dipole

moment between the two photo-isomeric states of spiropyran,

the ring-closed, nonpolar SP and the ring-opened, zwitterionic

merocyanine (MC).102,103 Upon ring-opening, divalent metal

cations, such as Co2+ and Fe2+, can complex to the phenolate

anion of MC and stabilize the ring-open form. This can provide

contact angle changes of up to 70�, depending on the metal

cation used for complexation.

Polyelectrolyte brushes show large conformational changes in

response to alternating ionic strength and pH, which can be used

to alter surface wettability. The most common examples include

homopolymer, mixed, and block copolymer brushes containing

poly(acrylic acid) (PAA).29,50,56,115–120 Other ionic liquid polymer

brushes have also been used to tune wettability by exchanging

their counterions.121,122 A three stage switching of wettability has

been observed using phosphate-containing polymer brushes,

which undergo conformational changes at different pH, due to

different chemical states from the association-dissociation equi-

librium.123 The Huck group has synthesized cationic poly(2-

(methacryloyloxy)ethyltrimethylammonium chloride) brushes

and studied the changes of its physical and chemical properties

after brush collapse driven by ion-pairing interactions in the

presence of ClO4
� anions. With this system, ion-pairing inter-

actions can be used to reversibly switch surface characteristics

from hydrophilic to hydrophobic.124They have also exploited the

use of electrochemical potentials to change the redox state inside

the polyelectrolyte brushes, and as a consequence, the wettability

of the brushes.104

Mechanical actuation is another application for which stimuli-

responsive polymers have found utility. The actuation of canti-

levers based on solvent changes, pH and ionic strength changes

have all been observed.123,125–127 Zhou et al. have also applied

alternating voltage bias to induce cantilever deflections using

a polyelectrolyte brush.128 In all of these cases an external stim-

ulus is applied to induce a mechanical change, but it is also

possible to have polymer brushes that change chemically in

response to a mechanical stimulus in an attempt to mimic the

phenomenon in biology known as mechanotransduction.101 A

mechanical force is used to trigger a change in ionic strength

inside the brush.
Polymer brush–nanoparticle assemblies

Nanostructured interfaces using polymer brushes have also been

studied on nanoparticles themselves, leading to great opportu-

nities for a range of applications including sensors, medical

diagnostics, information storage, surface-enhanced Raman

scattering, and phenomena involving local surface plasmon

resonance. Surface-initiated polymerization techniques have

been used to graft polymers from various nanoparticle surfaces,

including silica,129–136 gold,137–142 clay143,144 and several studies on

the phase behaviour of well-defined mixed polymer brushes on

silica nanoparticles have been reported.145–149

Additionally, stimuli-responsive polymers have been poly-

merized from nanoparticles in an effort to enhance the properties

of nanoparticle–polymer brush hybrid nanostructures. Polymer

brushes incorporating spiropyran have been a popular choice to

functionalize nanoparticles as these materials display unique
This journal is ª The Royal Society of Chemistry 2011
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properties upon exposure to light.145 Hybrid silica nanoparticles

grafted with poly(NIPAM-co-4-(2-acryloyloxy-ethylamino)-7-

nitro-2,1,3-benzoxadiazole (NBDAE))-b-poly(NIPAM-co-spi-

ropyran methacrylate (SPMA)) chains were fabricated by

sequential SI-ATRP. At the surface of the silica core, this block

copolymer brush collapses at temperatures above 37 �C due to

the LCST of the NIPAM layer. Upon UV irradiation, the SPMA

moieties in the outer layer of the polymer brush ring-open to give

the fluorescent merocyanine form, leading to the occurrence of

the fluorescence resonance energy transfer (FRET) process

between the FRET donor, NBDAE and the photoswitchable

acceptor, SPMA. Upon visible light irradiation, MC reverts back

to the non-fluorescent SP, turning off the FRET process. This

approach gives a system where hybrid silica nanoparticles are

capable of emitting multi-color fluorescence, which can be easily

tuned by UV irradiation, visible light, and temperature.

Thermosensitive polymer brushes, like PNIPAM, are

commonly grown from gold nanoparticles.147,148 Ion and pH

responsive nanoparticle-polymer brush hybrids have also been

fabricated.149 Poly(2-(diethylamino)ethyl methacrylate)

(PDEAEMA) brushes have also been grown from various

nanoparticles for pH-responsive controlled release of encapsu-

lated molecules150 and for synthetic nanopores that can mimic

the gating function of biological nanopores.149

Recent research has also been directed toward the positioning

of nanoparticles in complex two- and three-dimensional struc-

tures using polymer chains tethered by one end to an underlying

substrate in brush conformation.151,152 Hybrid nanoassemblies

were fabricated to demonstrate that localized surface plasmon

resonance (LSPR) can be used detect the reversible stretching

and shrinking motion of the PNIPAM chains in water upon

changes in temperature.153 The local effective refractive index of

the film in water is greater at temperatures above the LCST,

thereby shifting the LSPR peak to a longer wavelength at 40 �C.
Tokareva et al. fabricated a nanosensor based on the real-time

determination of swelling and shrinking of pH responsive poly(2-

vinylpyridine) incorporated with gold nanoparticles to enhance

transmission surface plasmon resonance spectroscopy.154 Nano-

sensors specific for the presence of organic solvents in

surrounding media have been developed based on the solvent

induced swelling and deswelling of polymer brushes coupled with

optical changes in localized surface plasmon resonance of gold

nanoparticles.155 Poly(NIPAM)–gold nanoparticle assemblies

have also been designed towards applications for surface

enhanced Raman spectroscopy156 and temperature nano-

sensors.157 Diamanti et al. created a template for post function-

alization of polymer brushes which enables a wide variety of

polymer brush–gold nanoparticle hybrids.158 This provides

a single, conceptual platform that enables the tuning of nano-

particle–surface interactions, which in turn will afford a wide

range of technological opportunities.
Electron beam lithography

Nano-patterned polymer brush interfaces can be fabricated using

advanced lithographic techniques in a top-down approach to

tailor surface structure and morphology. The patterning required

in nanofabrication is usually carried out with the photolitho-

graphic method employing deep UV radiation, where the
This journal is ª The Royal Society of Chemistry 2011
wavelength of the light source is a large limitation on feature size.

Efforts are now focused on using electron beam lithography

techniques, where the wavelength is less than a tenth of a nano-

metre. One exception is the use of a nonlinear laser processing

technique that is capable of generating sub-100 nm features.159

Maeng et al. utilized ATRP to fabricate patterned polymer

brushes from a patterned initiator layer.160 The patterned initi-

ator layer was obtained through the use of a low energy electron

beam and mask, which cleaved the halide group necessary for

ATRP initiation. To minimize scattering, the employed electron

energy was kept at 1.0 keV. Use of a higher energy beam of 30

keV resulted in very little polymer brush formation due to

destruction of initiating sites via scattering effects. Brush patterns

with a 6.5 mm line width were obtained. The patterning technique

has also been used to create rectangular patterns of PS-b-PMMA

and PS brushes.160 To pattern the PS layer, a 3.0 keV electron

energy was used to degrade the bromide sites at the end of the PS

chains. A PMMA layer was then polymerized from the patterned

PS layer to generate a patterned PS-b-PMMAwith line widths of

6.0 um.

Another report by Schmelmer et al. utilized electron beam

irradiation with nitro-1,10biphenyl-4-thiol monolayers to selec-

tively reduce the nitro functionality and crosslink the biphenyl

layer.161 The terminal amino groups are then diazotized and

treated with methylmalonodinitrile to give a patterned mono-

layer of 40-azomethylmalonodinitrile-1,10biphenyl-4-thiol, which
is suitable for use as initiators for radical polymerization.

Following exposure to a solution of styrene at 80 �C, the poly-

merization was initiated via thermal decomposition of the initi-

ator layer. Amplified patterns with AFM height profiles show

polymer brush line widths as small as 70 nm.

Micro- and nano-patterns of pNIPAM brushes have also been

created by He et al.162 Electron beam patterning through a mask

allowed the generation of features sizes down to 70 nm in width

by crosslinking a 40-nitro-1,10-biphenyl-4-thiol monolayer, which

also reduced the nitro to an amine by the electron beam. The

resulting patterned amine was treated with bromoisobutyryl

bromide to create a patterned surface bound ATRP initiator.

Exposure of this initiator to NIPAM results in a brush layer.

Another report by Schmelmer et al. presented the use of a high

focused electron beam instead of a mask to create patterns.163

This allowed for sub-50-nm polymer brush features to be grown

from patterned, cross-linked initiator sites via surface-initiated

photopolymerization of styrene. Polymer brushes of defined

thickness have also been created using methyl methacrylate and

tert-butyl methacrylate from cross-linked benzyl-, phenyl-, and

hydroxyl-functionalized SAMs.85 Since only an electron beam

sensitive SAM is needed, this approach is more versatile to many

complex polymer structures and architectures.

Domain sizes of polymer brushes generated by photolitho-

graphic patterns of initiator followed by SIP are limited at the

lower end due to lateral spreading of polymer chains at the

domain boundaries, which leads to poorly defined features. For

this reason, electron beam lithography to form nanostructured

polymer brushes by post-polymerization patterning is a viable

alternative, and has been initially investigated by Ober and co-

workers. To entirely bypass complex lithographic schemes,

Rastogi et al. used an electron beam to directly pattern polymer

brushes of PMMA, PHEMA, poly(isobutyl methacrylate)
J. Mater. Chem., 2011, 21, 14135–14149 | 14141
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(PIBMA), poly(neopentyl methacrylate) (PNPMA), and poly

(2,2,2-trifluoroethyl methacrylate) (PTFEMA) grown via ATRP

from silicon substrates.164 Patterns with features as small as

50 nm were obtained. The order in increasing sensitivity toward

electron beam irradiation among the different brushes was found

to be PMMA < PIBMA < PHEMA z PNPMA < PTFEMA.

This finding demonstrates that one can tailor-make polymer

brushes to be highly sensitive toward electron beam irradiation

by chemical modification at the b-position to the carbonyl group.

Super critical carbon dioxide (scCO2) has been used following

the electron beam patterning step to develop the patterned

brushes via removal of the degraded polymer.165 Typically, THF

is used for this step, but scCO2 has several advantages. Along

with economic viability, the high diffusivity and low viscosity of

scCO2 allows for its efficient removal via depressurization. A

large variation in solubility can be achieved with small changes in

operating conditions. Paik et al. took the direct electron beam

patterning of polymer brushes even further by creating

a patterned block copolymer with a negative tone upper layer

(PS) and a positive tone under layer (PMMA or PHEMA) to

create channels (Fig. 2).165
Other hard lithographic techniques

While electron beam lithography has been more prominent in

formation of polymer brush nanostructures with small features,

other lithography techniques have also been studied to form

nanoscale polymer brush surfaces. Atomic force microscopy, dip
Fig. 2 An illustration representing the nanochannel fabrication process

with corresponding AFM images. The diblock brush (a) undergoes

electron beam exposure and development (b) followed by etching of the

PS layer using oxygen plasma.165

14142 | J. Mater. Chem., 2011, 21, 14135–14149
pen lithography, nanoshaving, and scratch card lithography have

all used scanning probe tips for polymer brush nano-

patterning.15,166–170 The Kanoufi group used a scanning electro-

chemical microscope to perform rapid electrochemical

reductions of ATRP monolayers in micropatterned domains. In

varying the reducing strength of the probe, initiator density was

systematically varied for SIP.170AFM cantilevers with an applied

electric field have also been used to selectively oxidize silicon to

template the fabrication of nanopattern polymer brushes with

lateral dimensions as small as 300 nm.169 Kaholek et al. presented

a new and simple strategy to fabricate stimuli-responsive,

surface-confined PNIPAM brush nanopatterns.168,171 This was

accomplished by combining SIP and ‘‘nanoshaving,’’ which gave

patterns of 500 nm � 10 mm. Nanoshaving uses an AFM tip to

selectively remove a thiol resist under high tip forces (�50 nN)

and high scan rates (�20 mm s�1). A gold substrate coated with

octanethiol is removed from the surface, and the freshly exposed

portions of the substrate are exposed to an ATRP thiol initiator.

A reversible, stimuli-responsive conformational height change of

these nanopatterned polymer brushes was demonstrated.

Kaholek and coworkers also utilized a ‘‘top-down/bottom-up’’

strategy to fabricate nano- and micro-patterned polymer brush

arrays composed of weak polyelectrolyte copolymers of poly(N-

isopropylacrylamide-co-methacrylic acid).172 Electron beam

patterning of a PMMA-coated substrate followed by gold

deposition allowed the formation of a gold patterned silicon

substrate after removal of the resist. A thiol-based azoinitiator

was self-assembled on the gold patterns and amplified by pho-

topolymerization to generate micro- and nano-patterned poly

(NIPAM-co-MAA) with lateral dimensions ranging from

550 nm to 3.4 mm. This brush is sensitive to both pH and ionic

strength, and it was shown that in the presence of water at pH 9.0

the dry polymer swells by more than one order of magnitude

(9 nm to 112 nm in height). This is a result of the carboxylic acid

groups in theMAA comonomer being deprotonated, which leads

to chain stretching. In the presence of water at pH 4.0, the brush

collapses (112 nm to 9 nm) and this process is reversible. Adding

salt to the stretched brush in basic media causes the brush to

collapse, due to screening of the charged carboxylic acid groups.

In this report, use of gold patterns on silicon has a few advan-

tages, including well-defined features that can be created over

large areas, the ability to fabricate mixed polymer brushes

utilizing silane- and thiol-based initiators, and a wide variety of

chemistries using different monomers.172 Ahn et al. utilized the

same technique to create micro-patterned lines of PNIPAM (1.8

mm wide, 300 nm high) with a dot nano-pattern (600 nm wide,

170 nm high) contained within the lines.173

Morsch et al. described ‘‘scratch card’’ lithography as

a method to create nanoscale polymer brush surfaces.174 Scratch

card lithography describes the pulsed plasma chemical deposi-

tion of an ATRP initiator layer, masked by a poly(vinylbenzyl

chloride) layer, which is selectively removed by the scratching of

the secondary layer with a scanning probe tip 100 nm wide.174

The underlying initiator layer is exposed by scanning probe

lithography for patterned surface initiation, while preserving the

unexposed sites below for subsequent polymerizations using

different monomers. They observed reversible domain size

changes of the nanoscale polymer brushes based on the solvent-

selective masking of functional surfaces.
This journal is ª The Royal Society of Chemistry 2011
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Mirkin and coworkers took a different approach with dip pen

lithography, where they deposited initiator and monomer in

a two-step approach to patterned polymer brushes synthesized

by ring opening metathesis polymerization (ROMP).15 By

controlling print time of monomers, they demonstrated control

over the degree of polymerization on features as small as 100 nm

in diameter.15
Scheme 2 Pictorial representation of surface tuning for nanoscopic

pattern replication using embedded inimers.190
Soft lithography

To incorporate nanostructured polymer brush surfaces into

larger scale patterning, simplified lithography techniques are

required to replicate a patterned surface with high fidelity. While

e-beam and other techniques are useful for generating nanoscale

features, soft lithography, involving the patterning of surfaces

through mild chemical or physical deposition is an alternative to

templating nanostructured polymer brushes. Soft lithographic

patterning of polymer brushes consists of three main methods:

(1) microcontact printing of an initiator layer followed by

polymerization, (2) patterning of a small molecule on top of an

existing polymer brush, or (3) patterning of an inert polymer, for

backfilled patterned polymerization, using techniques such as

capillary force lithography.

Microcontact printing (mCP) is a chemical process where

a stamp, formed usually out of PDMS, is coated with an organic

solution and printed onto a surface. Microcontact printing has

been used extensively to form nanoscale patterns of polymer

brushes on surfaces,105,175–183 with emphasis on polymer brush

architectures with thermally switchable domains,105 aqueous

block copolymers,184 and microphase separated polymer

‘‘anemones.’’185

While the majority of microcontact printing has been focused

on nanoscale patterning of initiator layers, some research has

focused on post polymerization modification. The Zauscher

group used hydrogen bond-mediated microcontact printing of

ATRP initators on exisisting poly(acrylic acid) brushes for the

patterned block/graft copolymerization of NIPAM.186 Domain

size of the grafted copolymer brush pattern could be systemati-

cally controlled using both contact time and applied pressure of

the stamp during mCP of the initiator on the PAA brush surface.

Two adaptations on mCP were developed by the Vaia group to

pattern poly(ethylene glycol) (PEG) on functionalized poly(2-

hydroxyethyl methacrylate) brushes for the immobilization of

citrate-capped gold nanoparticles.187 The first is reactive micro-

contact printing, where a PDMS stamp inked with PEG-amine is

printed on the polymer brush to immobilize micron-scale stripes

of gold nanoparticles. The second, reactive microcapillary

printing, uses capillary action to draw fluid into the channels of

an elastomeric stamp on the surface, creating a micropattern of

PEG-amine.187

Nanoimprint lithography in thin film PMMA was conducted

by the Huck group to generate nanoscale wells for NIPAM

polymer brushes as small as 35 nm in domain diameter, repre-

senting roughly 300 grafted polymer chains. They demonstrated

the responsive polymer could be controlled by lateral size control

of the domains, allowing for tunable topographies, even with

such a small collective motion of polymer chains.166

Capillary force lithography has also been utilized by Luzinov

and coworkers to mold thin polystyrene films with feature sizes
This journal is ª The Royal Society of Chemistry 2011
as small as 100 nm by drawing polymer into elastomer channels

by capillary force at temperatures above the polymer glass

transition temperature (Tg).
188 The exposed surfaces are then

backfilled to selectively initiate controlled radical polymeriza-

tion. The molded polystyrene layers can be removed by dis-

solving them in a miscible solvent, which creates a binary surface

for further functionalization. This has also been accomplished

with solvent assisted-‘‘grafting to’’ polymerization to immobilize

nanoparticles.189
Inimer patterning of polymer brushes

Carter and coworkers have designed a novel approach for

manipulating the size and chemistry of nanoscopic features using

a tandem, top-down/bottom-up approach that combines contact

molding and living free radical polymerization.190 In this tech-

nique, a network photopolymer that contains an embedded

inimer (contains both initiator and monomer) is molded into

patterned features (Scheme 2). In a secondary reaction step,

polymer brushes of defined chemistry and structure are grown

from the exposed imbedded inimers on the surface of the

patterned network, thus changing the surface chemistry of the

features, as well as the size of the features. This process is a simple

and powerful method for growing controlled polymer brushes

with a variety of different feature sizes and functional groups

using the same molded template.

The primary patterning technique used in this approach is

a top-down contact-molding imprint lithography process, which

involves the use of a patterned polymeric mold to template

a spin-cast film of an inimer-containing photopolymer solution

that is subsequently UV-polymerized while in contact with the

transparent pattern mold. This method has been used to fabri-

cate well-defined polymer brushes consisting of PS, PMMA, and

PHEMA linear chains using both atom transfer radical
J. Mater. Chem., 2011, 21, 14135–14149 | 14143
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polymerization (ATRP) and nitroxide-mediated polymerization

(NMP) initiated from the inimer-embedded surfaces.190 Brushes

with controlled thickness ranging from 10 to 143 nm were grown,

and the feature sizes could be tuned from the original 100 nm

down to 20 nm.

A thorough examination of each step in the process has been

performed from substrate preparation to photopolymer attach-

ment to polymer brush growth.191 Several 3-methacryloxypropyl

silane derivatives were evaluated as silane coupling reagents,

where the 3-methacryloxypropyl functionality reacts in the

photopolymerization of acrylate/methacrylate monomer films

leading to high quality network films. An example of a poly-

styrene-d8 brush grown by NMP from these surfaces embedded

with an alkoxyamine inimer was also demonstrated.

Carter and coworkers have also described a new procedure for

surface grafting polyfluorene brushes by step-growth polymeri-

zation from initiator-embedded polymeric thin films and micron-

and nanometre scale patterns using nanocontact molding.191

More recently, nanocontact molding has been used to pattern

biologically active materials by molding functional photo-

polymer resins to create controlled nanoscale patterns of a cross-

linked photopolymer containing embedded alkoxyamine-based

initiator groups.192 Functionalized polymer brushes were grown

from these patterned layers by NMP, where chain end func-

tionalization was accomplished by nitroxide radical exchange

during the polymerization process.
Fig. 3 (a) Scanning electron micrographs and (b) transmission electron

micrographs hairy hollow nanospheres The scale bars for (a) and (b) are

100 and 200 nm, respectively.197
Multicomponent nanostructured polymer surfaces

The formation of multicomponent surfaces allows for the

introduction of two or more types of polymer substrates in

a well-defined, spatially-oriented area. This can assist in devel-

oping specialized nanostructures on surfaces and providing

nanoscale surface with chemical specificity. While mixed and

block polymer brushes have already been discussed in detail,

multicomponent surfaces deal with patterned polymer brush

domains that can be formed by two methods: (1) sequential

polymerization of patterned surface initiators and/or (2)

orthogonal surfaces by post-polymerization modification.

Sequential polymerization involves polymerization, followed

by a surface activation step, such as etching of polymer or acti-

vation of a protected initiator species. Several papers have ach-

ieved binary functional polymer surfaces by post polymerization

modifications to a polymer brush, followed by a second poly-

merization to backfill the bare regions.193–195 Sequential polymer

brush formation has also been achieved via microcontact

printing by the Huck group.196 This work went above and

beyond the formation of binary functionalized surfaces, to

generate up to eight quaternary functionalized surfaces by

controlled polymerization (ATRP), passivation of the initiator

endgroup, printing of a new initiator, and subsequential poly-

merization.196 This technique demonstrates high fidelity polymer

patterns that are amenable to several types of monomers with

different chemical functionality. The complex surfaces showed

no intercalation between brush layers, or the polymers synthe-

sized from printed initiators on top of the underlying brush

surfaces.

Multifunctional polymer brushes have also been used to form

solid-supported and hollow shell nanostructures by modification
14144 | J. Mater. Chem., 2011, 21, 14135–14149
of nanoparticle surfaces with orthogonally functionalized poly-

mer brushes.197 The development of polymeric mimics to bio-

logical systems is instrumental in applying controlled

nanostructured surfaces to biomedical applications. Dual-click

chemistry at alkyne and alkene surfaces with azide and thiolyne-

functionalized polymers, respectively, can be utilized to form

‘‘hairy’’ nanoparticles and nanospheres with hydrophilic and

hydrophobic portions, which may be useful for drug delivery or

as red blood cell mimics.197 Scanning electron and transmission

electron micrographs of the nanospheres are shown in Fig. 3.

Photolithography has been utilized by the Ober group to selec-

tively polymerize polymer domains to template biological func-

tionalization surrounded by protein-resistant poly(ethylene

glycol).198 Grafting from polymerization of poly[(2-methyacry-

loxyloxy)ethyl] trimethylammonium chloride (PMETA) in

microdomains surrounded by polyethylene glycol were used for

the directed growth of rat hippocampal neurons, which may find

utility in the development of neural device coatings. The dual
This journal is ª The Royal Society of Chemistry 2011
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functionality of the cytophobic PEG and cytophilic PMETA

allowed PMETA-facilitated neural growth.198

As specificity and functionality is demanded of polymeric

surfaces on the nanoscale, the ability to customize and synthesize

tunable surfaces becomes more and more critical. The second

type of multifunctional surfaces stem from post polymerization

activation of polymer brush pendant groups, mainly through

photolithography. Specifically, a few groups have studied func-

tional polymer brushes where pendant groups, such as thiolynes,

alkynes, or n-hydroxysuccinimide esters, can be used to cova-

lently bind a complimentary group in solution, attaching desired

moieties along the polymer backbone. These polymer templates

are advantageous in preventing the exhaustive optimization

required when polymerizing a new monomer system and allow

for rapid development of functionalized polymer brushes by

photolithographic activation. Specifically, the Patton group used

photopolymerized poly(propargyl methacrylate) to functionalize

thiol terminated molecules in the radical-mediated thiol-yne click

reaction, generated by ultraviolet light (254–470 nm).199 Func-

tionalizable polymer brush scaffolds based on n-hydroxy-

succinimide esters have also been used to template

multicomponent surfaces with spatially resolved functionality by

modification with a photoactivated compound.200 A cyclo-

propenone-amine was immobilized onto the polymer brush

backbone, which can undergo decarbonylation to form

a strained dibenzocyclooctyne when irradiated with UV light.

This dibenzocyclooctyne then reacts rapidly with azides under

ambient conditions without the use of metal catalysts.200 The

photoactivation of the polymer brush allows for selective acti-

vation and functionalization of different azides on separate

microdomains without cross contamination.
Scheme 3 Schematic representation of the formation of nanostructured

P4VP-b-PS(I)-g-P3HT brushes.203
Conjugated polymer nanostructures

In the past decade, a new interest in conjugated polymers (CPs)

has emerged due to their potential in applications ranging from

polymeric light emitting diodes (PLEDs) to photovoltaics. In

photovoltaics, the ability to form nanoscale patterned donor and

acceptor materials will allow for more efficient charge separa-

tion. While most reports of patterned conjugated polymers are

accomplished through spin-coating or reacting a precursor

polymer to a substrate followed by lithographic techniques, the

creation of conjugated polymer brushes is still in the early stages

of development.

Zotti et al. have performed the electrochemical anodic

coupling of different pyrrole- and thiophene-based monomers to

oligothiophene-based SAMs on indium tin oxide (ITO) and gold

electrodes.201 This resulted in grafting of conjugated polymer

films from the electroactive monolayer. This technique is far

superior to previous electrochemical techniques utilizing bare

gold and platinum electrodes. This new method allows the

formation of nanometre-sized layers of conjugated polymers

with nominally normal orientation of the chain to the surface.

Microcontact printing was used to pattern terthiophene-based

monolayers onto gold and ITO electrodes, and the subsequent

electropolymerization amplified the patterns, which was visible

through AFM.

Beinhoff et al. developed a new procedure that utilized a step-

growth Yamamoto-type Ni(0) mediated polymerization.191
This journal is ª The Royal Society of Chemistry 2011
Nanocontact molding was used to prepare thin patterned cross-

linked polyacrylate network films on silicon wafers that incor-

porated 4-bromstyrene in the networks. This 4-bromostyrene

moiety presented a reactive sight for subsequent Yamamoto

polymerization of 2,7-dibromo-,9,9-dihexylfluorene (PDHF).

Brush growth was conducted from patterned features ranging

from 100 mm to 100 nm in width and 50 nm in height. Another

report byMoran et al. enhanced the rate and extent of grafting of

PDHF by incorporating 2,7-dibromo-9-fluorenyl methacrylate

(DBFM) as a new grafting agent in the crosslinked polymer

resin.202 Varying the concentration of DBFM controlled both

overall graft formation and fluorescence. Microwave heating was

used to obtain 30 nm of PDHF in as little as 30 min. Nano-

contact molding was used to generate features ranging in size

from 100 mm to 100 nm in width and 60 nm in height, followed by

microwave-assisted grafting of PDHF. Grafting of PDHF

resulted in fluorescent patterns that had an increase in height.

Surface-initiated Kumada catalyst-transfer polycondensation

(SI-KCTP) has recently emerged as a viable strategy for forming

conjugated polymer brushes from surfaces.16,17 This new tech-

nique shows considerable promise and is still in its early stages of

development. Khanduyeva et al. developed a unique nano-

structured micelle by dissolving P4VP75-b-poly(p-iodostyrene)313
in hot toluene and allowing it to equilibrate at room temperature

for at least for one week (Scheme 3).203 These micelles were then

spin-coated onto a silicon wafer and annealed at 150 �C. At this

temperature, poly(p-iodostyrene) constituting the shell of the

micelles does not melt and acts as nanoreactor in which molten

P4VP chains will be grafted to the surface. Poly(3-hexylth-

iophene)) (P3HT) was then grafted from the poly(p-iodostyrene)
J. Mater. Chem., 2011, 21, 14135–14149 | 14145
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chains. Although the grafting of P3HT from the nanopatterned

P4VP75-b-poly(p-iodostyrene)313 brush destroys the initial order,

the particulate morphology in the resulting film was preserved. In

another report utilizing SI-KCTP, Senkovskyy et al. immobilized

the initiator on both nano- and micro-sized silica particles.204 In

the presence of monomer, P3HT was grafted from the particles.

Beryozkina et al. utilized a Suzuki-type polycondensation

scheme to generate conjugated polymer brushes of poly(9,9-bis

(2-ethylhexyl)fluorene) (PF2/6) up to 100 nm thick.205 A

colloidal-type lithography technique was used, where sub-

micrometre hydrogel particles were arranged on silicon wafers by

dip-coating. These particles were used as a mask during the

treatment of octadecylsilane to deactivate the space between the

particles. After removal of the particles, the exposed circular

regions on the wafer were reacted with a silane-based initiator for

Suzuki polycondensation. Subsequent polymerization of PF2/6

from the initiator sites generated microstructured conjugated

polymer brushes where each round shaped disk was approxi-

mately 1 mm in diameter.
Conclusions

In this review, we have presented recent developments in the field

of polymer brush chemistry that have been used to fabricate

nanostructured materials. From these developments, two main

themes arise in methods of nanostructured polymer brush

fabrication: ‘‘bottom up’’ and ‘‘top down’’ nanostructures.

Bottom up nanostructured brushes are described by stimuli

responsive, mixed, block, inimer, and stimuli responsive polymer

brushes, where the nanostructured surface is generated by

properties unique to the polymer chemistry used, and can be

induced by a macroscopic environment change, such as solvent,

heat or light. Nano-scale patterned polymer brushes fabricated

by a top down method, as demonstrated in the aforementioned

examples using hard and soft lithography, and other photolith-

ographic techniques used in nano gradients and multicomponent

surface polymer brushes, are at the cutting edge of available

technology in terms of spatial resolution and patterning.

Most of the examples of both top down and bottom up

fabrication of polymer brush nanostructures are generated using

commercially available monomers, such as styrene and methyl

methacrylate. This has been necessary to understand the funda-

mental influences of polymer conformation, polymer brush

chemistry and lithographic techniques on generating nano-

structured surfaces. The next step in advancing nanostructured

polymer brushes as a viable option in nanotechnology lies in

combining top down and bottom up methods to pattern

specialized, functional polymer brushes. For example, using e-

beam lithography to pattern a conjugated polymer brush could

generate nanostructured surfaces capable of better light-induced

charge separation to develop more efficient photovoltaic devices.

While recent literature has alluded to specialized polymer func-

tionality in nanostructured surfaces,199,200,206,207 new platforms

and strategies are necessary to develop application specific

chemistry on the nanoscale.

Furthermore, there will always be an inherent limit on the

resolution to nanopattern surfaces from the top down. The

‘‘bottom up’’ approach is only be limited by the properties of the

polymer chains attached to the surface. The union of
14146 | J. Mater. Chem., 2011, 21, 14135–14149
stimuli-induced nano-architectures along with the incorporation

of specialized homo- and copolymers is key into integrating

polymer brush nanostructures into electronics, sensors and

biomedical industries.

As the applications of nanotechnology become more inter-

disciplinary, polymer brushes provide a durable, controllable,

and customizable interface between surfaces and the macro-

scopic environments they aim to influence. This review article has

focused on recent advances of specialized polymer brushes on the

nanoscale, but as polymer technology expands to include more

advanced chemistries, architectures, and fabrication methods in

solution, these macromolecules must eventually be evaluated on

the nanoscale to compare different chemical and physical prop-

erties of polymer brushes relative to their bulk counterparts.

Only when the ability to generate and control specialized poly-

mer brushes on the nanoscale is demonstrated can we definitively

say that nanostructured polymer brush interfaces have the ability

to significantly impact larger, interdisciplinary fields.
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