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Photolithographic techniques have been used to fabricate polymer brush micro- and nanostructures.
On exposure to UV light with a wavelength of 244 nm, halogens were selectively removed from
films of chloromethylphenyltrichlorosilane and 3-共2-bromoisobutyramido兲propyl-triethoxysilane on
silicon dioxide. Patterning was achieved at the micrometer scale, by using a mask in conjunction
with the incident laser beam, and at the nanometer scale, by utilizing interferometric lithography
共IL兲. Friction force microscopy images of patterned surfaces exhibited frictional contrast due to
removal of the halogen but no topographical contrast. In both cases the halogenated surface was
used as an initiator for surface atom-transfer radical polymerization. Patterning of the surface by UV
lithography enabled the definition of patterns of initiator from which micro- and nanostructured
poly关oligo共ethylene glycol兲methacrylate兴 bottle brushes were grown. Micropatterned brushes
formed on both surfaces exhibited excellent resistance to protein adsorption, enabling the formation
of protein patterns. Using IL, brush structures were formed that covered macroscopic areas
共approximately 0.5 cm2兲 but exhibited a full width at half maximum height as small as 78 nm, with
a period of 225 nm. Spatially selective photolytic removal of halogens that are immobilized on a
surface thus appears to be a simple, rapid, and versatile method for the formation of micro- and
nanostructured polymer brushes and for the control of protein adsorption. © 2011 American Vacuum
Society. 关DOI: 10.1116/1.3553579兴

I. INTRODUCTION
Polymer brush layers exhibit many attractive characteristics for the control of interfacial interactions. For example,
poly共L-lysine兲-graft-poly共ethylene glycol兲 共PEG兲 films have
been reported to yield greatly reduced frictional coefficients
during aqueous lubrication under rolling1,2 and sliding3 conditions; poly共2-methacryloyloxyethyl phosphoryl choline兲
brushes have been found to yield high levels of biocompatibility and also to exhibit high levels of lubricity in aqueous
media.4–6 Given the potential that polymer brushes offer for
the fabrication of sophisticated smart functional films, they
are attractive materials for applications in micro- and
nanotechnologies.7 Some polymer brush systems exhibit exceptionally high levels of resistance to biofouling, a characteristic that is potentially attractive in the context of the fabrication of biochips, where the spatial control of protein
adsorption is important. In a biochip, it is necessary to be
able to selectively fabricate protein-binding regions in a
protein-resistant matrix. A method is thus required to selectively form a protein-resistant brush structure across the surface of the biochip and also to selectively introduce proteinbinding regions to enable the formation of sensing elements.
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The most widely used protein-resistant materials have
been based on PEG8 and related materials, including plasmapolymerized tetraglyme 关CH3O共CH2CH2O兲4CH3兴 共Ref. 9兲
and self-assembled monolayers of oligo共ethylene glycol兲 terminated alkanethiolates.10–12 However, polymer patterning is
difficult on small length scales, and while self-assembled
monolayers of alkanethiolates,13–19 alkylsiloxanes,20–22 and
alkylphosphonates23–26 have been patterned by a variety of
methods, they are not without problems. Alkanethiolate selfassembled monolayers 共SAMs兲 are rarely defect-free and exhibit limited oxidative stability, while siloxane films exhibit
low degrees of order. In biological applications, low densities of defects may yield anomalous behavior. For example,
proteins may be able to attach to surfaces via very small
defects in monolayers. Recently, it has been demonstrated
that polymer brushes prepared from oligo共ethylene
glycol兲methacrylate 共OEGMA兲 exhibit exceptional resistance to protein adsorption.27–29 Bottle-brush structures may
be synthesized on any surface functionalized with a suitable
initiator 共usually a bromoisobutyrate group兲 using atomtransfer radical polymerization 共ATRP兲. For example, the initiator may be attached to gold via a thiol tether and to silicon
dioxide by adsorption of a suitable trichlorosilane or by coupling to an aminated siloxane film. Glass is an important
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substrate for many applications in biology; the ability to inexpensively render its resistant to protein adsorption is extremely valuable.
To construct functional polymer brush-based micro- and
nanostructures, suitable patterning techniques are required.
One approach is to form a complete brush film and then to
selectively remove polymer material from the surface.30 For
example, poly共OEGMA兲 films may be patterned using selective UV photodegradation by exposure through a mask 共for
micrometer-scale patterning兲 or from a near-field optical
probe 共for nanopatterning兲.31 Alternately, the initiator may
first be patterned and the resulting structures may used as
templates from which to grow brushes. For example, microcontact printing has been used to pattern the attachment of
initiators with terminal thiol functionalities on gold
surfaces;32 subsequent ATRP yielded brush structures whose
dimensions were defined by the pattern of adsorbed initiator
molecules.27 Photolithography33,34 or micromolding35 may
be used to deposit initiator in patterns at the micrometer
scale, and brushes subsequently grown, while photobleaching may be used to selectively deactivate photoinitiators for
surface-induced polymerization.36,37 At smaller length scales,
dip-pen nanolithography has been used in an analogous fashion to deposit initiators in patterns from which poly共Nisopropylacrylamide兲 共NIPAAM兲 brushes have been
grown.38,39 Schuh et al. fabricated gradients, consisting of a
continuously varying density of brushes, by using an interferometer to degrade a photoinitiator-functionalized
surface.36
In the present work, we explore a rapid simple approach
to brush patterning based on the dehalogenation of a bromoor chlorofunctionalized surface. Previously it has been reported that benzyl chloride terminated siloxane films may be
dehalogenated by exposure to UV light.40 However, polymer
brush growth from such surfaces has not been demonstrated
previously. Here we demonstrate poly共OEGMA兲 brush
growth from patterned benzyl chloride-functionalized siloxane films. We additionally demonstrate that brominated
initiator-functionalized monolayers may be dehalogenated in
a similar fashion and used as templates for the fabrication of
poly共OEGMA兲 brush layers.
Previously Iwata et al. used a short wavelength UV
source 共185 nm兲, operating at very high power 共15 W for
3.5 h, corresponding to an exposure of approximately
200 kJ兲 to pattern brominated surfaces from poly
关共methacryloyloxy兲ethyl phosphorylcholine兴.41 Although
they showed little x-ray photoelectron spectroscopy 共XPS兲
data and the mechanism of photochemical modification was
unclear, it is likely that such aggressive conditions caused
complete photolysis of the organic layer in exposed regions.
Not only is 185 nm radiation likely to cause C u C bond
cleavage, but it may also generate ozone, which would cause
oxidative degradation. In the present work we have used
XPS to investigate the dose-dependent modification of the
halogen initiator film and show that at mild exposures, using
longer wavelengths not likely to cause C u C bond cleavage
共244 nm兲, selective dehalogenation may be achieved and
Biointerphases, Vol. 6, No. 1, March 2011
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used to form polymer patterns. An additional benefit of the
use of chlorobenzyl films is that selective photoconversion of
the benzyl chloride to a benzoic acid group is possible, enabling subsequent covalent attachment of proteins.
We also demonstrate the fabrication of nanometer-scale
polymer brush patterns by using interferometric lithography
共IL兲 techniques to expose both the chloro- and bromoinitiator
films.42,43 IL has been widely used for the fabrication of
semiconductor structures but has been comparatively little
used for patterning molecular materials. It has not previously
been used to pattern polymer brush films by selective dehalogenation of initiators. In the present study, a simple benchtop apparatus employing Lloyd’s mirror arrangement has
been used, in which a coherent laser beam is directed toward
a mirror and sample placed at an angular separation of 2.
Half of the laser beam falls on the mirror, from where it is
reflected onto the sample to interfere with the other half of
the beam, forming a sinusoidal intensity pattern with period
 / 2 sin , where  is the wavelength of the laser beam. IL is
an attractive technique for molecular patterning because it
offers great simplicity, combined with the capability for exposure of macroscopic 共cm2兲 regions.
II. EXPERIMENT
A. Preparation of SAMs

Silicon 共100兲 wafers 共Goodfellow, Cambridge, UK兲 were
used as substrates. The substrates and glassware were
cleaned using piranha solution 关30% hydrogen peroxide and
concentrated 共95%兲 sulfuric acid in the ratio 3:7兴. Caution:
Piranha solution has been known to detonate spontaneously
upon contact with organic material and therefore great care
should be used when handling it. Chlorinated surfaces were
prepared following previously published procedure,44 by the
immersion of silicon wafers in 2.5 mM solution of chloromethylphenyltrichlorosilane 共CMPTS兲 共Fluka兲 in toluene under a moisture controlled 共dry nitrogen兲 atmosphere. After
removal from the solution, the samples were dried with nitrogen and placed in a vacuum oven.
Brominated
surfaces
关henceforth
3-共2bromoisobutyramido兲propyl-triethoxysilane 共BIBAPTES兲兴
were
prepared
using
previously
published
methodology27,28,45,46 by functionalizing films formed by the
adsorption of aminpropyl triethoxysilane using bromisobutyryl bromide. All reagents were purchased from SigmaAldrich. A two-step process was used. Substrates were first
immersed in a 10% solution of 3-aminopropyltriethoxysilane
in ethanol for 30 min. They were then rinsed with ethanol
and dried at 120 ° C. In the second step, the resulting films
were immersed in a solution of bromoisobutyryl bromide
共1%兲 and triethylamine 共1%兲 in dichloromethane for 30 min,
followed by rinsing with ethanol and dichloromethane and
drying under N2.
B. UV modification

UV exposure was carried out using a frequency-doubled
argon ion laser 共Coherent Innova FreD300C兲 with a wave-
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length of 244 nm. The beam was expanded using a beam
expander so that the area exposed was 0.8 cm2. Micropatterning was accomplished by exposing the samples through a
Cu electron microscope grid 共Agar, Cambridge, UK兲. IL was
carried out using a two-beam interference system 共Lloyd’s
mirror兲.42
C. Preparation of poly„OEGMA… brushes

Following exposure to UV light, polymer brushes were
prepared by immersing the samples for 12 h in a degassed
20% water in methanol 共v / v兲 solution of 5 mg mL−1
Cu共I兲Br, 12 mg mL−1 bipyridine, and 300 mg mL−1 oligo共ethylene glycol兲 methacrylate under argon. After removal
from solution, the samples were then rinsed with de-ionized
water and dried under a stream of N2.

10

(a)

(b)

FIG. 1. 共Color online兲 AFM images of initiator-functionalized surfaces: 共a兲
5 ⫻ 5 m2 image of a film formed from CMPTS; 共b兲 10⫻ 10 m2 image of
a film formed from 3-共2-bromoisobutyramido兲propyl-triethoxysilane. Vertical contrast range: 0–10 nm in both images.

London, UK兲. The captured images were analyzed using
Zeiss LSM image browser software.

D. Surface activation

III. RESULTS AND DISCUSSION

Carboxylic acid terminated surfaces generated by UV irradiation were activated using N-共3-dimethylaminopropyl兲N⬘-ethylcarbodiimide 共EDC兲 and N-hydroxysuccinimide
共NHS兲. The samples were immersed in a solution of 100 mM
EDC and 100 mM NHS in dimethylformamide 共DMF兲 for 20
min as described in the literature.47 The chemicals were obtained from Sigma-Aldrich. DMF solvent was supplied by
the Grubbs dry solvent system.

A. Characterization of initiator films

E. Protein immobilization

The activated surfaces were incubated in a solution of
NeutrAvidin nanoparticles in phosphate-buffered saline
共PBS兲 solution at concentration of approximately
10 g mL−1 in the dark for 2 h and then rinsed with PBS
buffer solution followed by de-ionized water and dried gently under nitrogen.

Figure 1 shows atomic force microscopy 共AFM兲 topographical images of films formed from CMPTS and BIBAPTES. The root mean square roughnesses of the two films,
measured across the entire image area, were 0.6 and 0.7 nm,
respectively. The smooth morphology of these samples is
consistent with the formation of high quality films. A contact
angle of 79° was measured for CMPTS, while a value of 67°
was measured for BIBAPTES.
Figure 2 shows XPS C 1s spectra of the films. For
CMPTS, the spectrum was fitted using two components, corresponding to the C u C and C u H hydrocarbon peaks at
285.0 eV and the C u Cl shoulder at 287.2 eV. The relative
areas of the two components 共83% and 17%, respectively兲
were consistent with the expected composition of the film.
For BIBAPTES, curve fitting of the C 1s core level spectrum

F. Surface characterization
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Sessile drop contact angle measurements were made using a Rame-Hart model 100-00 contact angle goniometer.
Contact-mode topographical and friction force measurements
were made using a Digital Instruments Ltd. Multimode
Nanoscope IIIA atomic force microscope 共Digital Instruments, Cambridge, UK兲. Silicon nitride nanoprobes 共Digital
Instruments, Cambridge, UK兲 with nominal force constants
of 0.06 and 0.12 N m−1 were used. XPS was carried out
using a Kratos axis ultra-delay line detector 共DLD兲 x-ray
photoelectron spectrometer 共Kratos Analytical, Manchester,
UK兲 equipped with a monochromatic Al K␣ x-ray source in
an ultrahigh-vacuum environment. The high-resolution spectra were acquired at a pass energy of 20 eV. CASAXPS software 共Casa Software Ltd., http://www.casaxps.com兲 was
used to analyze the data. Fluorescence microscopy images
were acquired after immersion of samples in NeutrAvidin
solution, using a LSM 510 laser scanning confocal microscope 共Carl Zeiss, Welwyn Garden City, UK兲 and a 488 nm
Ar ion laser. A 40⫻ magnification oil immersion lens was
used for imaging the samples, which were mounted in an
antifade reagent 共glycerol-PBS solution, AF1兲 共Citifluor Ltd.,
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FIG. 2. C 1s XPS spectra for 共a兲 CMPTS and 共b兲 BIBAPTES.
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FIG. 3. 共Color online兲 Changes in the XPS Cl 2p spectrum of CMPTS
following exposure to UV light.
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yielded three components at binding energies of 285.0,
286.3, and 288.3 eV, attributable to the C u C,
C u Br/ C u NCO, and O v C u N, respectively. The predicted ratio of C u C : C u Br/ NCO: O v C u N is 4:2:1 and
this was consistent with the ratios obtained from the C 1s
spectrum. Peaks were also observed, as expected, for N and
Br 共not shown兲.
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B. UV modification

The UV modification of CMPTS films in air has previously been reported by Sun et al.40 In agreement with their
work, it was found that following a UV exposure of approximately 3 J cm−2, the water contact angle declined to 20° and
the C 1s region of the XPS spectrum exhibited new peaks
due to aldehyde and carboxylate functionalities and a loss of
the C u Cl component. However, Sun et al. did not study the
change in the Cl 2p peak accompanying these changes.
Therefore, because of the importance of Cl as an initiator in
the present study, Cl 2p spectra were acquired as a function
of UV exposure 共Fig. 3兲.
The Cl 2p core level spectrum of the unmodified material
consisted of Cl 2p3/2 and Cl 2p1/2 components at binding
energies of approximately 199.9 and 201.5 eV, respectively,
which are characteristic of covalently bound chlorine species. The relative intensity of the components of the doublet
formed by the spin-orbit coupling is defined by the expression 共2j + 1兲. Thus, the relative intensities of 21 and 23 peaks
were 1:2. The intensity of the Cl 2p peak decreased following UV irradiation because of Clu C bond cleavage following exposure to UV light. It declined to an undetectable level
after an exposure of 1.8 J cm−2 共6 min兲. The carboxylate
component became dominant in the C 1s spectrum at a
higher exposure of approximately 3 J cm−2.
The change in contact angle following irradiation of
BIBAPTES films was modest, reducing from 67° to approximately 56° after an exposure of 1.5 J cm−2 共5 min兲. However, significant changes were observed in the XPS spectrum. In the C 1s region, a decrease was observed in the
Biointerphases, Vol. 6, No. 1, March 2011
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FIG. 4. 共Color online兲 Changes in 共a兲 the C 1s region, 共b兲 the Br 3d region,
and 共c兲 the N 1s region of BIBAPTES films following UV exposure.

intensity of the components due to C u Br and C u N at
286.5 eV with increasing UV exposure, suggesting photolysis had occurred. The intensity of the Br 3d band diminished
as the UV irradiation time increased, indicating removal of
the halogen atom. After a 2 min exposure at a power of 15
mW, corresponding to a dose of 2.3 J cm−2, the Br 3d signal
had declined to negligible intensity 关Fig. 4共b兲兴. In the N 1s
region, there was no change in the spectrum for exposures up
to 3.4 J cm−2 共3 min兲. However, at larger exposures, the
band slowly reduced in intensity with increasing UV exposure, and it eventually disappeared after 10 min of UV irradiation 共2.3 J cm−2兲, likely resulting from ablation of the
adsorbate from the surface.
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C. Growth of poly-OEGMA brushes

Surface ATRP was used to grow polymer brushes from
the patterned initiator surfaces. Prior to brush growth, the
patterned surfaces did not show any height contrast between
the irradiated and nonirradiated regions. After polymerization, AFM analysis revealed a pattern of varying contrast,
reflecting spatially organized growth of polymer brushes on
the patterned chlorinated and brominated surfaces as illustrated in Figs. 6共a兲 and 6共b兲, respectively. Regions that had
been masked during exposure 共the bars兲 exhibited brighter
height contrast than regions that had been exposed to UV
light 共squares兲, indicating that brush growth occurred from
the regions where the halogens remained intact and not from
the exposed areas where the halogens had been removed.
Clear boundaries were observed between the grafted poly关oligo共ethylene glycol兲methylacrylate兴 共POEGMA兲 brushes
共bars兲 and the exposed areas 共squares兲. The cross-sectional
profiles reveal that the average height differences between
the grafted brushes and the regions from which the chlorine
and bromine initiators have been removed are 4.4⫾ 2.4 and
Biointerphases, Vol. 6, No. 1, March 2011
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Micrometer-scale patterning was carried out by exposing
the CMTS and BIBAPTES functionalized glass through a
mask 共an electron microscope grid兲. Friction force microscopy 共FFM兲 was used to image the resulting patterns. Figure
5共a兲 shows a CMPTS sample following exposure through a
1500 mesh grid 共1500 lines in.−1兲 to 1.8 J cm−2 共6 min兲,
corresponding to full removal of the Cl. There is clear contrast between the masked regions 共bars兲 and the exposed areas 共squares兲, with the exposed areas exhibiting the brightest
contrast, suggesting a larger coefficient of friction in these
areas. This is explained by the difference in surface free energy between the two regions: the exposed areas are more
polar and hence the AFM probe adheres more strongly to
these regions, resulting in a higher rate of energy dissipation
and hence a larger coefficient of friction. Figure 5共b兲 shows a
BIBAPTES sample that was similarly patterned using a 1000
mesh grid at a dose of 2.3 J cm−2, conditions that cause
complete removal of the Br. The contrast in this image was
similarly brighter in the exposed areas than in the masked
ones, but the difference in contrast between UV-irradiated
and unexposed areas was much smaller than was the case for
the CMPTS modified surface, as the contrast range in Fig.
5共b兲 is one seventh that in Fig. 5共a兲, consistent with the much
smaller change in contact angle following UV exposure.

(j)

0

0

FIG. 5. 共Color online兲 Friction force microscopy images of patterned
samples. 共a兲 Micropatterned CMPTS, 100⫻ 100 m2, and z-range of 0–7 V.
共b兲 Micropatterned BIBAPTES, 100⫻ 100 m2, and z-range of 0–1 V.
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FIG. 6. 共Color online兲 AFM height images in contact mode of micropatterned POEGMA brushes polymerized on patterns of 共a兲 CMPTS and 共b兲
BIBAPTES. A representative cross section is shown for each sample. Image
sizes: 共a兲 100⫻ 100 m2; 共b兲 80⫻ 80 m2.

14.1⫾ 0.7 nm, respectively, indicating that the degree of polymerization is greater, for a given reaction time, for the
brominated surfaces than for the chlorinated ones.
D. Immobilization of proteins on patterned surfaces

To test the resistance of the POEGMA brush-patterned
surfaces toward proteins, micropatterned samples, onto
which POEGMA brushes had first been grown, were immersed in solutions of NeutrAvidin particles 共dye-labeled
avidin-coated latex particles兲. Because the exposure used for
the CMPTS system was sufficient to convert the adsorbate
terminal groups to carboxylic acids,40 these samples were
first activated using a water-soluble carbodiimide and
N-hydroxysuccinimide to create a surface-bound active ester
group. The BIBAPTES samples were not activated because
the precise nature of the terminal group chemistry following
UV exposure was not known. Figure 7 shows fluorescence
micrographs of the resulting samples, together with cross
sections indicating the fluorescence intensity across the patterns. The contrast difference between the exposed areas
共squares兲 and the masked areas 共bars兲 is clear, indicating that
the brushes grown on the masked areas resist protein adsorption effectively, while the brush-free exposed areas bind proteins effectively. The similarity in the fluorescence signal intensity difference between the masked and exposed areas for
the two samples 共approximately 100 units兲 suggests little difference in the amount of protein bound to the active esterderivatized COOH surface and the degraded R u Br of unknown chemistry.
E. Nanofabrication

We next tested the possibility of using IL to photolytically
pattern ATRP initiators with nanoscale resolution. IL is an
attractive technique for molecular patterning because it is
simple and can potentially enable the growth of nanostruc-
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tured polymer brushes from patterned ATRP initiators over
macroscopic 共cm2兲 region. A simple bench-top apparatus employing Lloyd’s mirror arrangement using a two-beam interference system42 was used to fabricate patterns of immobilized CMPTS and BIBAPTES as follows: a coherent laser
beam was directed toward a mirror and sample placed at an
angular separation of 2. Half of the laser beam falls on the
mirror, from where it is reflected onto the sample to interfere
with the other half of the beam, forming a sinusoidal intensity pattern with period  / 2 sin , where  is the wavelength
of the laser beam. We sought to examine whether this sinusoidal pattern of optical intensity could be used to photolytically pattern the immobilized ATRP initiators with nanoscale
spatial resolution.
Figures 8共a兲 and 8共c兲 show FFM images of a CMPTSfunctionalized glass substrate following exposure using the
interferometer. The dose was 3 J cm−2. Bands of alternating
high and low contrasts are observed. The bright bands, with
widths of 150⫾ 2.8 nm, correspond to regions of extensive
modification, while the dark bands, 75⫾ 1.5 nm wide, correspond to regions of low modification. Topographical images 共acquired simultaneously with the FFM images兲 showed
no height contrast, indicating no ablation of material had
occurred 共via Siu C bond cleavage兲. For BIBAPTES 关Figs.
8共b兲 and 8共d兲兴, FFM images also exhibited patterns of alternating bright and dark contrasts, indicating that the patterns
were also well defined with the bright and dark bands having
widths of 102.3⫾ 3.3 and 136.0⫾ 5.9 nm, respectively.
Polymerization of OEGMA by ATRP was then carried out
on the patterned surfaces to test the feasibility of growing
nanoscale polymer brush structures from the photopatterned
substrates. Figures 8共e兲–8共h兲 show contact mode AFM height
images of the resulting structures. In regions where the initiator was exposed to UV light and thus dehalogenated, the
brushes did not grow, yielding dark contrast, while in regions

3.00

FIG. 7. 共Color online兲 Fluorescence micrographs of patterned POEGMA on
glass following immersion in a solution of NeutrAvidin particles. 共a兲
CMPTS, following UV exposure, POEGMA brush growth, and NHS/
carbodiimide activation; 共b兲 BIBAPTES following UV exposure and
POEGMA brush growth only. NB. Differences in feature sizes result from
the use of different masks, not process differences.
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FIG. 8. 共Color online兲 共a兲 FFM image of nanopatterned CMPTS, 5.7
⫻ 5.7 m2, and z-range of 0–7 V. 共b兲 FFM image nanopatterned BIBAPTES, 5.7⫻ 5.7 m2, and z-range of 0–1 V. 共c兲 and 共d兲 FFM images of
1.9⫻ 1.9 m2 regions shown in 共a兲 and 共b兲, respectively, at higher magnification. 共e兲 Contact-mode topographical AFM image of nanopatterned
POEGMA brushes formed on IL-patterned films of CMPTS 共image size 5
⫻ 5 m2 and z-contrast range of 0–10 nm兲. 共f兲 Contact-mode topographical
AFM image of nanopatterned POEGMA brushes formed on IL-patterned
films of BIBAPTES 共image size 5 ⫻ 5 m2 and z-contrast range of 0–15
nm兲. 共g兲 and 共h兲 Topographical images of 1.9⫻ 1.9 m2 regions shown in
共e兲 and 共f兲, respectively, at higher magnification. 共i兲 and 共j兲 Line sections
through 共e兲 and 共f兲, respectively.

where the initiator remained intact, brush growth occurred.
By using a comparatively high exposure, it was possible to
thin the bands of intact initiator thus enabling the growth of
very narrow brush structures that were extended over macroscopic areas 共approximately 5 ⫻ 5 mm2兲. The topographi-
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cal images in Figs. 8共e兲 and 8共f兲 show, respectively,
POEGMA structures grown on chlorinated and brominated
surfaces with linewidths 共full width at half maximum兲 of
78⫾ 5.6 and 105⫾ 9.4 nm, respectively, and heights of
2.1⫾ 0.5 and 5.44⫾ 0.7 nm, respectively. These are mean
values, determined from analysis of a large number of cross
sections. Brushes grown from the nanolines were found to be
thinner than those grown from the micropatterns under similar conditions. Kaholek et al. also noted that their nanopatterned brushes exhibited smaller heights than bulk films patterned under identical conditions.39 They attributed this to
the lower density of brushes in the nanostructures. Our data
suggest similar behavior: close packing of polymer chains is
required to achieve a dense upright brush, but for small
structures, as the line width starts to approach the radius of
gyration of the polymer, this is much harder to achieve. The
linewidth was greater for the structures grown from the brominated surfaces because the degree of polymerization and
hence the polymer chain length were greater. Consequently,
collapse of the nanostructured brushes yields a broader structure than is the case for the shorter brushes grown from the
chlorinated surfaces.
Schuh et al. previously used IL to pattern photoinitiator
molecules in order to fabricate gradient structures.36 They
exploited the smooth continuous gradient of exposure available in an interferometer to yield a well-defined gradient of
brush grafting density. They utilized a photoinitiator to polymerize acrylamide, while we have employed a halogen initiator for ATRP. However, in both cases, IL has yielded welldefined structures in which surface polymerization is
controlled at high precision over nanometer length scales. In
contrast to electron beam lithography, which requires expensive infrastructure and scanning probe techniques, for which
patterning over macroscopic areas remains 共with few exceptions兲 challenging, IL offers the possibility for rapid fabrication of molecular and macromolecular nanostructures over
macroscopic areas using simple readily available apparatus.
IV. SUMMARY AND CONCLUSIONS
Exposure of CMPTS and BIBAPTES films to UV light
leads to dehalogenation in a rapid process. We have shown
that the immobilized CMPTS and BIBAPTES can be photopatterned through the use of either an optical mask or an
interferometer. Friction force microscopy measurements of
patterned ATRP initiators revealed friction contrast, resulting
from the change in surface chemistry due to dehalogenation,
but no topographical contrast, indicating that the removal of
the halogen atom is quite selective. Polymer brushes were
grown from unmodified regions of the resulting patterns, but
not from the dehalogenated areas. Micrometer-scale brush
structures fabricated in a mask-based lithographic process
exhibited excellent resistance to the adsorption of proteincoated NeutrAvidin particles. At the same time, brushes
grown on brominated surfaces were found to be approximately three times thicker than brushes grown from halogenated surfaces. Nanometer-scale brush structures were also
fabricated over macroscopic areas using interferometric liBiointerphases, Vol. 6, No. 1, March 2011
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thography. The process was rapid and simple and yielded full
widths at half maximum height of 78 and 105 nm for chlorinated and brominated surfaces, respectively. In conclusion,
UV photopatterning of halogenated ATRP initiators appears
to provide a simple rapid route to the fabrication of brush
structures with sizes ranging from micrometers to nanometers.
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