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A new procedure is described for surface grafting polymer brushes by step-growth polymerization from initiator-
embedded polymeric thin films and micron- and nanometer-scale patterns. An imprint lithographic process, nanocontact
molding, was used to prepare thin patterned cross-linked polyacrylate network films on silicon wafers that incorporated
4-bromostyrene in the networks. These networks present reactive 4-bromophenyl functionality at the surface that act
as attachment sites for the subsequent Ni(0)- mediated step-growth condensation polymerization of 2,7-dibromo-
9,9-dihexylfluorene The step-growth polymerization medium consisted of 2,7-dibromo-9,9-dihexylfluorene, Ni(0)-
catalyst, and bipyridine in a toluene/dimethylformamide solvent mixture. The resulting growth of polydihexylfluorene
brushes from the patterned surface was monitored by contact angle, optical spectrometry, surface profilometry and
AFM. Brush growth was conducted from patterned features ranging from 100µm to 100 nm in width and 50 nm in
height. The optical and fluorescence behavior of the polyfluorene brushes was similar to that of thin polyfluorene films
made by spin coating.

To enable the use of advanced polymeric materials in
applications such as polymeric light emitting diodes (PLEDs),
photovoltaics,andphotovoltaicdevices,newmethods forapplying
the polymeric materials in precisely defined patterns are needed.
Polyfluorenes, containing two planarized benzene rings per
monomer unit, are being considered by many research and
industrial groups as a very promising blue light-emitting material
due to the chemical and thermal stability, high photoluminescence
quantum efficiency, and ease of property tunability through
structural modification of the 9-position of the fluorene ring.1

Conventional manufacturing processes apply the active poly-
fluorene layer by solvent deposition or evaporation and achieve
patterning via a number of complex low resolution (>20 um)
methods, including shadow masking,2 ink-jetting,3-5 photoli-
thography,6 silk-screening,7 patterned sublimation source,8,9

microfluidics,10and contact stamping techniques.11We now report
the direct surface growth of polyfluorene (PF) brushes from
patterned polymer features made by contact-molding. This
advance should facilitate future developments in high performance
polymeric devices.

The preparation of complex patterns in polymer films has
been widely explored by classic photolithographic techniques12

as well as newer methods such as microcontact printing (µCP)
of self-assembled monolayers,13 polymer brushes,14 and block
copolymer self-assembly.15,16Other nonoptical contact patterning
techniques including nanoimprint lithography17and “step & flash”
imprint lithography18 have recently been seriously examined.
Additionally, a number of surface-bound “living” polymerization
techniques including cationic,19 anionic,20 ring-opening,21

ATRP,22-26 TEMPO,27 and RAFT28,29 have been successfully

* To whom correspondence should be addressed. Phone: 413-577-1416.
Fax: 413-545-0082. E-mail: krcarter@polysci.umass.edu.

† IBM Almaden Research Center.
‡ University of MassachusettssAmherst.
(1) Bernius, M.; Inbasekaran, M.; Woo, E.; Wu, W.; Wujkowski, L.J. Mater.

Sci.: Mater. Electron2000, 11 (2), 111.
(2) Tian, P. F.; Bulovic, V.; Burrows, P. E.; Gu, G.; Forrest, S. R.; Zhou, T.

X. J. Vac. Sci. Technol. A-Vac. Surf. Films1999, 17, 2975.
(3) Bharathan, J.; Yang, Y.Appl. Phys. Lett.1998, 72, 2660.
(4) Jones-Bey, H.Laser Focus World1998, 34, 37.
(5) Chang, S. C.; Liu, J.; Bharathan, J.; Yang, Y.; Onohara, J.; Kido, J.AdV.

Mater. 1999, 11, 734.
(6) Rogers, J. A.; Bao, Z.; Meier, M.; Dodabalapur, A.; Schueller, O. J. A.;

Whitesides, G. M.Synth. Met.2000, 115, 5.
(7) Jabbour, G. E.; Radspinner, R.; Peyghambarian, N.IEEE J. Sel. Top.

Quantum Electron.2001, 7, 769-773.
(8) Ogiwara, M. N. Y.; Shimizu, T.; Taninaka, M. US Patent 6,136,627, 2000.
(9) Tang, C. W. U.S. Patent 5,937,272, 1999.
(10) Wen, X. U.S. Patent 6,091,433, 2000.
(11) Chen, J. S.; Scott, J. C. IBM, U.S. Patent 6,214,151, 2001.

(12) Klopp, J. M.; Pasini, D. J.; Byers, D.; Willson, C. G.; Frechet, J. M. J.
Chem. Mater.2001, 13 (11), 4147.

(13) Xia, Y.; Whitesides, G. M.Angew. Chem. 1998, 110, 568-593;Angew.
Chem., Int. Ed. 1998, 37, 550-575.

(14) Zhao, B.; Brittain, W. J.Prog. Polym. Sci. 2000, 25, 677-710.
(15) Granick, S.; Kumar, S. K.; Amis, E. J.; Antonietti, M.; Balazs, A. C.;

Chakraborty, A. K.; Grest, G. S.; Hawker, C. J.; Janmey, P.; Kramer, E. J.; Nuzzo,
R.; Russell, T. P.; Safinya, C. R.J. Polym. Sci. B: Polym. Phys. 2003, 41, 2755-
2793.

(16) Park, C.; Yoon, J.; Thomas, E. L.Polymer2003, 44, 6725-6760.
(17) Chou, S. Y.; Krauss, P. R.; Renstrom, P. J.J. Vac. Sci. Technol., B1996,

14, 4129.
(18) Bailey, T.; Choi, B. J.; Colburn, M.; Meissl, M.; Shaya, S.; Ekerdt, J. G.;

Sreenivasan, S. V.; Willson, C. G.J. Vac. Sci. Technol., B2000, 18, 3572.
(19) Jordan, R.; Ulman, A.J. Am. Chem. Soc.1998, 120, 243.
(20) Jordan, R.; Ulman, A.; Kang, J. F.; Rafailovich, M. H.J. Am. Chem. Soc.

1999, 121, 1016.
(21) (a) Weck, M.; Jackiw, J. J.; Rossi, R. R.; Weiss, P. S.; Grubbs, R. H.J.

Am. Chem. Soc.1999, 121, 4088. (b) Kim, N. Y.; Jeon, N. L.; Choi, I. S.; Takami,
S.; Harada, Y.; Finnie, K. R.; Girolami, G. S.; Nuzzo, R. G.; Whitesides, G. M.;
Laibinis, P. E.Macromolecules2000, 33, 2793-2795. (c) Harada, Y.; Girolami,
G. S.; Nuzzo, R. G.Langmuir2003, 19 (12), 5104-5114. (d) Rutenberg, I. M.;
Scherman, O. A.; Grubbs, R. H.; Jiang, W.; Garfunkel, E.; Bao, Z.J Am. Chem.
Soc.2004, 126, 4062-4063.

(22) Boyes, S. G.; Brittain, W. J.; Weng, X.; Cheng, S. Z. D.Macromolecules
2002, 35 (13), 4960.

(23) von Werne, T. A.; Patten, T. E.J. Am. Chem. Soc.2001, 123(31), 7497.
(24) Matyjaszewski, K.; Miller, P. J.; Shukla, N.; Immaraporn, B.; Gelman,

A.; Luokala, B. B.; Siclovan, T. M.; Kickelbick, G.; Vallant, T.; Hoffman, H.;
Pakula, T.Macromolecules1999, 32, 8716-8724.

(25) Ejaz, M.; Yamamoto, S.; Ohne, K.; Tsujii, Y.; Fukuda, T.Macromolecules
1998, 31, 5934.

(26) Huang, X.; Wirth, M. J.Macromolecules1999, 32, 1694.
(27) Husemann, M.; Malmstrom, E. E.; McNamara, M.; Mate, M.; Mecerreyes,

D.; Benoit, D. G.; Hedrick, J. L.; Mansky, P.; Huang, E.; Russell, T. P.; Hawker,
T. P. Macromolecules1999, 32, 1424.

2411Langmuir2006,22, 2411-2414

10.1021/la051878c CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/17/2006



employed to give surface-grafted polymers under controlled
growth conditions.30

Previously, we have reported novel nanocontact molding
techniques for the replication of nanometer-scale features on
surfaces using functional cross-linked polymeric materials.31,32

An advantage of this technique compared with other available
methods is precise control of the chemistry through surface
modification and incorporation of reactive functionality into the
cross-linked polymers. We have shown that complex functionality
can be obtained by the covalent incorporation of functional inimers
(having both anini tiator and monomer fragment) for “living”
free radical polymerization into the photopolymer matrix.
Controlled “living” radical secondary brush polymerizations of
styrene, acrylates, and other vinyl monomers from embedded
inimer sites yield a polymer brush surface that offers the ability
to adjust imprinted feature size and chemical functionality in the
nanometer-size regime.32As a result the surface properties of the
patterned substrate can be radically altered.

The present paper examines the surface growth of fluorescent
polyfluorene (PF) brushes from contact-molded features. As far
as we know, this represents the first application of metal-catalyzed
step-growth condensation polymerization from solid surfaces.
In fact, we have found no other reports concerning the
polymerization of condensation graft polymers from functional
surfaces save the well-known and technologically important unit-
by-unit sequencing synthesis of biomacromolecules from solid
supports.33 Ni(0)-mediated step-growth polymerization of 2,7-
dibromo-9,9-di-n-hexylfluorene was conducted from matrix-
embedded 4-bromophenyl moieties that served as the initiating
sites for brush growth. These condensation polymerizations were
performed primarily on patterned surfaces with feature sizes in
the 100 nm range. A range of surface analytic techniques,
including UV and fluorescence spectroscopy, fluorescence
microscopy, contact angle, surface profilometry, and AFM,
confirmed surface growth of brushes that are at least oligomeric
in nature.

Initial experiments were performed on nonpatterned, flat
surfaces to ensure completeness of individual reaction steps and
to optimize reaction conditions. A 10 wt-% solution of a
methacrylate photopolymer mixture containing a small amount
of 4-bromostyrene (4:1 by weight) in propylene glycol methyl

ether acetate (PGMEA) solvent was spun cast onto adhesion
promoter coated silicon wafers.34 Photoinitiated polymerization
of the monomer mixture yielded a highly cross-linked network
film (50-150 nm thick) with matrix-embedded bromophenyl
moieties that subsequently served as reactive sites for Ni(0)-
mediated step-growth brush polymerization (Scheme 1). Poly-
fluorene was then grown from the imbedded bromophenyl
moieties using 2,7-dibromo-9,9-di-n-hexylfluorene in a toluene/
DMF solution of bis(1,5-cyclooctadiene)nickel(0), 2,2′-bipyridyl
and free 1,5-cyclooctadiene (COD).35

Due to the intrinsic nature of the Ni(0)-mediated condensation
polymerization, the polymer formed both in solution as well as
tethered in the form of polymer brushes on the surface.
Development of brush growth from the surface likely takes place
by both the condensation of monomeric units to the growing
covalently surface-attached chains as well as grafting of
macromolecular units from the polymerization solution. The
solution polymer was precipitated into methanol and found to
be of high molecular weight:Mn ) 30 000-70 000 au and
polydispersity index∼2.0 (averaged over several runs). Following
all polymerizations, wafer surfaces were exhaustively extracted
with hot solvent to remove any absorbed, noncovalently attached
polymer. In terms of absolute yield, the majority of polymer
formation occurred in solution, as would be expected, though
sufficient reaction also takes place from the surface-bound
initiating sites. Therefore, the molecular weight (chain length)
of the polymer from solution cannot be directly correlated to the
polymer brushes grown from the surface though such correlations
are made for controlled chain growth brush polymerizations.22

To ascertain that surface growth was only taking place from
the imbedded functionality, control samples of polymerized
photopolymer with no imbedded inimer were exposed to identical
polycondensation reaction conditions. In all cases, we saw no
presence of polyfluorene on the control samples after solvent
rinse, and we were able to confirm that no brush growth or
adsorbed polymer from solution occurs on the surface in the
absence of inimer. We do not believe that the polymerization is
occurring deep inside of the cross-linked photopolymer film
forming a swollen IPN-type structure. The cured photopolymer
resin is highly cross-linked, and previous studies have shown
only a minimal amount of swelling in a variety of solvents.32 In
any case, no evidence of polyfluorene is observed in the control
polymerization reaction, which one would expect if function-
alization and size change was due to polymerization of
polyfluorene within a swollen network.

Films were characterized by water contact angle measurements
in order to track changes in surface energy as a manifestation
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Scheme 1. Schematic of Polyfluorene Brushes Grown from Inimer Embedded Polymer Network on a Silicon Substrate
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of surface modification. The contact angles for films containing
imbedded bromophenyl inimer and a control sample containing
no bromophenyl inimer were measured before and after brush
growth reactions. The incorporation of 20 wt-% of the inimer
into the cross-linked photopolymer network had an appreciable
effect on the surface energy of the thin film as the measured 74°
contact angle was higher than the 67°-69° observed for the
undoped film. The contact angle increased to 91° on introducing
PF brushes to the surface, whereas the undoped control sample
did not change after exposure to polymerization conditions. In
comparison, the contact angle of thin films of pure linear PF
spun cast onto quartz or silicon substrates was between 100° and
103°.

To monitor changes in feature dimensions due to brush growth,
we relied upon profilometry and AFM measurements as
performed with earlier polystyrene brush work.32 We observed
an average increase in film thickness of 6 nm in thickness due
to PF brush growth. If one makes the assumption that the
polyfluorene brushes are fully extended and orthogonal to the
substrate, this 6 nm length would correspond to approximately
6 fluorene units, based on a calculated length of a fluorene repeat
unit of 10.3 Å. However, the thickness measurements do not
take into account the likelihood that the brushes may be longer
as they may not stand perpendicular to the film surface as a
densely packed surface; therefore, the actual brush length is likely
much higher. Unfortunately, making a precise direct determination
of the size of the covalently attached brushes is quite challenging,
as they cannot be detached and analyzed separately. Both surface
profilometry measurements and AFM profiles clearly show that
polyfluorene has been attached to the surface with both smoothing
of the original feature roughness and increasing peak-to-valley
feature height. Optical data (see Figure 1) support the conclusion
that brushes are longer than 6 repeat units.

UV-vis absorption and photoluminescence spectra of these
films provide a clearer picture of the surface bound polyfluorene
brushes (Figure 1). The absorption spectra are dominated by the
underlying polymerized acrylate network with broad absorption
bands at 230 and 278 nm. The change in the absorption due to
the attachment of polyfluorene brushes is slight but measurable.
The polyfluorene brush sample exhibits a broad absorption at
around 350 nm. To document fluorine inclusion from photo-
luminescence, samples were exposed to 350 nm, and the resulting
emission was recorded at 350-575 nm. As expected, neither the
unreacted inimer-embedded sample nor the control sample
showed any fluorescence. In contrast, the oligofluorene sample
clearly displayed the spectrum typical of polyfluorene emission
with λmaxat 392 and 418 nm. The position of the bands is slightly
blue shifted as anticipated for shorter conjugation lengths as

compared to high molecular weight polyfluorene. Other than the
slight blue shift, the intensity of the absorbance and fluorescence
observed was found to be consistent with those seen for ultrathin
(∼10 nm) films of high molecular weight polyfluorene films
prepared by spin coating sample on top of cured acrylate films.

On the basis of their absorption and strong fluorescence
behavior, we are hopeful that the properties expressed by the
grafted polyfluorenes will enable them to be used in PLED
applications. The fact that these thin films have good luminescent
properties despite their short length may mean that the unique
brush morphology we believe is presented by these grafts may
lead to interesting electroluminescent behavior. This is currently
being studied.

The same functionalization process was then extended to
contact-molded polymer features. Polymeric features were contact
molded onto as described in our earlier work.31,32 The inimer-
containing photopolymer solution was spun cast and subsequently
UV-polymerized while in contact with a transparent patterned
mold. This resulted in high fidelity pattern replication into the
thin cured photopolymer layer. The test pattern contained line
features spanning from 100 nm to 100µm in width and were 50
nm in height. One of the artifacts of the molding process is a thin
residual (scum) layer of cured material that remains in the flat
areas between the molded features. This scum layer was removed
using an short duration anisotropic oxygen plasma etch process.
The etch descumming process reduced the height of the molded
polymer features to∼40 nm. Previous studies have shown that,
since the active inimers are imbedded throughout the film, the
functionality is continually refreshed at the surface during
etching.32 The patterned substrates were then subjected to Ni-
(0)-mediated cross-coupling conditions as described above to
yield polyfluorene brushes grafted from the molded polymeric
features.

Figure 1. UV absorption and emission spectra of flat photopolymer film surfaces before (red) and after (blue) growth of polyfluorene brushes.

Figure 2. Epifluorescent micrographs show square patterned region
of grafted polyfluorene after irradiation at noted wavelengths. Left:
polyfluorene square fluoresces brightly on irradiation at the shorter
wavelength. Right: on irradiation at the longer wavelength where
oligofluorene does not absorb, weak fluorescence from the substrate
creates dimly lit background behind the dark polyfluorene square.
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Epifluorescent micrographs indicate oligofluorene brush
growth from micro-patterned features (Figure 2). When the sample
was excited at the absorbance wavelength of polyfluorene, 330-
380 nm, the polymeric features showed strong blue polyfluorene
emission. The background SiO2 substrate did not emit light when
excited at this wavelength. When exposed above the polyfluorene
absorption, 450-490 nm, the same sample did not noticeably
fluorescence, though the silicon substrate itself weakly emitted
background light as can be seen in Figure 2. When samples were
exposed at high intensity for several seconds, photobleaching of
the PF areas was observed and resulted in dark areas where
exposed. The control sample did not show any emission regardless
of excitation wavelength. Due to the inherent limited resolution
of our epifluorescence microscope only features in the micrometer
range were resolved, 100 nm lines were not individually resolved
optically.

The imprinted lines of∼100 nm width were measured by
atomic force microscopy (Figure 3) before and after grafting of
oligofluorene brushes to document changes in dimensions. The
average feature height increased between 4 and 6 nm after brush
growth. This extent of brush growth from the patterned features
is in agreement with the brush growth observed from flat film
surfaces as detected by profilometry discussed earlier. It is
important to note that the relatively rough texture/structure on
top of the imprinted lines originates from the master used in
replication and is not a feature of brush growth. We have observed
that polyfluorene brush growth has the effect of smoothing out
the average surface roughness.

In summary, we present a procedure for surface grafting
polyfluorene brushes by step-growth polymerization onto inimer-
embedded polymeric thin films and micron- and nanometer-
scale patterns. Nanocontact molding was used to prepare the
patterned functional surfaces. Film growth was monitored by
contact angle, optical spectrometry, and AFM. Though the
increase in film thickness is small, it is clear that the functionalized
surfaces demonstrate useful properties. This new technique opens
up avenues for the preparation of nanopatterned functional
materials and represents one of the first examples of functional
surface brush growth by a step-growth polymerization route. We
are now in the process of using this new technique to prepare
operational PLED devices and that work will be reported in a
subsequent publication. We are excited about the potential to
extend the technique to the selective growth of electronic and
biochemical materials onto patterned surfaces.
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Figure 3. AFM images of molded polymeric features before (left) and after (right) growth of polyfluorene brushes. The average feature
height increased from 40 to 44 nm.
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