Angew. Chem. Int. Ed. 2003, 42, 4785-4789

Angewandte

Nanoscale Polymer Brushes

Surface and Site-Specific Ring-Opening
Metathesis Polymerization Initiated by Dip-Pen
Nanolithography**

Xiaogang Liu, Shouwu Guo, and Chad A. Mirkin*

Patterned polymeric structures have attracted significant
interest for possible applications in the development of
sensors, catalysis, and optical devices."”l Thus far, several
strategies, based upon photolithography, electron beam
lithography, and microcontact printing have been developed
for generating polymer arrays While useful for many
applications, these methods do not allow one to control
nanostructure composition in a site-specific manner and,
therefore, do not allow one to fabricate complex multi-
component polymer arrays over the nano- to micrometer
length scales. Having the capability to generate multicompo-
nent arrays with nanoscopic features could afford one the
opportunity to construct and study high-density combinato-
rial libraries of novel macromolecular systems.

Herein, we report a novel approach, based upon dip-pen
nanolithography (DPN)P! and ring-opening metathesis poly-
merization (ROMP),[* to the fabrication of polymer brush
arrays on the nanometer length scale’! The combined
approach utilizes the attributes of DPN and ROMP for
synthesizing high-density polymer brush arrays with control
over feature size (on the nanometer length scale), shape, and
interfeature distance. Furthermore, the capability of directly
delivering monomers through a standard AFM microcanti-
lever will allow one to generate small, but diverse, libraries of
nanoscale polymer brushes that comprise large numbers of
structurally distinct compounds by assembling many possible
combinations of small building monomers containing desired
active functionalities.

To explore the potential of the combined approach and
provide the basis for the studies leading to the design of
combinatorial polymer libraries, two complementary routes
have been developed for synthesizing arrays of the nanoscale
polymer brushes based on DPN and ROMP. Route 1 is an
approach based on growing polymers from a DPN-patterned
template (Scheme 1). To test the viability of this route, 10-
(exo-5-norbornen-2-oxy)decane-1-thiol molecules were pat-
terned on a gold substrate by bringing a tip coated with
norbornenylthiol in contact with the substrate. The exo
isomer rather than the corresponding endo isomer was used
to optimize ROMP reactivity.®! Subsequently, the substrate
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Scheme 1. Graphical representation of surface-initiated ROMP by DPN.

was dipped into a solution of 1-decane-
thiol (0.005Mm) in acetonitrile for 1 min to
form a passivating layer on the gold
surface around the norbornenylthiol
nanostructures. After the samples had
been rinsed with acetonitrile and dried
with compressed difluoroethane, they
were further immersed in a solution of
Grubbs' first generation  catalyst
([(PCy;),Cl,Ru=CHPh] (Cy =-cyclohex-
yl), 0.Im) in dichloromethane for
20 min. The surface was then rinsed
with dry dichloromethane several times
to remove excess catalyst. Finally, expo-
sure of the catalyst-initiated wafers to a
solution of norbornenyl-functionalized
monomers (0.05m) for a period of 10-
240 min resulted in polymer brush arrays.

Line and dot arrays of the polymer
brushes comprised of exo-5-norbornen-2-
ol were constructed according to the
method in Scheme 1. Topographic AFM
images show the height of the polymer
structures and provide insight into the
uniformity of the polymer growth process
(Figure 1a-c). For example, the average
diameter of each polymer brush dot is
78(+4) nm and the average height is 5(+

1) nm (Figure 1d).”’ It should be noted that polymer brush 8 i
nanostructures with different feature sizes (many micrometer
to sub-100 nm-length scale), shapes (dots, lines, and other
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time (Figure 2). However, under these con-
ditions the polymer growth stopped after
about 240 min, presumably because of deac-

tivation of the immobilized -catalyst.*

Arrays of nanoscale polymer brush patterns
T consisting of the electrochemically active
monomers exo-5-norbornen-2-yl ferrocene-
carboxylate (1) and exo-5-norbornen-2-
ylferrocenyl acetate (2) were synthesized
on gold electrodes by the above-mentioned
procedure as a control experiment. Differ-
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Figure 1. Polymer brush nanostructures prepared according to Scheme 1: a) Topographic AFM
image of polymer brush lines. The speed of norbornenylthiol deposition, polymerization time,
and measured average full-width at half-maximum (FWHM) values are 0.02 ums™", 60 min,
and 480 nm, respectively; b) cross-sectional topography trace for a selected line from

Figure 1a; c) topographic AFM image of a polymer brush dot array. The norbornenylthiol depo-
sition and polymerization times are 1's and 30 min, respectively; d) cross-sectional topography
trace for a selected line from Figure 1c.

types of geometries), and compositions could be routinely H/nm 4 .

generated by controlling the feature size and shape of the 21.

norbornenylthiol template (by DPN), the polymerization 0 - . . . . T T "
reaction time (10-240 min), and the choice of the norbor- 0 40 80 120 160 200 240 280

nenyl-functionalized monomers. In addition,
height of the polymer nanostructures can be controlled over
the 1-10 nm range by adjusting the polymerization reaction
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Figure 2. The height of poly-exo-5-norbornen-2-ol brush nanostructures
plotted as a function of polymerization reaction time.
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180 mV versus FcH/FcH?', Figure 3a). In contrast,
DPV measurements on the diblock copolymer pat-
terns consisting of two blocks of electrochemically
distinct ferrocenyl monomers 1 and 2 exhibit two
anodic peaks at —50 mV and 190 mV, which corre-
spond to the sequential oxidations of the two different
types of ferrocenyl moieties (Figure3b). Taken
together, the data presented here unambiguously
confirm that the polymers indeed grow from the
catalyst-initiated patterns generated by DPN.

An alternative procedure (Route 2) that involves
transporting the norbornenyl monomers to catalyst-
activated substrates with an AFM microcantilever
was developed (Scheme 2) in an effort to evaluate the
potential of generating a polymer brush array where
each dot is a different polymer with a different degree
of polymerization. These types of arrays could be
useful in the generation of combinatorial libraries of
nanoscale polymer features. To generate a substrate
suitable for catalyst activation, a silicon oxide sub-
strate was modified with 5-(bicycloheptenyl)trichlo-
rosilane and immersed in a solution of Grubbs' first-
generation catalyst in dichloromethane for 20 min.
After being washed several times with dichlorome-
thane to remove excess catalyst, the catalyst-tethered
substrate was immediately used for generating poly-
mer brushes with a monomer-coated AFM tip. Thus,
in principle, a wide range of polymers with various
numbers of repeating monomer units can be easily
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Figure 3. a) DPV of an electrode (0.28 mm?) patterned with poly-1 by DPN and ROMP
(inset: AFM topography image of the poly-1 pattern. The scale bar is 2 um); b) DPV of an
electrode patterned with diblock copolymers consisting of monomer 1 and 2 by DPN and
ROMP (inset: AFM topography image of the diblock copolymer brush pattern. The scale
bar is 2 um). For DPV experiments: scan rate=>50 mVs™'; pulse period =200 ms; pulse
amplitude =50 mVs™'; and pulse width =50 ms.
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Scheme 2. Graphical representation of ROMP initiated by DPN and a monomer-coated tip.
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generated by deliberately controlling the tip-substrate con-
tact time. Significantly, a high-density two-dimensional array
of polymer brushes that consists of different norbornenyl
monomer entities in different spatially defined regions can be
generated by this approach (Scheme 2).

As proof-of-concept, the monomer, exo-5-norbornen-2-
ol, was delivered to a catalyst-activated silicon oxide substrate
by an AFM tip and polymerized in situ. In a typical patterning
experiment, a conventional silicon nitride AFM microcanti-
lever coated with a solution of the monomer in dichloro-
methane was brought into contact with the substrate to
generate an array of polymers in a glove box (N, atmosphere).
An AFM topographic image of such an array comprising exo-
5-norbornen-2-ol as the chain-propagating monomer shows
that features of controlled height (22 +1 nm) can be repro-
ducibly generated (Figure 4a). An important feature of this
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Figure 4. a) Three-dimensional topographic AFM image of an array of
polymer brush dots generated according to the method in Scheme 2
(the scale bar is 2 um); b) a plot of nanostructure height (poly-exo-5-
norbornen-2-ol) as a function of tip-induced polymerization reaction
time (as measured by tip—substrate contact time). The data points are
the averaged measurements, and the vertical bars correspond to the
standard deviation.

monomer—-DPN approach is the ability to monitor and control
the living polymerization process on the catalyst-tethered
surface with the monomer-coated microcantilever.'” As
anticipated, the height of the polymer brush nanostructures
increases with tip-substrate contact time (Figure 4b). It is
noted that the polymer growth rate in the monomer—-DPN
approach (Scheme 2) is much faster than that under com-
parable bulk conditions (Scheme 1). This can be attributed, in
part, to the higher local concentration of the monomer
accessible to the catalyst-activated sites on the patterned
substrate. Indeed, the polymerizable ink is confined to the
region near the tip and point of contact with the catalyst.

In conclusion, a novel approach for synthesizing arrays of
nanoscale polymer brushes, based upon a combination of
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DPN and a surface-initiated ROMP method, has been
demonstrated on metallic and insulating substrates. These
approaches are important because they point towards a route
to combinatorial libraries of functional polymer nanostruc-
tures of almost limitless chemical complexity, which can be
constructed in situ. The capabilities demonstrated by these
single-pen experiments will be dramatically facilitated
through the use of multipen arrays that do not require the
step-by-step changing of inks and pens during a conventional
DPN experiment.Fe

Experimental Section

Exo-5-norbornen-2-ol,  10-(exo-5-norbornen-2-oxy)decane-1-thiol,
exo-5-norbornen-2-yl ferrocenecarboxylate, and exo-5-norbornen-2-
ylferrocenyl acetate were synthesized according to literature proce-
dures.”®! All other reagents were purchased from the Aldrich
Chemical Company and used without further purification. All
solvents were distilled under nitrogen and saturated with nitrogen
prior to use. All reactions were performed in a dry nitrogen
atmosphere or in a glove box unless otherwise noted. Silicon oxide
wafers were cut into 0.5 x 0.5 cm? slides and sonicated sequentially in
dichloromethane, methanol, and nanopure water for 10 min. The
wafers were then immersed in freshly mixed ammonia peroxide
solution (NH3-H,0:H,0,:H,0 (v:v:v) =1:1:5) for 1 h at about 100°C,
after which time they were rinsed with nanopure water followed by
ethanol. The gold substrates were prepared by coating a Si wafer
coated with silicon oxide with a Ti adhesion layer (5 nm) followed by
50 nm of gold using an Edwards Auto 306 evaporator. DPN experi-
ments were carried out in a glove box (23 °C, N, atmosphere) with a
Thermomicroscopes CP AFM driven by customer lithography soft-
ware (Nanolnk, Inc., Chicago, IL) and commercial Si;N, cantilevers
(Thermomicroscopes Sharpened Microcantilever A, force constant:
0.05 Nm™"). To minimize piezo tube drift problems, a 90-um scanner
with closed loop scan control was used for all DPN experiments. AFM
topography images were acquired using a Digital Instruments Multi-
mode Nanoscope I11a with an extender electronics module in tapping
mode. Electrochemical experiments were performed with a Bioana-
lytical Systems (BAS) Model 100B using Au disk electrodes with a Pt
wire counter electrode and a silver wire reference electrode.
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