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The patterning of polymers on materials at different length
scales is important for research fields including cell biology, tissue
engineering, medical science, optics, and electronics. Macromolec-
ular patterning can be achieved by following a bottom-up ap-
proach through phase separation during thin film formation.' >
Solvent-assisted deposition is often used, and three major types of
interactions are involved in the pattern formation: molecule—
molecule, molecule—solvent, and molecule—substrate interactions.*
These interactions are often weak, and the morphologies of the
resulting films are not always easy to predict. Thermodynami-
cally driven organizations are generally obtained with relatively
low-molecular-weight (MW) macromolecules, which often lead
to nanometric surface patterning.” In marked contrast, the cast-
ing of high-MW polymers can create kinetically governed organi-
zations that lead to micrometric surface patterning.*

Many studies have been conducted using blends of two or three
polymers.”~” The morphologies obtained from these different
blends by using solvent or temperature annealing as well as their
resulting behaviors are now well understood. Patterns of linear
diblock and triblock copolymers are also well characterized.®
While comblike or graft copolymer architectures have provided
access to interesting spherical, hexagonal cylindrical, lamellar,
flower, and hyperbrdnched micellar morphologies after solution
castmg, 1071241 general, there are relatively few examples involv-
ing these more complicated polymer architectures and their
assemblies are less well understood.'® Herein, we report the
preparation of butyl rubber—poly(ethylene glycol) (PEG) graft
copolymers using a new mild and clean functionalization approach.
We then use fluorescent protein adsorption as a method to reveal
novel complex patterns obtained by spin- castmg

A grafting-onto'*?° or grafting-from?' approach was previ-
ously used to introduce PEG and other polymer chains along the
butyl rubber backbone via the halogenated rubber. However, these
reactions involved halide substitution, a reaction that typically
proceeds at high temperatures and results in the formation of multi-
ple products. Here, butyl rubber (1) containing 2.2% isoprene units,
with a weight-average molecular weight (M,,) of 400000 g/mol,
was used as the starting material for a mild and clean reaction
sequence. As shown in Scheme 1, the double bonds of the iso-
prene units were converted to epoxides®?* using m-chloroperoxy-
benzoic acid. Next, the epoxidized butyl rubber (2) was reacted
with catalytic HCI in toluene to cleanly afford an unexpected
ring-opened product 3. Interestingly, despite carrying the reac-
tion out at ambient temperature, the acidic ring-opening of the
epoxide was followed by alkene formation, apparently the result
of an elimination reaction. However, in contrast to Saytzeff’s
rule, the less substituted alkene was formed (see Supporting

*Corresponding author. E-mail: egillie@uwo.ca.

pubs.acs.org/Macromolecules Published on Web 10/19/2010

Macromolecules

COMMUNICATION TO THE EDITOR

Information for analysis). The unexpectedly clean conversion
of the epoxides to hydroxyl groups along the butyl rubber
backbone was then exploited to introduce activated carbonates
(Scheme 1) by the reaction of polymer 3 with 4-nitrophenyl
chloroformate. The reaction proceeded with complete conversion
to provide 4. This activated polymer was reactive enough to graft
PEG monomethyl ether (m-PEG) with a molecular weight of
2000 g/mol (degree of polymerization ~44) via substitution of the
4-nitroPhenol leaving groups, affording graft copolymer 5. Anal-
ysis of 'H NMR spectra indicated that 16% of the isoprene units
of 5 were functionalized in this final step, corresponding to a
polymer comprising 8 wt % PEG.

Copolymer 5 was used to create a thin film on a silicon wafer by
spin-casting a CH,Cl, solution with a concentration of 8 mg/mL.
The resulting film was first characterized by atomic force micros-
copy (AFM). This technique revealed that although the entire
surface was coated with polymer, the topography was inhomo-
geneous, with hills and valleys associated with a roughness of 29 nm
(Figure 1). However, the dimensions of the morphology were
clearly larger than the limits of a standard AFM image. Related
work in our laboratory has revealed that while proteins readily
adsorb to butyl rubber surfaces, PEG-coated butyl surfaces resist
protein adsorption, a well-known PEG phenomenon.* There-
fore, the possibility of using the resistance of PEG to protein
adsorption as a means of imaging the surface was investigated.
The use of fluorescence microscopy was previously used to reveal
selective protein adsorption on different morphologies for pro-
tein microarray applications.”>** However, to the best of our
knowledge, our work is the first attempt to use this technique to
access information on the patterning of a polymeric material after
thin film formation. A rhodamine—fibrinogen conjugate was
prepared, and the surfaces were immersed in a 3 uM solution of
the labeled protein. The surfaces were then washed and imaged by
fluorescence confocal microscopy.

Following protein adsorption, the surface revealed a regular
pattern of fluorescent loops (Figure 2a). The importance of the
copolymer was demonstrated by comparison to a blend of butyl
rubber with PEG that was spin-cast at the same concentration.
The covalent PEG grafting was crucial to obtain the complex
pattern as the blend revealed more uniform, low levels of fluo-
rescence (Figure 2b). More concentrated solutions of polymer 5
(15 and 20 mg/mL) were also spin-cast, and fluorescent protein
was adsorbed. Even more complex patterns of fluorescence were
revealed by confocal microscopy (Figure 2c,d). All of these
patterns were reproducible.

To further probe the nature of the patterns, they were also
imaged by polarized optical microscopy. Excellent agreement
between these images and the fluorescent protein patterns was
observed, as demonstrated in Figure 3. In addition, it was possi-
ble to obtain further insight into the texture of the films by optical
microscopy (Supporting Information). These results were also
in agreement with the polarized optical microscopy images and
combined with the AFM results suggest that the fluorescent
patterns reveal aspects of the topography. Although PEO is
known to resist protein adsorption,** the nanoscale dimensions
of the individual polymer chains and their relatively low PEO
content make it unlikely that the large micrometer scale regions
lacking fluorescence correspond entirely to PEO. Therefore, despite
the initial hypothesis that protein adsorption might simply reveal
polymer phase separation, topography seems to play an impor-
tant role. However, the importance of phase separation resulting
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Figure 1. AFM analysis of the thin film obtained after spin-casting a solution of graft copolymer 5 (8 mg/mL in CH,Cl,) on a silicon wafer reveals
topographical inhomogeneities. (a) Topography image. (b) Sections of the morphology.

Scheme 1. Synthesis of Butyl Rubber—PEG Graft Copolymers
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in butyl-enriched and PEO-enriched domains that can influence
both the topography and the protein adsorption cannot be excluded.
For example, fibrinogen has been shown previously to adsorb
preferentially at the interface between two materials.’

The complex patterns formed by polymer 5 can potentially
arise from kinetic and thermodynamic effects. It is known that
after drop deposition the different interfaces of the system create
a destabilized layer with a high surface roughness.® Roughness
tends to decrease during solvent evaporation until the thin layer is
formed. Solvent plays a crucial role during the step involving the
leveling of the surface roughness,” and in the case of solvent-rich
films, rapid evaporation can freeze states of the destabilized
layer created by Marangoni instabilities.** AFM analyses of
the obtained patterns indicated that the roughness of the surface
was 29 nm for the sample spin-cast at 8§ mg/mL, 48 nm for the
sample at 15 mg/mL, and 95 nm for the sample at 20 mg/mL
(Supporting Information). This significant roughness evolution
at different concentrations is in agreement with a kinetic freezing
of a destabilized solvent-rich layer.” In addition, unlike films cast
from CH,Cl,, films cast in the same manner from hexane did not
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reveal regular patterns of fluorescence (Supporting Information).
This can be explained by the lower vapor pressure of hexane rela-
tive to CH,CL.”

On the other hand, previous work has revealed phase separa-
tion of butyl rubber—PEG graft copolymers following 48 h of
casting from toluene.'> X-ray scattering (SAXS) and dynamic
mechanical analyses suggested that the copolymer underwent
phase separation, resulting in domains of PEG separated by
distances of 100—200 nm. Consequently, it is reasonable to sug-
gest that phase separation also played some role during spin-
casting. However, the micrometer scale of the current patterns
suggests a different mechanism for pattern formation and
lends support to the hypothesis that kinetic factors also play
an important role. Furthermore, the average film thicknesses
increased with increasing polymer concentration (135 nm for
8 mg/mL, 159 nm for 15 mg/mL, and 263 nm for 20 mg/mL), and
this could also change the relative importance of the different
interfacial energies of the system. Thus, a combination of both
kinetic and thermodynamic aspects was likely involved in the
patterning process.
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Figure 2. Fluorescence confocal microscopy images (543 nm) of thin films following adsorption of a rhodamine—fibrinogen conjuguate: (a) polymer
5 spin-cast at 8§ mg/mL; (b) blend of PEG/butyl rubber (containing 8 wt % PEG); (c) polymer 5 spin-cast at 15 mg/mL; (d) polymer 5 spin-cast at
20 mg/mL. These images reveal the importance of the covalent graft copolymer in the pattern formation and the evolution of patterns with polymer

concentration.

Figure 3. A thin film of copolymer 5 spin-cast at 20 mg/mL and imaged by (a) polarized optical microscopy and (b) confocal fluorescence microscopy
(543 nm) following the adsorption of a fluorescent rhodamine—fibrinogen conjugate. Similar patterns were observed by both techniques.

In summary, a new mild and clean synthetic approach was
used to prepare a butyl rubber—PEG graft copolymer. The micro-
metric patterning of this polymer during thin film formation was
studied by optical microscopies and by imaging the adsorption of
a fluorescently labeled protein. Although the exact nature of the
protein adsorption is still not fully understood, these results
demonstrate for the first time that protein adsorption is a useful
tool to study complex pattern formation in thin films of polymers.
Furthermore, patterns were not obtained using simple blends of
butyl rubber and PEO, highlighting the importance of the graft
copolymer in promoting the formation of the complex patterns.
It is proposed that these patterns were created by a combination
of kinetic and thermodynamic effects, mainly the freezing of

instabilities formed during the thin film formation as well as
polymer phase separation. A more detailed study of the nature of
each pattern and the effect of the PEG composition and molec-
ular weight is currently underway in our laboratory. Moreover,
the use of our chemistry to graft other polymers and small
molecules onto the butyl rubber backbone is also under investi-
gation in order to impart new properties.
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