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ABSTRACT: The patterning of copolymers on surfaces is of
interest both for a fundamental understanding of polymer
assembly processes and for applications ranging from micro-
electronics to biomaterials. Graft copolymers can provide new
opportunities to control polymer composition and architecture,
thus opening possibilities for new assembly processes and
patterns. In this work, the reaction of a butyl rubber derivative

functionalized with activated carbonates along the polymer backbone was reacted with amine terminated poly(ethylene oxide)
(PEO—NH,) to provide butyl rubber—PEO graft copolymers. The high efficiency of this reaction allowed for control of the PEO
content by the number of equivalents of PEO—NH, used and its molecular weight, providing a small library of graft copolymers.
This approach also provided butyl rubber—PEO graft copolymers with unprecedentedly high PEO content. Thin films of the
polymers, prepared by spin-casting were studied by a number of techniques including atomic force microscopy, polarized optical
microscopy, profilometry, and confocal fluorescence microscopy following the adsorption of a fluorescent protein. Interestingly, as
the PEO content of the copolymers increased, an evolution from complex micrometer scale to nanometer scale patterns was
observed. This was accompanied by resistance of the surfaces to protein adsorption at high PEO content, demonstrating that
function can evolve from the complex interplay of thermodynamic and kinetic factors governing the assembly of these thin films.

B INTRODUCTION

Copolymers are of significant interest for a diverse range of
applications, as they can impart the material with properties of
both individual polymers as well as new properties of the
combination." This fruitful association is particularly relevant
for block copolymers, which frequently self-assemble in the bulk,
on surfaces, or in solution.! “® These assemblies have generated
increasing interest over the past few decades for a diverse range of
applications from drug delivery,”® to catalysis,”'® and micro-
electronics.'! For example, in surface science, block copolymers
have been extensively used to achieve surface patterning by a
bottom-up apg)roach that exploits self-assembly during thin film
formation."”””"” Such patterns can be used in many applications
including microelectronics,"®'® biomaterials,** >
tion of masks and templates,”> and optical components.
Thus far, a significant body of research has been carried out on
linear diblock and triblock copolymers, and the assembly beha-
vior of these materials on surfaces is relatively well under-
stood.'>'¢72% While comb-like or graft copolymer architec-
tures have provided access to interesting spherical, hexagonal
cylindrical, lamellar, flower and hyperbranched micellar mor-
phologies after solution casting,zg_ Yin general, there are rela-
tively few examples involving these more complicated polymer
architectures and their assemblies are less well understood.'>**

the genera-
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However, they present interesting properties including the ability
to finely tune their architectures by adjusting the grafting
densities and relative chain lengths.>>~*'

In recent years, much research has emerged to suggest that
polyisobutylene- (PIB-) based materials are highly promising for
a number of biomedical applications.*”*”** For example, PIB—
polystyrene (PS) triblock copolymers are currently beinzg used as
a drug eluting coating on TAXUS vascular stents.** Similar
polymers are also bein§ investigated as corneal shunts for the
treatment of glaucoma,® as well as in synthetic aortic valves.*
Furthermore, copolymers of PIB with hydrophilic polymers such
as poly(N,N-dimethylacrylamide) or poly(ethylene oxide)
(PEO) have been used to form membranes that can encapsu-
late cells while allowing the exchange of oxygen, nutrients, and
secreted proteins such as insulin across the membrane.*’
However, optimization of the polymer chemistry and proper-
ties is still critical for many applications. For example, when
PIB—PS was explored as a potential implant material in the
urinary tract, significant attachment of uropathegenic species
such as Escherichia coli 67 was observed, indicating that the
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surface progerties of the polymer were not ideal for this
application.*®

The incorporation of PEO into PIB-based materials is of
particular interest as it is well-known to confer resistance of the
surface to proteins,*” " which is a significant asset for biome-
dical devices and implants that often otherwise undergo rapid
biofouling.****** PIB—PEO linear block copolymers have pre-
viously been reported, but their syntheses are not straightforward
as they typically involve a living cationic polymerization to form
an end-functionalized PIB block,>*** followed by the coupling of
PEO to the terminus using this functionality. For example, Guo
and Kops coupled phenol-terminated PIB with tosylated PEO,*®
Roony reacted the same end-functionalized PIB with PEO by
isocyanate chemistry,”’ and Kurian et al. used a coupling be-
tween silane functionalized PIB and allyl functionalized PEO.®
However, each of these examples involved some degree of side
reactions and/or low yields.

The grafting of PEO onto butyl rubber, a copolymer of iso-
butylene and small percentages of isoprene, has also been explored,
but has been limited by challenges associated with solubility, low
reactivity, and purification. For example, Kohjiya and co-workers
have prepared butyl rubber—PEO graft copolymers with up to 24
wt % PEO by the reaction of chlorinated butyl rubber with the
potassium salt of PEO monomethyl ether (m-PEQO). However,
they were not able to functionalize more than about 45% of the
theoretical grafting sites.’” Whitney, Parent and co-workers have
explored the grafting of PEO onto bromobutyl using both the
potassium salt of m-PEO as well as a carboxylate derivative.%’
Alth0u§h recent catalytic approaches appear to be more promis-
ing,°"%* incomplete couplings as well as side reactions such as
eliminations to the conjugated diene were typically observed,
resulting in a maximum of 30 wt % PEO. Our group has recently
reported the preparation of butyl rubber—PEO graft copolymers
by a mild and easy reaction sequence starting from the unhalo-
genated butyl rubber and using hydroxyl terminated m-PEO.
This functionalization provided a PEO content of 8 wt %. Upon
spin-casting, this polymer formed complex patterns that were
revealed by fluorescence microscopy following the adsorption of
fluorescent proteins.®® This initial work has motivated the prepa-
ration of butyl rubber—PEO graft copolymers with a diverse
range of PEO contents in order to better understand the
patterning phenomenon and also to arrive at surfaces that resist
the adsorption of proteins.

Described here is the extension of our butyl rubber functio-
nalization chemistry to amine terminated PEO (PEO—NH,).
Use of PEO—NH, in place of m-PEO results in very high
coupling efficiencies. This provides unprecedented control over
the PEO grafting and the highest PEO contents reported thus far.
Synthesis of a small library of butyl rubber—PEO graft copoly-
mers with PEO content varying from 2 wt % to 65 wt % is
reported, while to the best of our knowledge the highest pre-
viously reported content was 30 wt %. Thin films prepared by
spin-casting these copolymers were studied, revealing an inter-
esting evolution from micrometer to nanometer scale patterns
with increasing PEO content. At higher PEO content, butyl
rubber surfaces that resist the adsorption of proteins were ob-
tained for the first time.

B EXPERIMENTAL SECTION

General Procedures and Materials. Butyl rubber 402 (weight-
average molecular weight (M,,) of 573 £ 62 KDa as measured by light

scattering) composed of 2.2 mol % isoprene units was kindly provided
by LANXESS and was converted to the activated derivative 1 by the
previously reported method.®> PEO—NH, of different molecular
weights (750, 2000, and 5000 g/mol) were purchased from Iris Biotech
GMBH (Marktredwitz, Germany). Silicon wafers were purchased
from University Wafer (Boston, MA). Solvents were purchased from
Caledon and all other chemicals were purchased from Sigma-Aldrich
and were used without further purification unless otherwise noted.
4-(Dimethylamino)pyridine (DMAP) was purified by recrystallization
in toluene before use. Dry toluene was obtained from a solvent
purification system. "H NMR spectra were obtained in CDCly at
400 MHz. NMR chemical shifts (0) are reported in ppm and are
calibrated against residual solvent signals of CDCl; (0 7.26). Coupling
constants (J) are reported in Hz. The percentage of functionalized
isoprene units was determined from "H NMR, based on the relative
integrations of the signals at 5.03 and 4.87 ppm corresponding to the
alkene adjacent to the activated carbonate and the PEO carbamate
product respectively (see Figure 1). The PEO content in wt % was
determined from "H NMR, based on the relative integrations of the
signals at 3.66 ppm and at 1.43 ppm corresponding to the PEO and
isobutylene units respectively (see Figure 1). Differential scanning
calorimetry (DSC) was performed on a Mettler Toledo DSC 822°ata
heating rate of 10 °C/min from —120 to +150 °C.

Molecular Weight Determination. The differential refractive
index increment (dn/dc) values for each polymer in THF were
determined using a Wyatt Optilab Rex refractive index detector and
Wryatt Astra software. Next, time averaged light scattering intensities
were measured for each polymer at a series of concentrations from
0.2 mg/mL to 1.2 mg/mL in THF using a Malvern Zetasizer Nano-S
instrument. Toluene was used as a standard. Using this data, the M,, for
each polymer was determined from the Rayleigh equation: KC/Rg =
(1/M,, + 2A,C)P(6) using a Debye plot: KC/Ry versus C, allowing
1/M,, to be determined as the y-intercept. C = polymer concentration;
Ry = excess Rayleigh ratio - the ratio of scattered and incident light
intensity; A, = second viral coefficient which is a measure of solute—
solvent interactions; P(6) = scattering function which relates the angular
variation in scattering intensity to the mean square radius of the particle;
K =477 /2, *Na[n,(dn/dc) ], where A = vacuum wavelength of incident
light; N4 = Avogadro’s number; 1, = solvent refractive index.

Synthesis of Copolymer 2 and General Procedure for the
Preparation of Copolymers 2—9. PEO—NH, with a molecular
weight of 2000 g/mol (30 mg, 0.015 mmol) was dissolved in 10 mL of
dry toluene at 60 °C. A solution of the butyl rubber derivative 1%
(750 mg, 0.28 mmol of 4-nitrophenylcarbonate units) in 15 mL of dry
toluene was added dropwise to the reaction mixture. Next, a solution of
4-(dimethylamino )pyridine (50 mg, 0.40 mmol) in 10 mL of dry toluene
was added and the resulting solution was stirred for 12 h at 60 °C. The
solvent was evaporated in vacuo and the rubbery solid was washed one
time with distilled water. The resulting material was precipitated twice
from CH,Cl, into acetone (1:10) to afford the copolymer 2. (Yield =
85%.) "H NMR: 0 8.28 (d, 1.94H, ] = 8.5), 7.40 (d, 1.94H, ] = 8.5), 5.28
(s, 0.97H), 5.22 (s, 0.03H), 5.13 (s, 0.97H), 5.12 (s, 0.03H), 5.07 (s,
0.03H), 5.03 (s, 0.97H), 4.87 (s, 0.03H), 3.66 (s, 4H), 3.39 (s, 0.1H),
1.43 (s, 88H), 1.12 (s, 264H). PEO content (from "H NMR) = 2 wt %;
Ty = —66°C; Ty =23 °C; M,, = 649 & 19 KDa (dn/dc = 0.093 mL/g).

Synthesis of Copolymer 3. This copolymer was prepared by the
same method as described above for copolymer 2 except that 0.1 equiv
of PEO—NH, relative to the 4-nitrophenyl carbonates was used.
(Yield = 77%.) "H NMR: 6 8.28 (d, 1.88H, J = 8.5), 7.40 (d, 1.88H,
J = 85), 528 (s, 0.94H), 5.22 (s, 0.06H), 5.13 (s, 0.94H), 5.12
(s, 0.06H), 5.07 (s, 0.06H), 5.03 (s, 0.94H), 4.87 (s, 0.06H), 3.66 (s,
8H), 3.39 (s, 0.16H), 1.43 ppm (s, 88H), 1.12 (s, 264H). PEO content
(from "HNMR) = 4 wt %; Ty = —67 °C; T, = 24 °C; M,, = 676 % 54 KDa
(dn/dc = 0.084 mL/g).
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Figure 1. "HNMR spectra (CDCls, 400 MHz) of (a) activated butyl rubber 1, (b) copolymer 6, and (c) copolymer 7 showing how PEO content can be
determined from the relative intensities of the PEO and PIB peaks and the reaction conversion can be assessed from the peaks in the region of

4.7—S5.3 ppm.

Synthesis of Copolymer 4. This copolymer was prepared by the
same method as described above for copolymer 2 except that 0.2 equiv of
PEO—NH, relative to the 4-nitrophenyl carbonates was used. (Yield =
76%.) "H NMR: 0 8.28 (d, 1.7H, ] = 8.5), 7.40 (d, 1.7H, ] = 8.5), 5.28
(s, 0.86H), 522 (s, 0.14H), 5.13 (s, 0.86H), 5.12 (s, 0.14H), 5.07
(s, 0.14H), 5.03 (s, 0.86H), 4.87 (s, 0.14H), 3.66 (s, 13H), 3.39 (s,
0.25H), 1.43 (s, 88H), 1.12 (s, 264H). PEO content (from 'H NMR) =
6 wt %; Ty = —62 °C; Toy = 28 °C; M,, = 657 £ 11 KDa (dn/dc =
0.070 mL/g).

Synthesis of Copolymer 5. This copolymer was prepared by the
same method as described above for copolymer 2 except that 0.4 equiv of
PEO—NH, relative to the 4-nitrophenyl carbonates was used. (Yield =
60%.) "H NMR: 6 8.28 (d, 1.32H, ] = 8.5), 7.40 (d, 1.32H, ] = 8.5), 5.28
(s, 0.68H), 5.22 (s, 0.32H), S5.13 (s, 0.68H), 5.12 (s, 0.32H), S5.07
(s, 0.32H), 5.03 (s, 0.68H), 4.87 (s, 0.32H), 3.66 (s, 30H), 3.39 (s,
0.6H), 1.43 (s, 88H), 1.12 (s, 264H). PEO content (from 'H NMR):
12 wt %; Ty = =71 °C; Ty, = 31 °C; M,, = 803 + 38 KDa (dn/dc =
0.070 mL/g).

Synthesis of Copolymer 6. This copolymer was prepared by the
same method as described above for copolymer 2 except that 0.8 equiv of
PEO—NH, relative to the 4-nitrophenyl carbonates was used. (Yield =
51%) "H NMR: 6 8.28 (d, 0.5H, ] = 8.5 Hz), 7.40 (d, 0.5H, ] = 8.5), 5.28
(s, 0.25H), 5.22 (s, 0.75H), 5.13 (s, 0.25H), 5.12 (s, 0.75H), 5.07
(s, 0.75H), 5.03 (s, 0.25H), 4.87 (s, 0.75 H), 3.66 (s, 70H), 3.39
(s, 1.4H), 1.43 (s, 88H), 1.12 (s, 264H). PEO content (from '"H NMR):
24 wt %; Ty = —69 °C; Ty, = 30 °C; M, = 872 & 14 KDa (dn/dc =
0.065 mL/g).

Synthesis of Copolymer 7. This copolymer was prepared by the
same method as described above for copolymer 2 except that 1.2 equiv of
PEO—NH, relative to the 4-nitrophenyl carbonates was used and the

6407

resulting copolymer was purified by precipitation twice from THF into
H,O0 (1:2). (Yield = 49%.) "H NMR: 0 5.22 (s, 1H), 5.12 (s, 1H), 5.07
(s, 1H), 4.87 (s, 1H), 3.66 (s, 115H), 3.39 (s, 2.4H), 1.43 (s, 88H), 1.12
(s, 264H). PEO content (from "H NMR): 34 wt %; Tg=—62°C; Ty =
39 °C; M,, = 971 £ 36 KDa (dn/dc = 0.050 mL/g).

Synthesis of Copolymer 8. This copolymer was prepared by the
same method as described above for copolymer 2 except that 1.2 equiv
of PEO—NH, of a molecular weight of 750 g/mol relative to the
4-nitrophenyl carbonates was used. (Yield = 75%.) '"H NMR: & 5.22
(s, 1H), 5.12 (s, 1H), 5.07 (s, 1H), 4.87 (s, 1H), 3.66 (s, 49H), 3.39
(s, 2.6H), 1.43 ppm (s, 88H), 1.12 (s, 264H). PEO content (from 'H
NMR): 18 wt %; Ty = —64 °C; Ty = 12°C; M, = 849 % 34 KDa (dn/dc
=0.060 mL/g).

Synthesis of Copolymer 9. This copolymer was prepared by the
same method as described above for copolymer 2 except that 1.2 equiv of
PEO—NH, of a molecular weight of 5000 g/mol relative to the
4-nitrophenyl carbonates was used and the resulting copolymer was
purified by precipitation twice from THF into H,O (1:2). (Yield =
70%.) "H NMR: 6 5.22 (s, 1H), 5.12 (s, 1H), 5.07 (s, 1H), 4.87 (s, 1H),
3.66 (s, 425H), 3.39 (s, 2.4H), 1.43 (s, 88H), 1.12 (s, 264H). PEO
content (from 'H NMR): 65 wt %; Ty = —61 °C; Ty, = 59 °C; M,, =
1550 =+ 380 KDa (dn/dc = 0.055 mL/g).

Preparation of Thin Films. Silicon wafers were cut in small pieces
(1 cm®) and were cleaned by immersion in an H,O0,/H,S0, (1:2)
solution overnight. They were then rinsed with deionized water and
dried at 100 °C. Thin films of copolymers were prepared by spin-casting
a solution of the material in CH,Cl,. Spin-casting conditions were 100
UL for 1 em? of silicon wafer, 4000 rpm, 30 s.

Profilometry. The surfaces were imaged using a KLA Tencor P-10
Surface Profiler. Images were obtained by scanning 200 ym X 200 um
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Scheme 1. Synthesis of Butyl Rubber—PEO Graft
Copolymers
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for each surface. The data were refined by using the software SPIP to get
the 3D morphology.

Polarized Optical Microscopy. The surfaces were imaged with a
Zeiss Axioplan compound microscope interfaced to a high-resolution
color digital camera that allowed capture of digital images (magnification
20 ). The images were taken in epi-illumination mode using a polarized
optical microscope equipped with a linear polarizer. No analyzer nor
waveplates were used.

Atomic Force Microscopy (AFM). The surfaces were visualized
by an atomic force microscope (XE-100 microscope from psia). Images
were obtained by scanning surfaces in a tapping mode using rectangular-
shaped silicon cantilevers with a spring constant of 48 N/m. Data were
then refined using the software Nanoscope. Roughness data correspond
to the average Rq parameter calculated from four different whole surface
areas of 20 um X 20 um. For the samples 7 - 9, tapping mode to detect
nanofeatures was performed with samples prepared from a 3 mg/mL
polymer solution in CH,Cl,.

Protein Adsorption and Confocal Laser Scanning Micro-
scopy. A 1 mg/mL solution of the rhodamine-fibrinogen conjugate63 in
S mM phosphate buffer, pH 7.2 was prepared. The surface was then
immersed in this protein solution. After 30 min, nonadsorbed proteins
were removed by washing the surface with buffer and water. The fluores-
cence was then evaluated by using an LSM 510 multichannel point
scanning confocal microscope (Laser 543 nm and band-pass filter of
560—600 nm, magpnification 20 x ). The settings on the instrument were
kept constant for the comparison of all surfaces.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Butyl Rubber—PEO
Graft Copolymers. Polymer 1 was prepared as previously
reported from commercially available butyl rubber 402 by first
epoxidation of the double bonds of the isoprene units using m-
chloroperoxybenzoic acid, epoxide ring-opening followed by
elimination to the exo double bond by treatment with HCI in
toluene, then finally activation of the resulting hydroxyl groups
with 4-nitrophenyl chloroformate.®® These steps were mild, free
of side reactions and essentially quantitative in their conversions.
In previous work, we demonstrated that it was possible to
prepare a butyl rubber—PEO graft copolymer by the reaction
of hydroxyl terminated m-PEO with polymer 1.°* However, due
to the limited nucleophilicity of the hydroxyl moiety, this reac-
tion typically proceeded with only 15—20% conversion, provid-
ing copolymers with a PEO content of approximately 8 wt % in
the case of an m-PEG of molecular weight (MW) 2000 g/mol.
Attempts to increase this conversion by extending the reaction
time or increasing the reaction temperature resulted in cross-
linking or diene formation, side reactions that have been regorted
during the functionalization of halogenated butyl rubber.

In contrast, changing to the more nucleophilic amine
PEO—NH, (Scheme 1), while maintaining a reaction tempera-
ture of 60 °C and a reaction time of 12 h, resulted in a dramatic
improvement in the reaction conversion, resulting in the func-
tionalization of essentially 100% of the isoprene units, as determined

within the detection limits of "H NMR spectroscopy. To the best
of our knowledge, this is the first reported method that enables
the introduction of PEO to each isoprene unit along the butyl
rubber backbone. The ability to control the final PEO content in
the graft copolymers via the number of equivalents of PEO—NH,
was also investigated, as such control as not been demonstrated in
the previous syntheses of butyl rubber—PEO graft copoly-
mers.>”%%%5% In addition, diverse PEO contents were obtained
by using PEO—NH, with varying MWs of 750, 2000, or 5000 g/mol.
As shown in Table 1, a small library of eight copolymers was prepared.

Purification of each graft copolymer from ungrafted
PEO—NH, was accomplished by first washing with water then
by precipitations. Precipitation was achieved by using a solvent
that was a nonsolvent for butyl but a good solvent for PEO.
Acetone was used in the case of low PEO content, while H,O was
required in the case of higher PEO content as it is a stronger
nonsolvent for the butyl. The yields ranged from 49% to 85% and
were logically lower for the copolymers with higher PEO content
because of their partial solubilities in water. Indeed, one can
assume that if this purification isolated only a selective fraction
from the precipitation, it would be the fraction with lower PEO
content, as more PEO would make the copolymer more soluble
in water. Therefore, our purification allowed isolation of the
copolymers with the lower limits on the PEO content.

After removal of ungrafted PEO from the graft copolymer
products, they were characterized by "H NMR spectroscopy,
DSC, SEC, and light scattering. Following conjugation of the
PEO—NH, and thus conversion of the activated carbonates to
carbamates, the "H NMR peaks corresponding to the exo alkene
and the C—H in the Q-position to the activated carbonate in the
region from 4.5 to 5.5 ppm were observed to shift significantly as
shown in Figure 1. This allowed for quantification of the
percentage of functionalized i isoprene units (Figure 1, Table 1).
In addition, as previously reported,*” we compared the "H NMR
integrations of the peaks corresponding to the PEO at 3.66
ppm and the polyisobutylene units at 1.43 ppm to estimate the
PEO content (Figure 1).

In order to obtain relatively low PEO content materials,
copolymers 2, 3, and 4 were prepared using 0.05, 0.1, and 0.2
equiv of PEO—NH, relative to the activated carbonates in
polymer 1. On the basis of '"H NMR analyses, these reactions
resulted in the functionalization of approximately 3%, 6%, and
14% of the isoprene units, providing polymers with 2, 4, and 6 wt
% PEO respectively (Table 1). Copolymers 5 and 6 were
prepared using 0.4 and 0.8 equiv of PEO—NH,. This resulted
in the functionalization of approximately 32% and 75% of the
isoprene units, providing copolymers with 12 and 24 wt % PEO.
In addition, with the aim of achieving unprecedentedly high
weight fractions of PEO in the products, polymer 1 was reacted
with 1.2 equiv of PEO—NH, havmg a molecular weight of 750,
2000, or 5000 g/mol. Subsequently, "H NMR analyses revealed
that essentially 100% of the isoprene units were functionalized in
each case, resulting in PEO contents of 18, 34, and 65 wt % for
copolymers 8, 7, and 9 respectively. Overall as the grafting
reactions proceeded with high yields based on "H NMR analysis
of the isolated products, isolation of a nonrepresentative fraction
of the reaction products in the precipitation process did not seem
to be an issue. Until now, the highest PEO contents were
previously reported by Yamashita et al. using PEO of 750 g/mol
and 2000 g/ mol to prepare graft copolymers with 10 and 24 wt %
respectively’® and by Guillen-Castellanos et al. with PEO of
5000 g/mol providing 30 wt % PEO® (Table 2). It should be

6408 dx.doi.org/10.1021/ma2009996 [Macromolecules 2011, 44, 6405-6415
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Table 1. Characterization of Library or Butyl Rubber—PEO Graft Copolymers

copolymer PEO—NH, MW (g/mol) PEO—NH, equiv % functionalized isoprene units” PEO content” (wt %) M,, (KDa)* T,, (°C)?
2 2000 0.05 650+ 19 23
3 2000 0.1 676 £ 54 24
4 2000 0.2 14 6 660+ 11 28
S 2000 0.4 32 12 800 + 38 31
6 2000 0.8 75 24 870+ 14 30
7 2000 1.2 100 34 970+ 36 39
8 750 1.2 100 18 850+ 34 12
9 5000 1.2 100 65 1550 380 59

“From 'H NMR, based on the relative integrations of the 51gnals at 5 03 and 4.87 ppm corresponding to the alkene adjacent to the activated carbonate
and the PEO carbamate product respectively (see Figure 1). * From "H NMR, based on the relatlve integrations of the signals at 3.66 ppm and at 1.43
ppm corresponding to the PEO and isobutylene units, respectively. “ From light scattering. 4From DSC analysis.

Table 2. Comparison of the Current PEO Grafting Results
with Those Previously Reported

PEO content (wt %) of graft copolymers

MW (g/mol) previous work
of conjugated PEO (best result) current study
750 10%¢ 18
2000 24594 34
5000 30057 65

“ From chlorobutyl containing 2.0 mol % of halogen. ® From bromobutyl
containing 1.1 mol % isoprene.

noted that in the latter case, this graft copolymer was prepared
from a butyl polymer containing only 1.1 mol % of halogenated
monomers in comparison with the 2.2 mol % of activated
monomers used in the current work. Nevertheless, the PEO
content was lower than the theoretically achievable value of 49 wt
%. Although our reaction sequence involves multiple steps, the
high PEO contents and level of control over this content can be
attributed to the highly efficient grafting reaction.

The thermal properties of copolymers 2—9 were measured by
DSC analyses. PEO homopolymer of 2000 g/mol is crystalline
with a T\, of 58 °C, whereas butyl rubber is noncrystalline with a
T, of =73 °C (Supporting Information). Despite the widely
varying PEO content of copolymers 2—9, no significant changes
or trends in the T,gs wele observed. In contrast, as expected based
on previous reports, 5 the T, of the PEO was significantly
reduced by incorporation into the graft copolymers (Table 1).
Atlow PEO content, the T,,, was much lower than the T, of pure
PEO of the same molecular weight. For example, copolymer 2
containing only 2 wt % PEO had a T}, of only 23 °C. However,
the T, increased with increasing PEO content up to 39 °C for
copolymer 7, containing 34 wt % PEO. The highest T, of 59 °C
was measured for copolymer 9, which had 100% of the isoprene
units functionalized with PEO of 5000 g/mol. This T, was very
similar to the T, of 61 °C for the corresponding PEO homo-
polymer. The lowest T, of 12 °C was measured for polymer 8,
which contained 100% of the isoprene units functionalized with
PEO of 750 g/mol. This low T, is not surprising in light of the
Ty, of 22 °C for the corresponding PEO homopolymer. Overall,
these results suggest that the presence of higher PEO content and
higher PEO MW results in higher T, likely due to the ability of
these copolymers to form larger PEO domains which possess
crystallinities more similar to those of pure PEO. These DSC

results were also useful in confirming the absence of ungrafted
PEO in the graft copolymers. The presence of free PEO in
unpurified samples of the graft copolymers leads to an additional
melting peak at the temperature expected for the corresponding
PEO homopolymer (Supporting Information). This extra melt-
ing peak was not observed in the DSC traces of any of the purified
polymers 2—9.

SEC analysis of butyl rubber—PEO graft copolymers contain-
ing significant PEO content was problematic, an issue that has
previously been reported.”® Therefore, the M,s of the graft
copolymers were determined by light scattering analyses in the
absence of a column. First, the differential refractive index incre-
ment (dn/dc) was measured for each polymer in THF using a
refractive index detector, and then the time averaged light scatter-
ing intensities for each polymer were measured as a function of
concentration and their molecular weights were determined using
Debye plots (Supporting Information). As shown in Table 1, the
M,,s measured by this method increased as expected with increas-
ing PEO content. For example, copolymer 2 containing 2 wt %
PEO was found to have a M,, of 649 KDa, a value close to the 573
KDa measured for the butyl rubber 402 starting material, while
copolymer 7 containing 34 wt % PEO had a M, of 971 KDa.
Because of the nature of the light scattering technique, these data
should reflect the true Ms of the samples in contrast to those
determined by relative calibrations, which more closely reflect the
hydrodynamic size and can be influenced by other effects such as
interactions with the column. The main drawback is that in the
absence of separation by the column, it was not possible to obtain
information on the polydispersity indices of the samples.

Preparation and Study of Thin Films of Copolymer 2—7.1In
recent work, we found that a butyl rubber—PEO graft copolymer
containing 8 wt % PEO, prepared by the reaction of hydroxyl
terminated PEO with polymer 1, formed novel micrometer scale
patterns when spin-cast on surfaces.”> These patterns were
revealed by AFM, polarized optical microscopy and fluorescence
confocal microscopy following the adsorption of fluorescent
proteins. The pattern formation was attributed to both kinetic
factors such as the freezing of Marangoni instabilities®” as well as
thermodynamic factors such as phase separation."* However, the
exact driving forces for pattern formation and the nature of the
protein adsorption were not fully elucidated. Therefore, it was of
significant interest to study the evolution of the patterns with
varying PEO content and MW.

First, thin films of copolymer 2 containing 2 wt % PEO were
prepared by spin-casting CH,Cl, solutions with concentrations
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3749 nm

Figure 2. Analyses of thin films obtained after spin-casting a solution of graft copolymer 2 (in CH,Cl,) on silicon wafers: (a—c) 10 mg/mL; (d—f)
15 mg/mL; (g—i) 20 mg/mL. Top line: profilometry analyses revealing topographical features increase with concentration. Second line: patterns
revealed by polarized optical microscopy are consistent with those obtained by profilometry. Third line: fluorescence confocal microscopy images
(543 nm) following adsorption of a rhodamine—fibrinogen conjugate correlate with above images.

of 10 mg/mL, 15 or 20 mg/mL on clean silicon wafers. As
observed in the previous study, AFM revealed full surface
coverage of the silicon wafer, as well as topographical features,
but these features were larger than the scale of typical AFM images,
making pattern visualization challenging. However, as shown in
Figure 2, profilometry successfully revealed distinct micrometer
scale surface features with heights on the order of 20—200 nm and
the patterns evolved with concentration. Larger features were
observed at higher concentrations. The patterns could also be
visualized by polarized optical microscopy (Figure 2b,e,h) and
there was agreement between the nature of the profilometry and
optical microscopy images. Given the profilometry and AFM
results demonstrating surface topography, the colors in the images
are almost certainly generated by variations in the film thicknesses
of the thin films on the flat silicon wafer. This is due to optical
interferences that are thickness dependent.

As PEQ is well-known to resist the adsorption of proteins,* " it
was initially hypothesized that by studying the adsorption of
fluorescent proteins, some insight might be gained into the role
of polymer phase separation in the pattern formation. Thus, the
surfaces were imaged by fluorescence confocal microscopy follow-
ing immersion in a solution of rhodamine-labeled ﬁbrinogen,63 a
protein commonly evaluated in protein adsorption studies.® As
shown in Figure 2, complex patterns similar to those observed
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Figure 3. Average surface roughness values for thin films prepared from
polymers 2—7 as a function of concentration, obtained from an AFM
analyses.

with our previously reported graft copolymer® were observed.
Comparison of these patterns with the profilometry images
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Figure 4. Polarized optical microscopy images of thin films of graft copolymers spin-cast from CH,Cl, (20 mg/mL): (a) copolymer 2; (b) copolymer 3;

(c) copolymer 4; (d) copolymer S; (e) copolymer 6; (f) copolymer 7.

indicates that aspects of the topography are revealed in the
protein adsorption, but this correlation is not as simple as
proteins adsorbing specifically to peaks or valleys on the surface.
Although, the thermal data suggested phase separation of the
polymers in the bulk, the casting of films from solution, and the
rapid evaporation of the solvent in this process can have a
significant effect. The nanoscale dimensions of the individual
polymer chains and their relatively low PEO content, make it
unlikely that in the case of copolymer 2 the large micrometer
scale regions lacking fluorescence correspond entirely to PEO.
This suggests that some combination of topography and phase
separation resulting in the possible formation of butyl-enriched and
PEO-enriched domains may play a role in the protein adsorption.
For example, fibrinogen has been shown previously to adsorb
preferentially at the interface between two materials.*>”°

To gain more insight into the nature and origin of the pattern
formation, the influence of the PEO content on the resulting thin
films was studied. First, AFM was used to determine the average
surface roughness as a function of both the PEO content and the
copolymer concentration. Thin films of copolymers 2—7 were
prepared from CH,Cl, solutions at concentrations ranging from
3 to 20 mg/mL. As shown in Figure 3, the surface roughness was
indeed strongly influenced by both the PEO content and the
copolymer concentration. The surface roughness decreased
significantly with increasing PEO content, from greater than
50 nm for copolymer 2 spin-cast at 20 mg/mL to less than 10 nm
measured for copolymer 7 at the same concentration. The
roughness also increased with concentration, most notably for
the polymers with lowest PEO content.

Polarized optical microscopy was also used to probe the
evolution of the patterns with varying PEO content. Images of
thin films prepared from copolymers 2—7 at a concentration of
20 mg/mL in CH,Cl, are shown in Figure 4. As suggested by the
surface roughness measurements, an evolution in the patterns
with increasing PEO content was observed. Although polarized
optical microscopy cannot directly reveal topographical informa-
tion, the images suggested that larger features were obtained at
lower PEO contents, such as for copolymers 2 and 3. The sizes of
these features consistently decreased for copolymers 4, 5, and 6,
and eventually disappeared for copolymer 7. The same trends
were observed for films prepared from copolymer solutions at
10 and 15 mg/mL (Supporting Information). In light of these

results, it was of interest to evaluate the pattern formation
resulting from pure butyl rubber and pure PEO spin-cast from
CH,Cl,. PEO spin-cast from CH,Cl, consistently provides
smooth films (surface roughness <2 nm), without patterns. In
contrast, pure butyl rubber has limited solubility in CH,Cl, and
does not provide thin films but rather islands of aggregated
polymer on the surface (Supporting Information). However,
smooth films of butyl rubber can be prepared by spin-casting
from hexane, verifying that this effect is not dominated by the
substrate. In addition, previous work has shown that noncovalent
blends of butyl rubber and PEO at similar weight ratios to
polymers 3 and 4 do not produce regular surface patterns.**
Therefore, the covalent graft copolymer containing both butyl
rubber and PEO is essential for pattern formation.

The adsorption of the fluorescent rhodamine-fibrinogen con-
jugate to the films spin-cast from copolymers 2—7 was also
evaluated. The patterns obtained from copolymer solutions spin-
cast at 20 mg/mL are shown in Figure S. Overall, these patterns
were in agreement with the polarized optical microscopy images
but they revealed increased complexity, suggesting that addi-
tional factors such as partial phase separation might result in the
adsorption of proteins to selected regions of the surface. Parti-
cularly complex and novel patterns were observed at low PEO
content, such as the apparent “worm-like” structures containing
spherical species that were observed for copolymer 4 (Figure Sc).
It is also noteworthy that in agreement with the lack of pattern
formation observed by AFM or polarized optical microscopy,
thin films of copolymers 6 and 7 did not adsorb significant levels
of fluorescent protein and thus fluorescent patterns were not
observed. Despite the lack of topographical patterns formed by
these polymers, the resistance to protein adsorption is still rather
remarkable as copolymers 6 and 7 contain only 24 and 34 wt % of
PEO respectively. With the knowledge that proteins adsorb
extensively to surfaces prepared from pure butyl*”" and not to
PEO surfaces,” ' these results suggest that the surfaces pre-
pared from these copolymers are capable of presenting sufficient
amounts of PEO at the surface to repel proteins. Similar trends in
the protein patterning were also observed for thin films cast from
copolymers 2—7 at concentrations of 10 and 15 mg/mL
(Supporting Information).

Comparison of Thin Films Prepared from Copolymers
7—9. While the above study evaluated the effect of PEO content
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Figure S. Fluorescence confocal microscopy images (543 nm) of thin films (spin-cast at 20 mg/mL from CH,Cl, ) following adsorption of a rhodamine-
fibrinogen conjuguate. Key: (a) copolymer 2; (b) copolymer 3; (c) copolymer 4; (d) copolymer 5; (e) copolymer 6; (f) copolymer 7.
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Figure 6. Polarized optical microscopy images of thin films of graft
copolymers (a) 8 and (b) 9, spin-cast from CH,Cl, (20 mg/mL).

while keeping the PEO MW constant at 2000 g/mol, it was also
of interest to evaluate the effects of PEO MW by comparing thin
films prepared from copolymers 8 and 9 with those from
copolymer 7. First, films were prepared by spin-casting CH,Cl,
solutions with concentrations of 10, 15, or 20 mg/mL on clean
silicon wafers. Polarized optical microscopy revealed that more
significant features were obtained for copolymer 8 that was fully
functionalized with a PEO of MW 750 g/mol (Figure 6a) in
comparison with copolymer 7 (Figure 4f) containing PEO of
MW 2000 g/mol. Copolymer 9 (Figure 6b), fully functionalized
with PEO of MW 5000 g/mol exhibited much less texture than
copolymer 8, but interestingly more texture than copolymer 7.
In accordance with the DSC results, this texture may be due to
the crystallinity of the PEO domains. As for copolymer 7, no
significant protein adsorption was observed for polymers 8 and 9
(Supporting Information). This is particularly noteworthy in the
case of polymer 8, which contains only 18 wt % PEO and did
exhibit patterns in the polarized optical microscopy images.
Despite the lack of evidence for micrometer scale patterning
for copolymers 7 and 9, butyl rubber and PEO are nevertheless
incompatible, and previous studies involving small-angle X-ray
scattering (SAXS) and dynamic mechanical analyses have sug-
gested that these polymers undergo phase separation at the

9.2 nm 21.2nm

161’]}‘!”\ 6_0 um 10.0 um
122.7 nm

0.0 wm 1.0';1m
Figure 7. AFM analysis (tapping mode) of the thin films spin-cast on
silicon wafers: (a) topography of copolymer 7; (b) topography of
copolymer 8; (c) topography of copolymer 9; (d) topography of
copolymer 9 zooming in on the dendritic nanostructures; (e) phase
imaging of copolymer 9 zooming in on the dendritic nanostructures.
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Figure 8. AFM analyses of the thin film obtained after spin-casting a
solution of 9. Before annealing: (a) topography; (b) phase contrast.
After annealing: (c) topography; (d) phase contrast.

nanometer scale.’® Therefore, to obtain nanometer scale infor-
mation, these surfaces were further investigated by AFM. As
shown in Figure 7a, AFM analysis of the thin film prepared from
copolymer 7, with grafts of PEO of 2000 g/mol, revealed a
relatively flat surface that presented no significant patterns or
irregularities. AFM of films from copolymer 8 (Figure 7b), with
grafts of PEO of 750 g/mol, revealed a more inhomogeneous
surface, certainly an intermediate step toward the patterns pre-
viously evidenced at lower PEO contents for polymers 2—S5, and in
agreement with the polarized optical microscopy images. Finally,
AFM analyses of the thin film prepared from copolymer 9, with
grafts of PEO of 5000 g/mol and a high PEO content of 65%,
showed “dendritic-like” nanostructures (Figure 7c). Interestingly,
while the roughness measured for the thin films made with
copolymers 7 or 8 was low (below 2 nm for both), thin films
from copolymer 9 exhibited a higher roughness of 4.9 nm.

Additional AFM imaging was performed on films of copoly-
mer 9 to further probe the fine dendritic structures. As shown in
parts d and e of Figure 7, while the topographical image provided
limited information, it was possible to obtain a phase image of the
dendritic nanostructures. This phase image revealed nanodo-
mains of approximately 50 nm in diameter, which were as-
sembled in a complex manner to form the dendritic structures,
possibly again a result of the PEO crystallinity. As shown in
Figure 8, further investigation at the nanometer scale suggested
polymer phase separation within the ellipsoidal structures that may
correspond to the butyl rubber and PEO domains of individual
polymer chains. Annealing these surfaces at 100 °C overnight,
while reducing surface roughness, accentuated this phase separa-
tion, consistent with a thermodynamically driven assembly pro-
cess. It should be noted that no clear phase separation could be
observed in the films of copolymers 2—7 by AFM.

Using the information on pattern formation from the studies
above, insights into the factors leading to these micrometer and
nanometer scale patterns have been gained. The solvent-assisted

deposition of the materials on surfaces is a complex process with
three different types of interactions involved: molecule—molecule,
molecule-solvent and molecule—substrate."* These interactions
are often weak and the morphologies of the resulting films are not
always easy to predict. It is known that after drop deposition, the
different interfaces of the system create a destabilized layer with a
high surface roughness.”” This roughness tends to decrease during
solvent evaporation until the thin layer is formed. Solvent plays a
crucial role durlng this step involving the leveling of the surface
roughness,”” and in the case of solvent-rich films, rapid evaporation
can freeze states of the destabilized layers created by Marangoni
instabilities.”> The significant surface roughness increases with
increasing concentrations of copolymers 2—7 (Figure 3) are in
agreement with a kinetic freezing of a destabilized solvent-rich
layer,”” particularly for copolymers with low PEO content. Further-
more, it had been shown that the patterning of these graft
copolymers is highly dependent on the solvent, with films spin-
cast from hexane not revealing patterns.*> As a high vapor pressure
of the solvent is critical for the freezing of kinetic instabilities, and
that of hexane is much lower than that of CH,Cl,, this also supports
this kinetic mechanism. Furthermore, the kinetic trapping mechan-
ism is known to generally produce micrometer scale pattems,
which is clearly the dimension observed for polymers 2—5."*

On the other hand, the disappearance of the concentration
effect and of micrometer scale patterns suggest that kinetic
trapping is not the dominant mechanism of pattern formation
for polymers 6—9, which possess higher PEO contents. For these
polymers, phase separation seems to dominate, leading to the
gradual disappearance of micrometer scale patterning and the
emergence of nanometer scale patterning as evidenced by AFM
for polymer 9. Indeed, macromolecular assembly during thin film
formation involving amphiphilic copolymers generally leads to
smaller scale patterning than that created by the kinetic effect.'*'®
Thus, it appears that through the series of butyl rubber—PEO
graft copolymers evaluated in this study an evolution from a
primarily kinetically governed patterning to one governed by
phase separation was observed. This evolution can possibly be
attributed to an increased solubility of the polymers in CH,Cl,
with increasing PEO content, which may decrease the instabil-
ities that can be trapped during spin coating. At the same time, an
increase in the PEO content may increase the role of polymer
phase separation. This evolution from micrometer to nanometer
scale patterns was also accompanied by a change from complex
patterns of protein adsorption, a result likely attributable to
topographical effects and partial phase separation, to resistance
to protein adsorption at higher PEO content.

B CONCLUSIONS

In conclusion, a new synthetic approach was developed for the
grafting of PEO onto the butyl rubber backbone to form butyl
rubber—PEOQ graft copolymers. This method was used to gen-
erate a small library of eight copolymers with varying PEO
content by tuning both the number of equivalents of PEO—NH,
grafted as well as the lengths of the PEO chains. These copoly-
mers had PEO content ranging up to 65 wt %, nearly 2-fold
higher than the butyl rubber—PEO graft copolymers previously
reported. This result was possible due to the high efficiency of the
grafting reaction. Thin films of the copolymers were studied by
AFM, profilometry, polarized optical microscopy and fluores-
cence confocal microscopy following the adsorption of fluores-
cent proteins. As the PEO content was increased, an evolution
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from micrometer scale patterning that was primarily kinetically
governed, to nanometer scale patterning likely governed by
thermodynamic phase separation was observed. In addition, at
high PEO content, resistance to protein adsorption was observed,
a property that may be a significant asset for the application of
these materials in biomedical devices. Further study of this effect
and potential applications are currently underway.

B ASSOCIATED CONTENT

© Supporting Information. 'H NMR spectra of copoly-
mers 2—9, representative DSC traces of an unpurified and
purified graft copolymer, additional polarized optical microscopy
and fluorescence confocal microscopy images, and details of the
molecular weight analysis, including light scattering Debye plots.
This material is available free of charge via the Internet at http://
pubs.acs.org/.
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