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ABSTRACT: Bottlebrush polymers can be used to introduce
novel surface properties including hydrophilicity, stimuli-respon-
siveness, and reduced friction forces. However, simple, general, and
efficient approaches to cross-linking bottlebrush polymer films and
coatings are limited. Here, we report that bottlebrush polymers OR —
with an unsaturated polynorbornene backbone and thiol- (} % o
terminated side chains can be cross-linked on demand by UV /3-:%*-«
irradiation to produce uniform and insoluble bottlebrush polymer />) 5§>/}
coatings. To quantify the kinetics and efliciency of cross-linking by '

UV exposure (254 nm), we measured the normalized residual thickness (NRT) of bottlebrush and linear polymer films after UV
exposure and solvent washing. For bottlebrush polymers with thiol-terminated polystyrene (PS) side chains, the NRT exceeded 60%
for a UV dose of 1.0 J/cm?, while unfunctionalized linear PS required a dose of 7.9 J/cm?” to achieve similar NRT values. Rapid UV-
induced cross-linking of the bottlebrush PS was attributed to the thiol—ene coupling of the thiol-terminated side chains with the
unsaturated polynorbornene backbones, as demonstrated through FTIR measurements and control studies involving bottlebrush
polymers with saturated backbones. To establish the broader applicability of this approach, UV-induced cross-linking was
demonstrated for thin films of bottlebrush polymers with thiol-terminated poly(methyl acrylate) (BB-PMMA-SH) side chains and
those with poly(ethylene glycol) (BB-PEG) and poly(lactic acid) (BB-PLA) side chains which do not contain thiol end groups. UV-
induced cross-linking of BB-PEG and BB-PLA films required the use of a multifunctional thiol additive. Finally, we demonstrated
that bottlebrush polymer multilayers can be fabricated through sequential deposition and UV-induced cross-linking of different
bottlebrush polymer chemistries. The cross-linking process outlined in this work is simple, general, and efficient and produces
solvent-resistant coatings that preserve the unique properties and functions of bottlebrush polymers.

Crosslinked bottlebrush films

e

sHy! s“ﬁ (o8 sH uv

St e
R

B ottlebrush polymers have a number of unique properties side-chain chemistry.'*~>* For example, bottlebrush polymers
that make them attractive for modifying surfaces and containing polyacrylonitrile segments in the side chains can be
interfaces. Various side-chain and side-chain end-group thermally cross-linked,'* and metal-free click chemistry can be
chemistries can be incorporated to deliver a desired property used to cross-link bottlebrush polymers containing azide
or functionality, and two (or more) types of side chains can be functional groups in the side chains.'” A series of studies
incorporated into a single bottlebrush polymerl’z to produce utilized additives with thiol functional groups to cross-link
stimuli-responsive surfaces™* or drive self-assembly into well- liquid crystal brush block polymers via thiol—ene coupling
defined nanoscale patterns.” Furthermore, bottlebrush poly- between the additive and unsaturated bottlebrush backbone.
mers have unique tribological properties, enabling their use to This was implemented to fabricate self-assembled, nanoporous
tailor frictional forces at solid/liquid interfaces.”” Other membranes.'*™"” In another recent study, a universal strategy

potential applications rely on the dense, brush-like con-
formation of the side chains, which can be used to generate
antifouling surfaces®” and low-energy surfaces.'”"!
Cross-linking can be used to improve the stability and
robustness of polymer coatings and films. Cross-linking can
help with adhesion to a surface, inhibit dissolution, and enable ] T
the sequential deposition of multiple polymer coatings.'”"’ Received:  May 18, 2020 —
However, simple, general, and efficient approaches to cross- AccePted’ July 17, 2020
linking bottlebrush polymer films and coatings are limited. Published: July 22, 2020
While a number of prior studies have reported cross-linking of
bottlebrush polymers, these prior studies have not focused on
films and coatings and in many cases are based on a specific

to cross-link bottlebrush polymers in the bulk under UV light
utilized miscible bisbenzophenone additives. This strategy was
implemented to fabricate super sensitive touch sensors based
on bottlebrush networks.””*" A recent study that focused on
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bottlebrush films showed that bottlebrush polymers with
polystyrene (PS) side chains could be cross-linked through
exposure to ionizing radiation.”

“Grafting-through” synthesis is a popular approach for
bottlebrush polymer synthesis that incorporates reactive
groups in the bottlebrush backbone and side chains. For
example, ring-opening metathesis polymerization (ROMP) of
norbornenyl-terminated macromonomers produces bottle-
brush polymers with an unsaturated polynorbornene back-
bone."””*** A number of prior studies have reported the
modification or cross-linking of some ROMP-derived polymers
through thiol—ene reactions.”>™*® Furthermore, some con-
trolled radical polymerization techniques allow the side chains
to contain functional end groups during the macromonomer
synthesis. For example, macromonomers produced through
reversible addition—fragmentation chain transfer (RAFT)
contain a fragment of the chain transfer agent (CTA) at the
end of the chain that can be reduced to a thiol.>"~*'
Macromonomers synthesized through atom transfer radical
polymerization (ATRP) also enable the side chains to contain
reactive end groups.z"u_34

Here, we investigated UV-induced thiol—ene coupling
reactions for cross-linking films of ROMP-derived bottlebrush
polymers, which contained an unsaturated polynorbornene
backbone. Although thiol—ene coupling has been reported as a
method to cross-link bottlebrush polymers, these prior studies
focused on the cross-linking of bulk bottlebrush samples for
the fabrication of free-standing membranes, which required
several hours of UV exposure.”'18 Here, we studied UV-
induced cross-linking of bottlebrush films which could be
cross-linked in minutes. We also varied the composition of the
side chains to understand the generality of the approach. To
quantify cross-linking, we studied thin films of bottlebrush
polymers deposited on a surface and measured the normalized
residual thickness (NRT = h/h,) of the film after UV
irradiation and solvent wash, where h, was the initial film
thickness and h the final film thickness after UV irradiation and
solvent wash. We analyzed a series of bottlebrush polymers and
studied the effects of initial film thickness, UV dose, side-chain
length, side-chain chemistry, and end-group functionality on
the NRT. The results presented below demonstrated that UV-
induced thiol—ene coupling reactions provide a general
approach for cross-linking bottlebrush films into solvent-
resistant networks for a variety of side-chain chemistries.

We hypothesized that bottlebrush polymers containing an
unsaturated polynorbornene backbone could be cross-linked
through UV-induced radical thiol—ene coupling reactions if
the polymers contained thiol-terminated side chains or were
mixed with a multifunctional thiol-terminated additive. In the
case of bottlebrush polymers with thiol-terminated side chains,
we expected that cross-linking could occur without any
additional reagents or additives. As for bottlebrush polymers
without thiol-terminated side chains, the cross-linking could
occur by adding a multifunctional thiol-terminated additive.
These two cases are shown schematically in Scheme 1a, and a
representative cross-linking mechanism is shown in Scheme 1b.
To test these hypotheses, we produced a series of bottlebrush
polymers using the “grafting-through” ROMP synthesis
strategy.”> The bottlebrushes all contained unsaturated
polynorbornene backbones but differed in the chemistry and
end-group functionality of side chains. We synthesized
bottlebrush polymers with polystyrene (PS), poly(methyl
methacrylate) (PMMA), polylactic acid (PLA), and poly-
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Scheme 1. Overview of Bottlebrush Polymer Cross-Linking
through UV-Induced Radical Thiol-Ene Coupling”
.
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“(a) Schematic illustration for cross-linking of bottlebrush films under
UV light through thiol—ene coupling. (b) Proposed reaction scheme
for bottlebrush film cross-linking via radical thiol—ene coupling. P,
represents the bottlebrush polymer side chain and R-Se represents a
thiol radical, where the R group can be either a bottlebrush polymer
or a small molecular additive. (c) Chemical structures for the
bottlebrush polymers used in this study.

ethylene glycol (PEG) side chains. The structures of these
polymers are shown in Scheme 1lc. The PS and PMMA
bottlebrush polymers contained thiol-terminated side chains,
while the side chains of the PLA and PEG bottlebrush
polymers were terminated by hydroxyl and methoxyl groups,
respectively. In the case of PS bottlebrush polymers, we
studied two side-chain molecular weights (approximately 3 and
6 kg/mol) and two backbone degrees of polymerization (DPs)
for each side-chain molecular weight (entries 3 and 5—7 in
Table 1). As control studies, we analyzed the cross-linking of
unfunctionalized linear PS (L-PS) (entry 1 in Table 1) and a
PS bottlebrush with a saturated backbone (entry 4 in Table 1).
With the exception of L-PS which was acquired commercially,
the synthesis of these materials was carried out using methods
previously reported.””*>™>® The characteristics of all the
polymers prepared for this study are shown in Table 1. The
naming convention for bottlebrush polymers used in this study
includes the side-chain chemistry, side-chain molecular weight,
and backbone degree of polymerization in the sample name.
For example, BB-PS-SH-3k-20 denotes a bottlebrush polymer
with thiol-terminated PS side chains of approximately 3 kg/
mol and a backbone with 20 repeat units. The synthetic details
of polymers used in this study are provided in the Supporting
Information, including proton nuclear magnetic resonance ("H
NMR) spectroscopic analysis (Supporting Information Figures
S1 and S2), gel permeation chromatography (GPC) analysis of
macromonomers and bottlebrush polymers (Supporting
Information Figures S$3—S8), and additional chemical
structures (Supporting Information Scheme S1).

We first analyzed the UV-induced cross-linking of L-PS and
BB-PS-SH-3k-20. Films of each polymer were prepared by
flow-coating onto precleaned silicon wafers and then exposed
to UV light (254 nm, 3.3 mW/cm?) in air. The UV dose was
controlled by the exposure time. No other reagent or
photoinitiator was included in the film. After exposure to UV

https://dx.doi.org/10.1021/acsmacrolett.0c00384
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ACS Macro Letters pubs.acs.org/macroletters

Table 1. Characteristics of Polymers Used in This Study”

entry polymer* side-chain molecular weight” (kg/mol)
1 L-PS (linear) -
2 L-CTA 0.5
3 BB-PS-SH-3k-20 2.6
4 H-BB-PS-SH-3k-20 2.6
S BB-PS-SH-3k-150 2.6
6 BB-PS-SH-6k-7 S.5
7 BB-PS-SH-6k-80 S.5
8 BB-PMMA-SH-4k-40 4.1
9 BB-PEG-2k-30 2.1
10 BB-PLA-3k-50 3.1

overall M, (kg/mol) backbone DP b conversion”
192 - -- N/A
32 67 1.10 N/A
42 16 1.27 92%
42 16 1.39 95%
400 152 1.44 97%
39 7 1.27 88%
420 77 1.73 97%
170 40 1.25 97%
61 29 1.12 98%
160 NV 1.26 95%

“L’ denotes linear polymer, “BB” denotes bottlebrush, and “H-BB” denotes bottlebrush with a saturated backbone. PS = polystyrene, PEG =
poly(ethylene glycol), PLA = poly(lactic acid), PMMA = poly(methyl methacrylate). D denotes the molecular weight dispersity of the polymer,
and conversion denotes the percentage of macromonomer incorporated in the final bottlebrush material based on GPC-RI analysis. *Measured by
"H NMR. “Measured by GPC with multiangle laser light scattering detectors. ?Estimated based on GPC-RI analysis.
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Figure 1. (a) Plot of the NRT as a function of UV dose for L-PS, BB-PS-SH-3k-20, and H-BB-PS-SH-3k-20 films under UV radiation. (b) NRT
and residual thickness of BB-PS-SH-3k-20 after UV radiation at a dose of 1.6 J/cm?. (c) FTIR spectra for L-CTA and PETMP at varying UV doses.
(d) 'H NMR spectra for BB-PEG-2k-30 before and after UV irradiation (dose = 23.8 J/cm?). (e) NRT for BB-PS-SH with different side-chain
lengths and backbone DPs with different UV dose. The wavelength of the UV light was 254 nm.

light, the films were immersed in tetrahydrofuran (THF) to
remove un-cross-linked polymer, and the film thicknesses were
measured and compared to the initial film thicknesses. We
defined the normalized residual thickness (NRT = h/h,) as the
ratio of the final film thickness h after UV-induced cross-
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linking and THF wash to the initial film thickness h,. A higher
NRT indicated a higher degree of cross-linking of the
bottlebrush film, and an NRT of 100% corresponded to a
fully cross-linked film. As shown in Figure 1a, the NRT for BB-
PS-SH-3k-20 films increased rapidly under UV exposure, from

https://dx.doi.org/10.1021/acsmacrolett.0c00384
ACS Macro Lett. 2020, 9, 1135-1142
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an NRT of 0 to 60% with doses in the range of 0—1.0 J/cm™
By comparison, the NRT for L-PS films was approximately 0%
with a dose of 1.0 J/cm? and did not reach 60% NRT until a
much higher dose of 7.9 J/cm?. With doses of 11.9 J/cm?* and
greater, the NRT for films of L-PS and BB-PS-SH-3k-20 were
similar and continued to increase with UV dose. The UV-
induced cross-linking of L-PS has been extensively studied, and
the mechanism for the UV-induced cross-linking of L-PS in air
involves dissociation of C—H bonds to produce radicals
followed by oxidation and bridging between chains. A
schematic for this cross-linking mechanism is shown in the
Supporting Information Scheme $2.°"~** Similar experiments
using longer wavelengths of UV irradiation (365 nm) did not
produce any measurable cross-linking of L-PS nor BB-PS-SH-
3k-20.

We also studied the UV-induced cross-linking of PS
bottlebrush polymers with a saturated backbone (H-BB-PS-
SH-3k-20). To synthesize these materials, the backbone of BB-
PS-SH-3k-20 was reduced using p-toluenesulfonyl hydrazide
and N,N-diisopropyl-ethylamine in xylenes.*’ A detailed
description is provided in the Supporting Information, and
the '"H NMR spectra for BB-PS-SH-3k-20 and H-BB-PS-SH-
3k-20 are shown in the Supporting Information Figure S9.
Films of H-BB-PS-SH-3k-20 exposed to UV light (254 nm)
cross-linked slowly with increasing UV dose, following a trend
very similar to that of L-PS, as shown in Figure la. This
indicated similar cross-linking mechanisms for H-BB-PS-SH-
3k-20 and L-PS.

To further understand the UV-induced cross-linking of BB-
PS-SH films, we analyzed the effects of film thickness, UV
dose, side-chain length, and bottlebrush molecular weight. BB-
PS-SH-3k-20 films ranging from 100 to 400 nm in thickness
were prepared and exposed to UV radiation at a dose of 1.6 J/
cm’. These film thicknesses were much smaller than the
penetration depth I (I &~ 350 um) of UV light (254 nm).** As
shown in Figure 1b, the NRT was nearly independent of film
thickness, and all films had an NRT of approximately 55% after
a UV dose of 1.6 J/cm?

The NRT measurements shown in Figure la show that PS
bottlebrush polymers with thiol end groups and unsaturated
backbones cross-linked rapidly under UV light, while linear PS
polymers or PS bottlebrush polymers with saturated backbones
required a much higher UV dose. To obtain direct evidence for
the radical thiol—ene coupling reaction for bottlebrush
polymers, we attempted in situ FTIR analysis of the
bottlebrush films during cross-linking, but these failed likely
due to the low concentration of thiol and carbon—carbon
double bonds in the film. For example, the mass fraction of
thiol functional groups in BB-PS-SH-3k-20 is around 1.2 wt %.
As an alternative, we synthesized a bottlebrush polymer with
short side chains: a polynorbornene polymer with pendant
chain transfer agent (CTA), denoted L-CTA (see Supporting
Information Scheme S1). This polymer was blended with a
multifunctional thiol reagent, pentaerythritol tetrakis(3-mer-
captopropionate) (PETMP, Scheme 1c), and studied by in situ
FTIR analysis under UV radiation. PETMP was added to the
film at a 1:1 molar ratio of thiol to carbon—carbon double
bonds in the polynorbornene backbone. Under UV radiation, a
clear reduction in the FTIR absorbance peak at 2570 cm™" (S—
H vibration) was observed in Figure lc, which reflected the
reaction of the thiols with the unsaturated polynorbornene
backbone.”** Control experiments involving irradiation of
pure PETMP (Supporting Information Figure S10) or pure L-
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CTA did not produce any change in the FTIR spectra or
measurable cross-linking, indicating that reaction only occurs
when these two are blended.

In addition, we conducted 'H NMR tests to obtain
additional evidence for bottlebrush cross-linking through
thiol—ene coupling by analyzing BB-PEG-2k-30 and BB-PS-
SH-6k-80 and before and after exposure to UV irradiation
(dose = 23.8 J/cm?). '"H NMR measurements can detect
vinylic hydrogens from the unsaturated polynorbornene
backbone, and the proposed thiol—ene coupling chemistry
should be associated with a decrease in the corresponding peak
intensity. A representative experiment involving BB-PEG-2k-30
both before and after UV-induced cross-linking is shown in
Figure 1d. The backbone vinylic hydrogens have a chemical
shift of approximately 5.3 and 5.2 ppm, and the integrated peak
intensities were normalized with respect to the hydrogens on
the PEG side chains, which have a chemical shift of
approximately 3.6 ppm. After cross-linking, the integrated
peak intensities at 5.3 and 5.2 ppm decreased by 56%, as
shown in Figure 1d. This is a significant reduction in the peak
intensity that demonstrates a reaction involving the unsatu-
rated polynorbornene backbone. Similar measurements were
performed with BB-PS-SH-6k-80 as described in the
Supporting Information, and 'H NMR analyses for these
samples are provided in the Supporting Information Figure
S11.

We also studied the effects of the side-chain molecular
weight and the polymer molecular weight on cross-linking. We
analyzed the cross-linking of four PS bottlebrush polymers:
two had 3 kg/mol side chains (BB-PS-3k-20 and BB-PS-3k-
150), and two had 6 kg/mol side chains (BB-PS-6k-7 and BB-
PS-6k-80). The molecular weights of the shorter backbone
(BB-PS-3K-20 and BB-PS-6K7) and longer backbone (BB-PS-
3k-150 and BB-PS-6k-80) bottlebrushes were matched at
approximately 40 and 400 kg/mol, respectively. Films of each
polymer were deposited on a surface (with thicknesses of
approximately 150 nm), exposed to UV light, and then washed
and analyzed to measure NRT as a function of UV dose as
shown in Figure le. The results showed that increasing the
polymer molecular weight by increasing the backbone DP
increased NRT for low exposure doses, as expected,”® while
the impact of the side-chain length was unclear. The NRT for
BB-PS-6k-7 was lower than that for BB-PS-3k-20, while BB-PS-
3k-150 and BB-PS-6k-80 exhibited similar NRT values over
the range of UV doses tested.

To understand the broader applicability of cross-linking
ROMP-derived bottlebrush polymers, we studied the UV-
induced cross-linking of bottlebrushes with different side-chain
chemistries: PMMA (BB-PMMA-SH-4k-40) (entry 8 in Table
1), PEG (BB-PEG-2k-30) (entry 9 in Table 1), and PLA (BB-
PLA-3k-50) (entry 10 in Table 1). The PMMA side chains on
BB-PMMA-SH-4k-40 were terminated by thiol groups, and
films could be cross-linked by exposure to UV light without
any additives. As shown in Figure 2a, at room temperature, we
did not observe any cross-linking of BB-PMMA-SH-4k-40. At
105 °C, which is near the glass-transition temperature of
PMMA, we observed significant cross-linking at UV doses
greater than 2.0 J/cm? in air. For comparison, we also studied
the UV-induced cross-linking of PS bottlebrush films (BB-PS-
3k-20) at 100 °C and observed a more rapid increase of NRT
followed by a decrease in NRT (as shown in the Supporting
Information Figure S12), which suggests that the film degraded
with higher UV doses at elevated temperatures.*”**

https://dx.doi.org/10.1021/acsmacrolett.0c00384
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Figure 2. NRT as a function of UV dose for (a) BB-PMMA-SH-4k-
40, (b) BB-PEG-2k-30 with PETMP, and (c) BB-PLA-3k-50 with
PETMP at room temperature (RT) and at an elevated temperature.

In the case of BB-PEG-2k-30 and BB-PLA-3k-50, these
materials did not contain terminal thiols, and we therefore
added a multifunctional thiol reagent, PETMP, to achieve UV-
induced cross-linking of thin films. PETMP was added at an
equimolar ratio of thiols and carbon—carbon double bonds.
These materials were studied at both ambient and elevated
temperatures. Both materials exhibited very little cross-linking
at ambient temperatures, but some cross-linking was observed
for both materials at elevated temperatures (approximately 65
°C). The BB-PEG-2k-30 reached an NRT of approximately
60% under a UV dose of 2.0 J/cm? while BB-PLA-3k-50 reach
a maximum NRT of only 20% for UV doses up to 7.9 J/cm?.
No cross-linking of either BB-PLA-3k-50 or BB-PEG-2k-30
was observed without the addition of PETMP, even at elevated
temperatures. In addition, no cross-linking was observed for
linear PEG with PETMP at similar conditions. The NRT
results for all the polymers are summarized in Supporting
Information Tables S1 and S2.

These results demonstrate that ROMP-derived bottlebrush
polymers can be rapidly cross-linked under UV light. For PS
and PMMA bottlebrush polymers with thiol-terminated side
chains, cross-linking was achieved without the addition of any
cross-linking reagent or photoinitiator. In the case of PLA and
PEG bottlebrush polymers that did not contain thiol functional
groups, an external thiol reagent (PETMP) was required to
cross-link the films. However, the kinetics of film cross-linking
varied significantly with side-chain chemistry. While all PS
bottlebrushes studied could be cross-linked at ambient
temperatures, PMMA bottlebrushes required elevated temper-
atures. Similarly, very different kinetics for UV-induced cross-
linking was observed for BB-PEG-2k-30 and BB-PLA-3k-50,
both of which required an added thiol-containing reagent for
cross-linking. One potential source for the large differences in
photo-cross-linking is the different effect UV exposure has on
different polymer chemistries. As examples, PMMA® and
PLA*® undergo chain scission when exposed to ionizing
radiation, while PS will cross-link*® and poly(ethylene glycol)

C,H,0* intensu; from
PMMA component

C,H," intensity from
PS component

| |
~———L
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Figure 3. ToF-SIMS analyses of multilayer bottlebrush film coatings. (a) Three-dimensional false-color spectra for PS=PMMA multilayer coatings.
Red indicates PS, blue PMMA, and gray the silicon wafer substrate. (b) Three-dimensional false-color spectra for PS—PEG multilayer coatings. Red

indicates PS, green PEG, and gray the silicon wafer substrate.
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(PEG) is stable under UV exposure.’’ As a result, for PLA and
PMMA, photoinduced cross-linking will compete with photo-
induced degradation and chain scission, resulting in slow and/
or poor cross-linking. This is consistent with the trends we
observed, in which PS bottlebrush films cross-link most readily,
followed by PEG bottlebrushes and then PMMA and PLA.
Another source of differing cross-linking kinetics is the use of
multifunctional thiols for PEG and PLA bottlebrushes vs thiol-
functionalized side chains in PS and PMMA bottlebrushes.

This work demonstrates a simple approach to produce cross-
linked bottlebrush films with a variety of side-chain
chemistries, and the method can be implemented to produce
patterned films and/or multilayer coatings and films. To
demonstrate patterning, we exposed bottlebrush thin films to
UV radiation through a shadow mask. After washing in THF,
only the exposed regions remained. A representative image of a
patterned BB-PS-SH-3k-20 film on a silicon wafer is shown in
the Supporting Information Figure S13. We also produced
multilayer bottlebrush polymer films through sequential,
alternating deposition and UV-induced cross-linking steps. In
the first example, four alternating layers of PS (BB-PS-SH-3k-
20) and PMMA (BB-PMMA-4k-40) bottlebrushes were
deposited on a silicon wafer. Each layer was deposited by
flow-coating from tetrahydrofuran (THF), exposed to UV light
(2.0J/cm?) at room temperature and 105 °C, respectively, and
immersed in THF to remove un-cross-linked material before
deposition of the next layer. The final multilayer film was
analyzed by depth profiling through time-of-flight secondary
ion mass spectrometry (ToF-SIMS), and the results are shown
in the three-dimensional false-color spectra in Figure 3a. These
spectra show the formation of multilayer bottlebrush films. We
similarly cast a six-layer film of alternating PS (BB-PS-SH-3k-
20) and PEG (BB-PEG-2k-30) bottlebrush layers, and the
ToF-SIMS depth profiling analyses are shown in Figure 3b.
The BB-PS-SH-3k-20 and BB-PEG-2k-30 layers were cross-
linked using a UV dose of 2.0 J/ cm? at room temperature and
65 °C, respectively, and PETMP was added to the BB-PEG-2k-
30 layer during casting,

In conclusion, we studied the UV-induced cross-linking of
ROMP-derived bottlebrush polymer thin films. We found that
films of PS bottlebrushes with unsaturated polynorbornene
backbones and thiol-terminated side chains could be cross-
linked under much lower UV doses (approximately 1.0 J/cm?)
relative to linear polystyrene films, which required much higher
doses (7.9 J/cm®) to achieve significant cross-linking (60%
NRT or higher). Bottlebrush polymers with saturated
backbones similarly required higher UV doses (7.9 J/cm?) to
achieve a significant degree of cross-linking (60% NRT or
higher), demonstrating the importance of both thiol-
terminated side chains and unsaturated polynorbornene
backbones in the cross-linking reaction. FTIR and '"H NMR
results directly supported the proposed thiol—ene reaction
mechanism. UV-induced cross-linking was also demonstrated
for bottlebrushes with PMMA, PEG, and PLA side chains. For
these chemistries, elevated temperatures (in the case of
PMMA) and multifunctional thiol additives (in the cases of
PEG and PLA) were required to produce cross-linked
bottlebrush coatings. We found significant differences in
cross-linking kinetics, which we attribute to degradation of
some side-chain polymer chemistries under UV-irradiation,
which can compete with cross-linking. This work demonstrates
a general approach for cross-linking of bottlebrush polymers

with unsaturated polynorbornene backbones, providing a
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simple route to produce patterned, solvent-resistant single
layer, and multilayer bottlebrush polymer films.
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