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ABSTRACT: We report the fabrication of photocross-linkable
and surface-functionalizable polymeric thin films using reactive
cyclic dithiocarbonate (DTC)-containing copolymers. The chem-
ical functionalities of these material surfaces were precisely defined
with light illumination. The DTC copolymers, namely, poly-
(dithiocarbonate methylene methacrylate—random-alkyl
methacrylate)s, were synthesized via reversible addition—fragmen-
tation chain transfer polymerization, and the reaction kinetics was
thoroughly analyzed. The copolymers were cross-linked into a
coating using a bifunctional urethane cross-linker that contains a
photolabile o-nitrobenzyl group and releases aniline upon exposure
to light. The nucleophilic attack of the aromatic amine opens the
DTC group, forming a carbamothioate bond and generating a
reactive thiol group in the process. The surface concentrations of the unreacted DTC and thiol were effectively controlled by varying
the amounts of the copolymer and the cross-linker. The use of methacrylate comonomers led to additional reactive surface
functionality such as carboxylic acid via acid hydrolysis. The successful transformations of the resulting DTC, thiol, and carboxylic
acid groups to different functionalities via sequential nucleophilic ring opening, thiol—ene, and carbodiimide coupling reactions
under ambient conditions were confirmed quantitatively using X-ray photoelectron spectroscopy. The presented chemistries were
readily adapted to the immobilization of complex molecules such as a fluorophore and a protein in lithographically defined regions,
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highlighting their potential in creating organic coatings that can have multiple functional groups under ambient conditions.
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B INTRODUCTION

Imparting a desired function to the surface is crucial for
attaining specific surface properties for targeted applications.
One of the effective strategies is the deposition of a stable
organic thin film on the surface, which can preset the desired
functionalities. These functionalities can also be dynamically
altered via chemical transformations, thus expanding their
potential range of applications. The fine-tuning of surface
wettability is a good example of such a strategy, as it allows the
control of the self-assembly behavior of thin films comprising
overlying block copolymer.”” Other design strategies include
the modification of the dielectric surface (which can improve
the performance of organic thin-film transistors),” > the
grafting of hydrophilic zwitterionic polymer brushes (which
is used for the formation of antifouling or antibacterial
surfaces),”"" and the immobilization of oligopeptides with
specific sequences onto the surface of the polymeric layer
(which is used for the enhancement of cell adhesion).”"’

A wide array of strategies have been used for the surface
engineering with organic thin films that include the deposition
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of a polymer solution onto the target surface by spraying,
dipping, or spin-coating.'' ~'* Other fabrication techniques are
post-deposition processes, including the illumination of the
layer with high-energy light such as X-ray and UV light,">"”
and treatment with plasma.'® These strategies are also
commonly used to tune the properties of coatings, such as
surface wettability."®'? The post-deposition processes can also
lead to the incorporation of initiators for atom transfer radical
polymerization, which can be used for the growth of a polymer
brush to form a highly stable layer.”’

Among the available surface modification methods, the
cross-linking of a deposited organic thin film upon heat
treatment or light illumination has been utilized for the rapid
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Scheme 1. Mechanism and Process to Fabricate Photocross-Linked Patterns in the Bicomponent Thin Film
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Scheme 2. RAFT Copolymerization of DTCMMA with Different Methacrylate Comonomers
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and efficient fabrication of highly stable thin films.”"** With
this type of stable coating, the direct grafting of functional
molecules and polymers onto the surface by chemical bonding
with highly efficient chemical reactions has also been shown to
be a practical approach to surface engineering.'”**™* In
particular, the post-cross-linking modification of organic
surfaces with specific chemical reactions defines new multiple
chemical functionalities that can modify the physical and
chemical properties of thin films without any complications
due to the possible incompatibility of several polymeric
components with different chemical functionalities. Other
examples include the control of the behaviors of living tissues
at the cellular level with the sequentially modified cross-linked
polymer thin films to immobilize oligopeptides with specific
sequences. With this type of coating, the fabrication of the
chemical patterns makes the applicability of thin films further
versatile toward a multifunctional surface, for example, the
control of dynamic behaviors of specific cells.”*"'

Ideal design guidelines of the surface coating include (i)
high stability to subsequent modifications, (ii) a set of
orthogonal functionalities that can allow simultaneous reaction
without any cross-talk, and (iii) possession of functional
groups in a spatially selective and quantifiable manner. Herein,
we demonstrate the design and realization of a bicomponent
photocross-linkable system comprising of a random copolymer
of cyclic dithiocarbonate methylene methacrylate
(DTCMMA) and alkyl methacrylates (methyl methacrylate
(MMA), ethyl methacrylate (EMA), n-butyl methacrylate
(nBMA), and t-butyl methacrylate (tBMA)) achieved by
reversible addition—fragmentation chain transfer (RAFT)
polymerization and a bifunctional cross-linker having two o-
nitrobenzyl urethane groups. The cross-linker is deprotected to
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amines upon UV light illumination (Scheme 1),** which
readily reacts with cyclic dithiocarbonate (DTC) pendant
groups of the copolymer to cross-link the film. By controlling
the amount of the cross-linker, the concentration of the
residual unreacted DTC ring can be modulated for subsequent
functionalization. We further show that three distinct func-
tional groups can be added to this cross-linked coating through
a cascade of reactions. First, the residual DTC rings can be
leveraged for further post-cross-linking modification with
primary amines, which has been known. Second, the DTC
ring-opening reaction results in the release of a thiol group that
can react with alkenes via thiol—ene click reaction. Third, a
specific form of the alkyl methacrylate comonomer provides a
further reactive group, such as carboxylic acid, that can be
transformed to a third functionality on the surface via
carbodiimide coupling reaction with a primary amine
compound. The photopatternable thin film platform was
readily applied to incorporate structurally complex functional
molecules and biological polymer in lithographically defined
regions, highlighting the potential of these coatings for
interfacial modification in general and in the field of
biotechnology. The synthetic and analytical methodologies
described here offer a versatile means for creating a layer which
can be used to produce reactive and functional surfaces and
patterns with a high degree of complexity through simple,
efficient, readily scalable, and quantitative approaches.

B MATERIALS AND METHODS

Materials. Unless otherwise stated, all reagents were used as
received. MMA (Daejung Chemicals, >99%), EMA (TCI Chemicals,
>98%), nBMA (Alfa Aesar, 99%), and tBMA (TCI Chemicals, >98%)
were passed through a neutral aluminum oxide column to remove the
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inhibitor before polymerization. 2,2’-Azobis(2-methylpropionitrile)
(AIBN) was purchased from Junsei Chemicals and recrystallized from
methanol before use. Glycidyl methacrylate (97%), 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA;
97%), carbon disulfide (CS,; >99%), 4,4’-methylenebis(phenyl
isocyanate) (98%), 2,2-dimethoxy-2-phenylacetophenone (DMPA;
99%), allyl bromide (AB; 99%), bovine serum albumin (BSA; 95%),
fluorescein isothiocyanate isomer I (FITC; >90%), and aqueous
ammonium thioglycolate solution (60% in H,0O) were obtained from
Sigma-Aldrich Co. Ltd. 2-Nitrobenzyl alcohol (97%) and 4-
fluorobenzyl amine (FA; >98%) were purchased from Alfa Aesar.
Dithiothreitol (DTT, 0.1 M), tetramethylrthodamine (TAMRA)
amine (S-isomer), and phosphate-buffered saline (PBS; 10X solution,
pH 7.4 + 0.1) were supplied by Thermo Scientific, Lumiprobe, and
Fisher Bioreagents, respectively. All other chemicals were purchased
from TCI Chemicals. DTCMMA was synthesized using a previously
reported procedure.’***

General Copolymerization. The copolymerization of
DTCMMA with four methacrylates (MMA, EMA, nBMA, or
tBMA) was conducted by RAFT polymerization (Scheme 2).
Typically, a selected monomer (13.00 mmol), DTCMMA (5.50
mmol), AIBN (0.027 mmol), CDTPA (0.0S mmol), and anisole (2.5
g) were added into a Schlenk flask with a magnetic stirring bar,
followed by degassing with three freeze—pump—thaw cycles.
Copolymerization was carried out in an oil bath at 60 °C. Upon
copolymerization for a desired time, the mixture was cooled to room
temperature and quenched by exposure to air. A small amount of the
resulting solution was taken to measure the conversion, while the
remaining solution was added to methanol for precipitation. The
resulting yellow solid was collected by vacuum filtration, followed by
drying in a vacuum oven.

Synthesis of the Photocross-Linker. A mixture of 4,4'-
methylenebis(phenyl isocyanate) (8 mmol), 2-nitrobenzyl alcohol
(16 mmol), and dibutyltin dilaurate (0.15 mmol) was mixed in 30 mL
of tetrahydrofuran (THF). The reaction proceeded at room
temperature for 14 h. The solution was then concentrated by a
rotary evaporator, followed by recrystallization in hexane. The
product was collected by vacuum filtration, followed by drying in a
vacuum oven overnight. "H NMR (400 MHz, DMSO-d): § 9.96—
9.65 (2H), 8.20—8.04 (2H), 7.86—7.73 (2H), 7.73—7.64 (2H), 7.64—
7.53 (2H), 7.45—7.20 (4H), 7.20—6.96 (4H), 5.55—5.36 (4H), 3.89—
3.67 (2H).

Photocross-Linking of the Thin Films. Either the synthesized
poly(DTCMMA-r-nBMA) or poly(DTCMMA-rtBMA) was dis-
solved with the photocross-linker in cyclopentanone. The typical
concentration of the copolymer was 2.5 wt %, and the amount of
photocross-linker was varied from 0.10 to 0.50 in mole ratio of
photocross-linker compared to DTC unit in the copolymer. The
silicon wafers were washed with acetone, isopropyl alcohol, and
toluene and dried with a stream of nitrogen. The formulated solutions
were spin-coated onto the silicon wafers. The spin-coated samples
were then exposed to UV light (4 = 254 nm) for a desired time. After
annealing at room temperature for 30 min, the samples were
immersed in cyclopentanone for 5 min and then immersed again in
fresh cyclopentanone for S min. The resulting samples were dried
under a stream of nitrogen. For the photopatterning process, a
photomask (18 ym line/18 um space, 15 yum X 15 ym square with 25
um space) was placed on the thin film sample, followed by exposure
to an optimized intensity of UV light. The exposed samples were
developed by immersion in cyclopentanone for 5 min, followed by
additional immersion in fresh cyclopentanone for S min.

Post-cross-linking Surface Functionalization Reactions.
Cross-linked thin films from poly(DTCMMA-r-nBMA) and poly-
(DTCMMA-r-tBMA) were subjected to surface reactions. In the first
reaction, FA was dissolved in THF to a concentration of 10 wt %.
Then, the thin film was immersed in 1 g of FA solution at room
temperature for 30 min. After the reaction, the thin film was washed
with cyclopentanone. In the second reaction, 10 wt % AB (1.0 g) was
dissolved in THF, and 0.1 g of DMPA was added. The resulting thin-
film sample was dipped in the solution, followed by UV light (365
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nm) illumination for 1 h. Some samples were treated with DTT
solution in THF (10 mM) before the reaction. After the reaction, the
film was washed with cyclopentanone. For poly(DTCMMA-r-tBMA),
the film could release further functional group, that is, carboxylic acid,
by the deprotection of the ¢-butyl group. The film was immersed in a
10 wt % trifluoroacetic acid solution in dichloromethane (DCM),
followed by washing with cyclopentanone. An 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) coupling
reaction was then carried out by immersing the sample in a mixed
solution of 0.30 g of 4-iodobenzyl amine (IA), 0.40 g of EDC, 0.24 g
of N-hydroxysuccinimide, and 12 mL of DCM. After reacting for 8 h,
the thin film was washed with cyclopentanone. For immobilization of
a fluorescent molecule, the photocross-linked thin film was immersed
in a toluene solution of TAMRA amine (0.15 wt %) and shaken
gently for an hour at room temperature. The sample was then washed
with copious amounts of toluene. For grafting BSA, the photocross-
linked thin film was immersed in a 0.5 mg/mL PBS solution of BSA,
followed by gentle shaking for 1 h at room temperature. The sample
was washed with an excess of deionized (DI) water. BSA was labeled
with FITC by immersing the thin film in a FITC solution (5.0 mgin a
mixed solution of 0.2 mL of DMSO and 10 mL of PBS) for 1 h in the
dark. The sample was then washed with DI water.

Functionalization of Poly(DTCMMA-r-tBMA) in Solution.
2.00 g of poly(DTCMMA-r-tBMA) (M, = 3.72 kg/mol, D = 2.60)
was dissolved in 8.49 g of THF. FA (0.55 g, 4.36 mmol) was then
added to the polymer solution. The mixture was stirred at room
temperature for 30 min. The resulting solution was precipitated in
methanol, and a yellow powder was collected by vacuum filtration.
(M,"™R = 4.57 kg/mol, yield = 53%) For the reaction of the released
thiol group and AB, 0.22 g of poly(DTCMMA-r-tBMA) (reacted with
FA) was fully dissolved in 7.10 g of THF. AB (0.79 g, 6.52 mmol) was
then added to the solution. A certain amount of DMPA was added to
adjust its molar ratio to the AB or the thiol. The mixture was stirred at
room temperature for 1 h under illumination with a 365 nm light.
Yellow solids were obtained by precipitation in methanol and were
collected by vacuum filtration (yield = 43%).

Characterization. A Thermo Scientific UltiMate 3000 chroma-
tography system was used for size exclusion chromatography (SEC).
THF was used as the eluent at a flow rate of 1 mL/min at 35 °C.
Molecular weight information was obtained by analyzing the
chromatograms with the calibration curve from the standard
polystyrene samples (1.2—2700 kg/mol). 'H and C NMR spectra
were obtained using a JEOL JNM-ECZ400S 400 MHz spectrometer
in CDCl; or DMSO-d,. The thicknesses of the fabricated thin films
were measured using a spectroscopic ellipsometer (SE MG-1000,
Nano-View Co. Ltd,; 350 nm < A < 840 nm). The chemical structures
and compositions of the thin films were studied by X-ray
photoelectron spectroscopy (XPS) using a Thermo Scientific K-
Alpha. Confocal laser scanning microscopy (CLSM; LSM $10
META) was used to detect the FITC (dyiation = 488 nm) and
TAMRA  (Aexcitation = 543 nm) present on the thin films and
micropatterns. A high-resolution mass spectrum was acquired on a
JMS900 mass spectrometer with the fast atom bombardment method
at the Korea Basic Science Institute (Daegu, Korea).

B RESULTS AND DISCUSSION

Copolymerization of DTCMMA with Alkyl Methacry-
lates. We first performed the homopolymerization of
DTCMMA via free-radical polymerization; the homopolymers
with a modest molecular weight showed extremely poor
solubility in common solvents such as THF, DCM, anisole,
toluene, ethyl acetate, and cyclopentanone. The solubility issue
can be addressed by introducing a comonomer, as it was
reported that a copolymer of DTCMMA and nBMA, namely,
poly(DTCMMA-r-nBMA), synthesized by free-radical poly-
merization, was soluble in common solvents, though dispersity
was not well controlled (P > 2.7 at a fprcya of 0.3).%° To
access soluble copolymers of DTCMMA with narrow
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Figure 1. (a) Kinetic plots of copolymerization and (b) number-average molecular weight (M,, left y-axis) and dispersity (D, right y-axis) as a
function of polymerization conversion. (c) SEC chromatograms as a function of polymerization time.

molecular weight distribution, we conducted the RAFT
copolymerization of DTCMMA and #nBMA in anisole. The
feed ratio of DTCMMA (fprcamma) Was varied from 0.10 to
0.90. The copolymers prepared with a fprcyma of <0.30 were
soluble in polar solvents such as THF, DMSO, and
cyclopentanone, which make evaluation of composition and
molecular weight by "H NMR and SEC analyses feasible.

We further systematically investigated RAFT copolymeriza-
tions of DTCMMA with MMA, EMA, tBMA, and nBMA with
a fpromma of 0.30 (Scheme 2). Typically, the propagation
kinetics of the RAFT polymerization follows the pseudo-first-
order kinetic equation of In([M],/[M]) = k,Pt, where M]
and [M], are the monomer concentration at time ¢ and the
initial monomer concentration, respectively, and k,** is the
apparent propagation rate constant. Figure la shows the
kinetic plots of copolymerization with the four methacrylates.
The kinetics of all four copolymerizations followed a pseudo-
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first-order reaction. Hence, the concentration of the activated
chain end is in a steady state over the copolymerization. The
observed k," and induction periods (tq) of the four
copolymerizations are determined from the kinetic plots and
are summarized in Table 1. Figure 1b shows the plots of the
average molecular weight (M,) and dispersity (D) of the

Table 1. Obtained Apparent Propagation Rate Constants
and Induction Periods of the Copolymerization of
DTCMMA with Different Comonomers

comonomer ke (h7Yh) tq (h)
MMA 0.16 + 0.02 2.31
EMA 0.20 + 0.02 1.00
nBMA 0.55 + 0.04 1.12
tBMA 0.20 + 0.02 0.76

https://doi.org/10.1021/acsami.1c19559
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Scheme 3. Synthesis of a Photocross-Linker
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synthesized copolymers as a function of conversion. M,
increases linearly with conversion for all copolymerizations,
which is typically observed kinetics for reversible deactivation
radical polymerizations, including RAFT polymerization.*®
Interestingly, P rapidly increases to values above 2 when the
conversion is higher than 0.5. The shape of the SEC traces of
the four copolymers with increased conversion (Figure lc)
changes from unimodal to multimodal when D exceeds 3,
which is in agreement with the results of previous reports on
the free-radical copolymerization of DTCMMA with nBMA.>
These results imply that, at higher conversion, certain but
inconsiderable side reactions, such as chain transfer’” or ring-
opening, and the coupling reaction of the polymer chains into
a disulfide bond, contribute to the increasing dispersity.’*
Despite the increase of the D, the monomer was consumed
with following the linear trend in Figure 1b, implying that the
side reactions do not significantly affect the radical-based
propagation process based on the RAFT polymerization
mechanism. Based on the kinetic studies, poly(DTCMMA-r-
nBMA) and poly(DTCMMA-r-tBMA) (0.24 < Fpromma <
0.33; determined with '"H NMR) were obtained at moderate
conversion to ensure well-preserved DTC rings that can be
further functionalized after thin film fabrication processes
(Figures S1—S3, Tables S1 and S2). The deviation of actual
copolymer compositions from the feed composition suggests
that the reactivity of the activated DTCMMA at the growing
chain end is likely different from that of the methacrylate
comonomers. The poor solubility limited the further
estimation of the actual composition of the DTCMMA
copolymers at a fpreyva of >0.3, which impedes the further
study of the reactivity ratio.

Photocross-Linked DTC Copolymer Thin Films. The
pendant cyclic DTC can react efficiently with a primary amine,
even at room temperature, and the ring-opening reaction
results in the selective formation of thiol instead of alcohol.”
To exploit this reaction to photocross-link the DTC-containing
copolymer, a cross-linker that can provide multiple primary
amine groups upon light illumination is required (Scheme 1).
This was achieved with a bis(2-nitrobenzyl)methylenebis(1,4-
phenylene)dicarbamate cross-linker by reacting a diisocyanate
compound with o-nitrobenzyl alcohol (Scheme 3; Figures S4—
$6)." The nitrobenzyl group can be cleaved upon UV light
illumination to release two p-aniline groups,*" which can open
the DTC ring of the copolymer and leads to photocross-linking
(Scheme 1). The many advantages of this design are its ease of
synthesis, high stability under dark and ambient conditions,
and facile deprotection at room temperature without the use of
any photoinitiator or additives.

We prepared solutions containing the photocross-linker and
copolymers with DTC unit/cross-linker molar ratios varying
from 1:0.1 to 1:0.5 (Table S2). The thin films were fabricated
by spin-coating onto silicon substrates. The cross-linking
efficiencies of poly(DTCMMA-r-nBMA) and poly-
(DTCMMA-r-tBMA) (DTC unit/cross-linker = 1:0.5) as a
function of exposure dose (Figure S7) were higher than 0.80 at
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500 mJ/cm’. The absence of any post-exposure treatments
highlights the effective cross-linking reaction under mild
conditions. Furthermore, the network was successfully formed
with a relatively small amount of the cross-linker regardless of
the type of the comonomer, suggesting that the amount of
unreacted DTC ring on the surface is maximized by changing
the composition of the system.

The resulting films were investigated through XPS studies to
determine their chemical compositions (Figures 2 and S8,
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Figure 2. Representative XPS survey spectra before (top) and after
(bottom) UV light illumination of (a) poly(DTCMMA-r-nBMA) thin
films (DTC unit/cross-linker = 1:0.5) and (b) poly(DTCMMA-r-
tBMA) thin films (DTC unit/cross-linker = 1:0.5).

Table S3). The multiplex spectrum of the N 1s region before
UV illumination showed a large peak at ~#399.8 eV assigned to
the N atom from the urethane group in the cross-linker and a
peak at 406 eV assigned to the N atom in the NO, group.
After UV exposure, the peak at ~406 eV notably decreased,
indicating the successful deprotection of the o-nitrobenzyl
group in the cross-linker. In our system, the deprotection of
one cross-linker leads to the release of two primary amine
groups that will react with two DTC units. Because two DTC
units have four sulfur atoms and the activated cross-linker
molecule has two nitrogen atoms, the stoichiometric reaction
of all amines and DTCs present in the material will lead to a
N/S atomic percent ratio of 0.5. Hence, the quantitative
analysis of N %/S % through XPS measurements was used to
evaluate the yield of the cross-linking reaction. The N %/S %
for poly(DTCMMA-r-nBMA) and poly(DTCMMA-r-tBMA)
with a DTC unit/cross-linker molar ratio of 1:0.5 was 0.314

https://doi.org/10.1021/acsami.1c19559
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Scheme 4. Surface Modification via Subsequent Multiple Reactions to Obtain a Stable Organic Thin Film with High
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and 0.516, respectively, which translates to reaction yields of
0.63 and quantitative conversion. These results suggest that a
certain amount of DTC units remains intact during the cross-
linking reaction. To increase the amount of unreacted DTC
units in the system, a lower cross-linker/DTC ratio of 0.25 for
poly(DTCMMA-r-nBMA) was examined (Figure S8), which
results in a theoretical N %/S % of 0.25. The thin film was
subsequently cross-linked upon UV light illumination, and a N
%/S % ratio of 0.206 was obtained from the XPS results, which
corresponds to a conversion of 0.824. These results suggest
that the stoichiometry of the cross-linker to the DTC units can
be utilized to tune the number of DTC and thiol groups
obtained upon photocross-linking.

Multifunctional Surface Engineering. For imparting
surface functionalities, the amount of the cross-linker was
controlled so that the photogenerated amines are stoichio-
metrically less abundant than the DTC units. Three different
functionalities were introduced on the cross-linked polymer
thin film. First, the unreacted DTC units were functionalized
with FA. Second, the thiol group generated from the ring-
opening of DTC was functionalized with AB via a thiol—ene
click reaction. A third functionality was introduced by making
use of the comonomer of tBMA, by acid deprotection to
liberate a carboxylic acid group which was further function-
alized via EDC coupling with other amine molecules such as
IA.** (Scheme 4) All reactions were conducted under ambient
conditions, which is attractive for applications that cannot
tolerate harsh reaction conditions such as high temperature.
Figure 3 shows the representative XPS spectra of the
photocross-linked poly(DTCMMA-r-nBMA) thin film (cross-
linker/DTC unit ratio = 0.25) that underwent reaction with
FA and the thiol—ene click reaction with AB. The F 1s and Br
3d peaks confirm the incorporation of the chemical groups
obtained through these reactions onto the surface of the thin
film. The degree of functionalization (DF) was quantitatively
analyzed through the XPS spectra; the results are summarized
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Figure 3. Representative XPS spectra of poly(DTCMMA-r-nBMA)
photocross-linked thin film (DTC unit/cross-linker of 1:0.25) after
functionalization via (a) DTC ring-opening with FA and (b)
subsequent thiol—ene click reaction of released thiol with AB.

in Table 2 and Tables S4 and SS (refer to the Supporting
Information for more details). The DF of the first addition
reaction was higher than 0.9, confirming the highly efficient
reaction of the primary amines with the DTC rings. In
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Table 2. DF values for poly(DTCMMA-r-nBMA) and poly(DTCMMA-r-tBMA) Photocross-Linked Thin Films after Each
Functionalization Step; DTC—Amine Reaction with FA, Thiol—ene Click Reaction with AB, and EDC Coupling with IA

copolymer DTC unit/cross-linker DFpy DF,p DF;,
poly(DTCMMA-r-nBMA) 1:0.25 0914 0.164
poly(DTCMMA-r-tBMA) 1:0.1 0.674 0274 0.100
poly(DTCMMA-r-tBMA) 1:0.5 0.288
poly(DTCMMA-r-tBMA) 1:0.5° 0.300"
“Before functionalization with AB, the photocross-linked thin film was treated with DTT.
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Figure 4. Representative XPS spectra of poly(DTCMMA-r-tBMA) photocross-linked thin film (DTC unit/cross-linker = 1:0.1) after

functionalization via (a) DTC ring-opening reaction, (b) thiol—ene click reaction, (c) deprotection of t-butyl groups, and (d) EDC coupling.

contrast, the second reaction exhibited a relatively low DF
value that was lower than 0.2. Typically, the light-mediated
thiol—ene click reaction shows high reaction efficiencies higher
than 80%,*>** while our results exhibited a relatively low DF in
the reaction. We first hypothesized that the basic reaction
conditions coming from the amine reactant® are responsible
for the formation of disulfides, which reduce the thiol
concentration and limit the reaction. This possibility was
investigated with additional experiments in which the polymer
film was treated with a DTT reducing agent that can break the
disulfide bond before the start of the coupling reaction with
AB. However, the resulting DF was found to be 0.3, which is
similar to that obtained without DTT treatment (Tables 2 and
S6). Hence, the low DF can likely be attributed to structural
factors that reduce the reactivity of thiols present in the
complex network. This hypothesis was further investigated by
solution studies of the ring-opening reaction of the DTC units
with FAs, which can release the thiol groups of poly-
(DTCMMA-r-tBMA). The efficiency of the ring opening
reaction was 0.973, estimated with quantitative 'H NMR
analysis, confirming the high efficiency of the first reaction also
in good agreement with thin film results. The material was
then used for a UV light-induced click reaction with AB and
DMPA. We set the concentration of DMPA to 13, 260, and
940 mol % of the released thiol following reports of the effects
of the radical generator concentrations on the reaction yield."”
The DF values of the click reaction were calculated from the
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'H NMR spectra (Figure S9) as 045, 0.37, and 031,
respectively. These results suggest that the thiol—ene reaction
is likely intrinsically limited because of the complex and bulky
chemical structure of the copolymer which provides a potential
limiting factor for the reaction such as the steric hindrance.

In the second set of experiments, we performed three
sequential reactions on a photocross-linked thin film of
poly(DTCMMA-r-tBMA) (Scheme 4 and Figure 4). The
emergence of F 1s and Br 3d peaks confirm successful
sequential functionalization. Upon the deprotection of tBMA
units of the resulting surface with acid treatment (Figure S10),
the subsequent EDC coupling of IA with this surface’s
carboxylic acid was also successful, as confirmed by the I 3d
signal. After the final EDC coupling reaction on the surface,
the XPS spectra showed F 1s, Br 3d, and I 3d signals, which
confirm the successful incorporation of multiple functionalities.
We further quantitatively analyzed the concentrations of sulfur,
fluorine, bromine, and iodine (Table 2; see Table S5 and
Supporting Information for details). Similar to the poly-
(DTCMMA-r-nBMA) thin film, the first addition and second
thiol—ene reactions resulted in reasonable yields of approx-
imately 0.7 and 0.3, respectively. The third EDC coupling
reaction resulted in a DF of 0.10. These results confirm that
the sequence of reactions used in this study does not
significantly degrade other immobilized functionalities and
that the copolymer system offers orthogonality in the surface
reactions.
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Figure 5. (a) Process for attaching various molecules on cross-linked poly(DTCMMA--nBMA) film. (b,c) Optical microscope images of
photopatterned poly(DTCMMA-r-nBMA) (scale bar = SO zm). CLSM images of photopatterns (d,e) functionalized with TAMRA amine and (f)
functionalized with BSA and sequential labeling of FITC (scale bar = 50 um).

Formation and Functionalization of Photopatterns.
The photocross-linking mechanism for the thin film fabrication
allows the formation of photopatterns. Poly(DTCMMA-r-
nBMA) and poly(DTCMMA-r-tBMA) with the cross-linker
were used for the fabrication of line/space (18 ym/18 um)
and periodic square (15 ym X 15 um) patterns through a
negative-tone photoresist patterning process (Figure Sb,c).
The resulting width and shape of the photopatterns matched
well with the standard pattern of the used photomask. In
principle, the surface of the photopatterns should be
functionalizable via the chemical routes described in the
previous section. For example, the unreacted DTC unit present
on the photopattern should be available for reaction with
primary amines. We immobilized fluorophore molecules on the
photopatterns to confirm this hypothesis so that the region
where the reaction occurred can be readily visualized (Figure
Sa). The immobilization was carried out by the reaction of red
fluorophore, TAMRA amine, with the unreacted DTC group
present on the line/space and periodic square patterns of the
material. The creation of reactive sites at the desired locations
was confirmed by CLSM (Figure 5d,e). This surface reaction
was extended to the fabrication of a protein pattern, and BSA
was effectively grafted using the primary amine of lysine, which
reacts with the DTC groups of the surface. This reaction was
confirmed by detecting the labeled FITC present on the BSA
grafted on the photopattern (Figure Sf). Additional experi-
ments with a reducing agent for disulfide cleavage further
affirm that the immobilization is attributed to the reaction of

amine to the DTC rather than disulfide bond formation
between BSA and the surface (Figure S11). These results
highlight the efficient and versatile functionalization routes that
can be used to create patterns with specific surface
functionalities.

Bl CONCLUSIONS

We have demonstrated a photoimageable polymeric platform
that can be modified with various efficient chemical reactions,
resulting in surfaces with multiple chemical functionalities. The
key to the fabrication of these functionalizable surfaces is
synthesizing copolymers with a five-membered cyclic DTC
monomer and alkyl methacrylates via RAFT polymerization.
Kinetic studies show that the copolymerization follows typical
pseudo-first-order kinetics and that the side reactions of the
copolymerization can be suppressed at low to moderate
conversion. These copolymers were successfully photocross-
linked into films with only UV light illumination; the key to
this efficient room temperature cross-linking is a bicomponent
cross-linker that bears the o-nitrobenzyl group. This
bicomponent cross-linkable system allowed us to create
lithographically defined negative-tone patterns with controlled
amounts of reactive functionalities, those being unreacted
DTG, thiol released by DTC ring-opening, and carboxylic acid
from the comonomer in the copolymer. These chemical groups
can be used to perform effective sequential functionalization
with different molecules under mild conditions. These
orthogonal reactions span nucleophilic addition reaction,

https://doi.org/10.1021/acsami.1c19559
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thiol—ene click reaction, and EDC coupling reaction. The
presence of the characteristic elements (F, Br, and I) in the
incorporated molecules at each step of the reaction verified by
the XPS measurements allowed quantitative understanding of
the extents of the surface functionalization reactions. The
presented material platform was successfully adapted to
incorporate structurally complex functional molecules and
even biological polymer, that is, TAMRA amine fluorophore
and BSA, in lithographically defined regions. The methodology
described here offers a versatile means for creating coatings
that can produce reactive and functional surfaces and patterns
with a high degree of chemical complexity. We anticipate that
these coatings will have a substantial impact on the field of
biotechnology and be utilized for interfacial modification in
general.
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