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ABSTRACT

Surface-initiated reversible addition-fragmentation chain transfer (SI-RAFT) polymerization was used to
synthesize poly(methyl methacrylate) (PMMA) and poly[2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammoniumhydroxide (PMEDSAH) brushes grafted from reactive poly[p-xylylene] surfaces.
The synthetic approach involved functionalization of substrates via chemical vapor deposition poly-
merization of an electron-deficient alkynyl-functionalized [2.2]paracyclophane derivative. An azide-
functionalized RAFT agent was anchored to the resulting poly[(p-xylylene-4-methyl propiolate)-co-p-
xylylene] films via copper-free click-chemistry. Subsequent SI-RAFT polymerization yielded PMMA and
PMEDSAH films with narrow dispersity which was further tuned by varying the concentration of a
sacrificial RAFT agent in solution. Polymer dispersity was determined by size exclusion chromatography
to be in the range of 1.2—1.4 for both polymers. This work provides a novel surface modification strategy
to decorate a wide range of different substrates with polymer brushes, thereby eliminating the need for
cumbersome modification protocols, which so far had to be established for each substrate material
independently.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

coatings can be prepared by the adsorption of Langmuir-Blodgett
layers, layer-by-layer assembly or through covalent bonding of

Well-defined interfaces featuring synthetic polymer coatings
are becoming increasingly important for numerous pharmaceutical
and biotechnological applications including medical implants, drug
delivery systems and tissue engineering scaffolds [ 1—3]. Synthetic
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polymer chains [4—6]. The “grafting-from” technique, i.e., the syn-
thesis of polymers directly from surface-immobilized initiators, has
become a powerful method to modify organic and inorganic sur-
faces, by controlling length, architecture and composition [7,8].
Controlled polymerization techniques are particularly attractive for
the preparation of surface-grafted polymer brushes, as they allow
for accurate control over thickness and architecture [9]. Recent
developments in the field of surface-initiated reversible deactiva-
tion radical polymerization (SI-RDRP), like atom transfer radical
polymerization (ATRP), nitroxide-mediated radical polymerization
(NMP), photoiniferter-mediated polymerization (PIMP) or revers-
ible addition-fragmentation chain transfer (RAFT) polymerization
have allowed the preparation of stable polymer films with tailored
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surface properties [5,10].

Among the different SI-RDRP techniques available, ATRP is likely
the most prominent strategy used for the synthesis of polymer
brushes [5,11,12]. An alternative strategy involves the RAFT poly-
merization process [13—17] gaining popularity over the past decade
due to its relative ease of use and mild reaction conditions [18].
Surface-initiated RAFT polymerization with a sacrificial chain
transfer agent (CTA) has been an efficient method to synthesize
polymer films with controlled thickness and composition [19]. The
presence of a free CTA in solution effectively controls the concen-
trations of dormant and propagating chains on the surface by the
exchange reactions between surface and free radicals.

Several methods have been reported for the immobilization of
CTA onto surfaces. For instance, RAFT-silane agents can be cova-
lently bound to silicon surfaces [20]. Zamfir et al. [21], carried out
RAFT polymerization of 2-hydroxyl methacrylate (HEMA) from
surface-functionalized RAFT-silane agents. They observed a marked
effect of the sacrificial CTA concentration on the thickness of the
polymer films. Re-initiation of the PHEMA polymerization
demonstrated its living nature. However, the hydrolytic stability of
siloxanes on inorganic surfaces remains a critical issue due to the
polar nature of the Si-O-metal bond [22]. Self-assembled mono-
layers (SAMs) have also become a popular technique to introduce
CTA on surfaces, but are limited to specialized substrates such as
gold or silicon [23]. Another approach is the immobilization of the
CTA by an indirect method that involves conversion of a surface-
bound ATRP initiator into a CTA [24]. The CTA can also be
anchored by UV-triggered photoreaction [25] or electrodeposition
[26]. Recently, Kuliasha et al. [27] tailored the surface properties of
poly(dimethylsiloxane) (PDMS) utilizing photografting of benzo-
phenone, and then used the RAFT strategy to polymerize acrylate/
methacrylate monomers. However, this strategy for RAFT poly-
merization is limited to polymer substrates.

Chemical vapor deposition (CVD) polymerization of substituted
paracyclophanes is a proven technology that can produce thin,
homogeneous and high density reactive polymeric films on a broad
variety of materials [28—31]. Some members of the poly-p-xylylene
family (trade name: parylene) have gained commercial acceptance
due to their high solvent resistance, low dielectric constants, and
good barrier properties [32,33]. They are extensively used as a
barrier medium for implantable chemical sensors [34], stainless
steel implants [35], pacemakers [36], stents and catheters [37]. The
CVD process yields conformal coatings with pinhole-free coverage
and can also be applied to complex 3-dimensional geometries [38].
A range of functionalized coatings such as nucleophiles (amines
and alcohols), electrophiles (aldehydes), or maleimides have been
reported [39—43].

Alkyne functionalized [2.2]paracyclophanes were successfully
polymerized via the CVD route on a wide range of different sub-
strates and can even support micro- and nanopatterning by
orthogonal reaction with azides [44]. Activated alkynes react with
azide groups in a so-called click reaction that proceeds even in the
absence of a transition metal catalyst [45]. In the current work, we
utilize the CVD polymerization of alkyne functionalized parylenes
to prepare reactive surfaces, which are used to immobilize an
azide-functionalized RAFT agent. Polymer brushes from methyl
methacrylate (MMA) and 2-methacryloyloxyethyldimethyl-3-
sulfopropyl ammonium hydroxide (MEDSAH) are then grafted
from these surfaces via RAFT polymerization. In particular, the
zwitterionic PMEDSAH brushes have excellent anti-fouling and
anti-bacterial properties [46]. Previous studies showed that
PMEDSAH polymer coatings further support long term growth of
human embryonic stem cells [47]. CVD polymerization of alkyne-
functionalized reactive coatings have been successfully deposited
on a range of inorganic and organic surfaces in our previous work

[44]. We now extend our efforts to immobilize CTAs on these
reactive polymer coatings and demonstrate their use in RAFT
polymerization.

2. Materials and methods
2.1. Materials

4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPA, 97%,
Sigma Aldrich), N,N’-diisopropylcarbodiimide (DIC, 99%, Sigma
Aldrich), N,N'-dicyclohexylcarbodiimide (DCC, 99%, VWR Interna-
tional), propiolic acid (95%, VWR International), sodium azide
(99.5%, Sigma Aldrich), 3-bromopropan-1-ol (97%, Sigma Aldrich),
magnesium sulfate anhydrous (MgSOg4, 97%, Sigma Aldrich), 4-
dimethylaminopyridine (98%, Merck), 2,2,2-trifluoroethanol (TFE,
99%, Merck), ethanol (ACS reagent, 99.5% absolute, Alfa Aesar),
dichloromethane (DCM, 99.8%, extra dry over molecular sieves,
stabilized, Arcos Organics), ethyl acetate (ACS reagent, 99.5%, Alfa
Aesar), acetone (ACS reagent, Alfa Aesar), N,N-dimethylformamide
(DMEF, Alfa Aesar), chloroform (Alfa Aesar), acetonitrile (Alfa Aesar),
tetrahydrofuran (THF, 99%, stabilized with 250—350 ppm BHT, Alfa
Aesar), methanol (Alfa Aesar), hexane (Alfa Aesar), sodium bicar-
bonate (ACS grade, Amresco), sodium bromide (Fluka), sodium
chloride (NaCl, VWR International) and [2.2]paracyclophane (PCP,
Curtiss Wright Surface Technologies, Galway, Ireland) were used as
received. Azobisisobutyronitrile (AIBN, 98%, Sigma Aldrich) and
4,4'-azobis(4-cyanovaleric acid) (V501, 75%, Sigma Aldrich) were
purified by recrystallization from methanol and stored at —20°C.
Methyl methacrylate (MMA, 99%, Merck) was passed through a
basic alumina column to remove the inhibitor. Silicon wafers with a
native oxide layer (Siegert Wafer GmbH, Aachen, Germany) were
cut into 10 % 10 mm? pieces using a diamond-tipped cutter. Gold
wafers were prepared on silicon wafers by physical vapor deposi-
tion, with 5 nm titanium seed layer followed by 100 nm of gold.

2.2. Characterization

2.2.1. Infrared reflection absorption spectroscopy (IRRAS)

IRRAS was performed on a Bruker VERTEX 80V spectrometer
equipped with a liquid-nitrogen cooled MIR MCT detector at a
grazing angle of 80°. The IRRAS spectra were recorded using 5 cm ™!
resolution. The resulting spectra were corrected for any residual
baseline shifts.

2.2.2. Water contact angle (WCA)

Contact angles were determined by the static sessile water drop
contact angle method using a Kriiss DSA 100. The droplet volume
was 10 uL. The statistical analysis was performed with Origin. Sig-
nificance was calculated using a Student's t-test; only P
values < 0.05 were considered statistically significant.

2.2.3. Ellipsometry

Ellipsometric measurements were performed on an M44 multi-
wavelength rotating analyzer ellipsometer (J.A. Woollam, USA) in
the wavelength range of A =280—800nm at an incident angle of
65°. The organic layers were modeled with the CompleteEASE
software (J.A. Woollam) as a Cauchy layer. For the calculation of the
layer thickness, refractive index values of n=1.65 (for the CVD
layer), n = 1.5 (for PMMA) and n = 1.58 (for PMEDSAH) were used.
The data points were the average of two independent trials.

2.24. X-ray photoelectron spectroscopy (XPS)

XPS data were recorded with a K-Alpha XPS spectrometer
(ThermoFisher Scientific, East Grinstead, UK). Data acquisition and
processing were performed using the Thermo Avantage software as
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described elsewhere [48]. All thin films were analyzed using a
microfocused, monochromated Al Ko X-ray source (400 pm spot
size). A K-Alpha charge compensation system was employed during
analysis using electrons of 8 eV energy and low-energy argon ions
to prevent any localized charge build-up. The spectra were fitted
with one or more Voigt profiles (binding energy uncertainty:
+0.2 eV) and Scofield sensitivity factors were applied for quantifi-
cation [49]. All spectra were referenced to the C 1s signal (C—C,
C—H) at 285.0 eV binding energy controlled by means of the well-
known photoelectron signals of metallic Cu, Ag and Au respec-
tively. The random error associated with quantitative elemental
analysis was between 5 and 10%.

2.2.5. Size exclusion chromatography (SEC)

SEC with THF as eluent was performed on a Tosoh Bioscience
instrument (model EcoSEC), using a differential refractive index
detector at 30°C with a flow rate of 1 mL min~'. The three SDV
columns (dimensions: 100 A, 5um, 8 x 300 mm; 1000 A, 5 pm,
8 x 300 mm; 100000 A, 5um, 8 x 300 mm) from PSS were cali-
brated against linear poly(methyl methacrylate) (800-1.82 x 10% g
mol ') and linear poly(styrene) (266-2.52 x 10° g mol '), respec-
tively. SEC with 80% 0.5M NaBr/20% acetonitrile as eluent was
performed on a SECcurity GPC System equipped with a Novema
10 um bead-size guard column and a refractive index detector.
Linear polyethylene glycol (PEG) standards were used to generate
the calibration curve (232—1015000 g mol™!).

2.2.6. Atomic force microscopy (AFM)

The surface morphology of the substrates was evaluated by AFM
using an Asylum Research (USA) instrument in tapping mode under
ambient conditions. All values are recorded for a 2 x 2 pm? area.
Statistical analysis was performed as described above (WCA
section).

2.3. Methods

All experimental details and results of the synthesis of the CVD
precursor PCP-alkyne, RAFT agent Azido-CTA and MEDSAH are
presented in the supplementary material section.

CVD polymerization of PCP-alkyne. CVD polymerization used
a custom-built CVD system that ensured the slow sublimation of
80mg of precursor PCP-alkyne at 100—120°C under reduced
pressure of 0.1 mbar. The vaporized dimers were subsequently
transferred into the pyrolysis zone, which was heated to 510 °C,
with 20 sccm argon as carrier gas, where the precursor was
transformed into reactive species (p-quinodimethanes). Finally,
deposition of poly[(p-xylylene-4-methyl-propiolate)-co-(p-xyly-
lene)] (PPX-alkyne) onto the substrate occurred on a temperature-
controlled rotating sample holder (15 °C) in the deposition cham-
ber with a wall temperature of 90 °C. The CVD deposition rate was
kept at 0.1 A/s and was monitored in situ by a quartz crystal mi-
crobalance (QCM).

Copper-free click-chemistry on PPX-alkyne surfaces: Immo-
bilization of the azido-CTA on the PPX-alkyne reactive polymer
coating was achieved as follows: 0.01 M of the azido-CTA dissolved
in ethanol was introduced onto PPX-alkyne surface. The substrate
was placed under argon at 50 °C for 48 h. After the reaction, the
surface-modified reactive polymer coating was thoroughly washed
with copious amounts of ethyl acetate followed by ethanol to
remove the residual azido-CTA. Finally, the CTA-modified reactive
polymer coating (S-CTA) was dried and stored under argon. The
surfaces were then characterized by ellipsometry and XPS.

Surface-initiated RAFT Polymerization of MMA. In a typical
procedure, a two-neck round bottom flask was charged with MMA
(4 mol L'!), free RAFT agent CPA (3 mmol L ! or 8.7 mmol L), AIBN

(3mmol L ') and DMF (1.3 mL per 1 mL monomer). The solution
was degassed by three consecutive freeze-pump-thaw-cycles. A
total volume of 2 mL of this mixture was transferred into each of 6
dried and purged vials containing functionalized substrates, S-CTA,
under argon atmosphere. All vials were placed in a preheated oil
bath at 70 °C. At designated time intervals, each vial was removed,
and the contents were analyzed. Conversion was analyzed by 'H
NMR spectroscopy using DMF as a reference. For SEC character-
ization, the reaction mixture was precipitated into ethyl ether twice
for purification and filtered through a 0.2 um syringe filter.
Following polymerization, the modified substrates were washed
three times with DMF, chloroform, acetone and dried under argon.
Typical polymerization times for PMMA brushes were 1—6 h.

Surface-initiated RAFT Polymerization of MEDSAH. A solution
of MEDSAH (0.1 g L"), free RAFT agent CPA (0.5 mmol L 1), V-501
(0.05 mmol L~') and a 1:1 TFE/water (v/v) mixture was prepared in
a two-neck round bottom flask. The mixture was degassed by three
consecutive freeze-pump-thaw cycles, backfilled with argon and
then transferred into each of 4 degassed Schlenk tubes containing
the functionalized substrates S-CTA (3 mL/substrate). The reactions
were carried out in a preheated oil bath at 80 °C. At designated time
intervals, one vial was removed to determine percent monomer
conversion and molecular weight of the polymer in solution.
Following polymerization, the modified substrates were washed
with TFE, water and dried in a stream of argon. The polymer in
solution was dialyzed against water and freeze dried for purifica-
tion. Typical polymerization times for PMEDSAH brushes were
2-8h.

3. Results and discussion

Scheme 1 presents the research strategy employed for the
fabrication of the PMMA and PMEDSAH polymer brushes on reac-
tive polymer coatings. First, the reactive surface coatings func-
tionalized with alkyne groups, poly[(p-xylylene-4-methyl
propiolate)-co-p-xylylene] (PPX-alkyne) were polymerized by CVD
polymerization. The azido-CTA was then immobilized on these
surfaces by copper-free click reaction. SI-RAFT polymerization of
MMA (used as a model monomer) and PMEDSAH from S-CTA sur-
faces was performed in the presence of a free RAFT agent CPA.

Alkyne-functionalized surfaces (PPX-alkyne). PPX-alkyne
films were prepared using CVD polymerization of PCP-alkyne
(Scheme 1) [50]. During CVD polymerization, ring-constrained
PCP-alkyne was sublimed at 100—120 °C and 0.1 mbar, then ther-
mally converted into quinodimethanes at 510 °C and transferred to
the deposition chamber. Next, the quinodimethanes spontaneously
polymerized upon adsorption onto the temperature-controlled
substrate, resulting in homogenous coating of the sample. The
resulting film thickness of the alkyne coatings used for the exper-
iments was ~25nm as measured by ellipsometry. This thickness
was chosen to ensure pinhole-free surface coverage and compati-
bility with the XPS analysis (information depth 10—20 nm) [51].
Fig. 1a displays IRRAS spectra of PPX-alkyne coatings. Characteristic
vibrational modes at 1719 cm ™! associated with the carbonyl group
and at the C—O stretching band at 1222 cm~' were detected. The
signal of the terminal alkyne C=C stretching vibrations at
2118 cm~! and —C=C—H stretching vibrations at 3284 cm™' was
also detected [50].

Additionally, XPS was used to quantitatively analyze the carbon
and oxygen content of the coatings. The C 1s spectrum demon-
strated the presence of aliphatic and aromatic carbons around
285.0 eV (a weak t-m" transition at ~291 eV) and C—O and 0—C=0
components at 286.7 eV and 289.2 eV, respectively [50]. The anal-
ysis indicates a composition of 88 + 5 atomic percent (at%) carbon
and 12+2at% oxygen which are in close agreement with
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Fig. 1. Infrared reflection absorption spectra of the (A) reactive polymer coating (PPX-
alkyne surface), (B) PMMA surface and (C) PMEDSAH surface.

theoretical values (Fig. S6, ESIt). Results of both the IRRAS and XPS
data confirm the successful synthesis of PPX-alkyne surface. In the
following, the PPX-alkyne surfaces were functionalized with azido-

CTA to obtain the S-CTA surface.

Immobilization of azido-CTA onto PPX-alkyne surfaces: The
azido-CTA was “clicked” to the alkyne groups via a copper-free
Huisgen 1,3-dipolar cycloaddition. To confirm the functionaliza-
tion, XPS measurements were performed. Fig. 2 compares the high-
resolution N 1s and S 2p XPS spectra (from bottom to top) of PPX-
alkyne coating before and after the reaction of the alkyne groups
with azido-CTA. Before the reaction, nitrogen was not detected.
After the reaction with azido-CTA, the N 1s peak was fitted with
two components attributed to the triazole species. The signals at
401.8 and 400.2 eV correspond to the single bond and double bond
nitrogen of the N=N—N respectively [52,53]. The elemental ratio for
the nitrogen atoms is 1.3:2, compared to the calculated value of 1:2.
Furthermore, the absence of an azide signal at ~405 eV indicates the
absence of nonspecific adsorption of azides during the reaction.
Additionally, no S 2p signal was detected on PPX-alkyne surface
before the reaction in the high-resolution S 2p spectrum. After the
click reaction, the S 2p spectrum can be deconvoluted into two
main signals (Fig. 2b). The S 2p core-level spectrum consists of a
spin-orbit doublet with S 2p3j; and S 2pqp2. The S 2p3)p at 162.8 eV
corresponds to a covalently bonded C=S sulfur group and the peak
at 164.2 eV corresponds to the covalently bonded C—S sulfur group
[54]. Overall, the high-resolution XPS spectrum affirmed successful
immobilization of the azido-CTA.

SI-RAFT polymerization from the S-CTA immobilized on
reactive polymer coatings. Once the polymerization is initiated,
two important events are considered: (1) the polymerization of the
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monomer from the substrate to obtain polymer brushes and (2) the
polymerization of monomer simultaneously in solution. It is
important to note that CPA is present in solution in addition to the
immobilized RAFT agent on the substrate [21]. The addition of a
“sacrificial” RAFT agent to the solution phase has been shown to
improve the molecular weight control of the polymer brushes on
surfaces [55,56]. The RAFT agent reacts reversibly with propagating
polymer radicals to form dormant polymeric chains. The contin-
uous reversible deactivation process mediated by a constant ex-
change between dormant and propagating polymer chains and the
RAFT agent, keeps the overall radical concentration constant.

To investigate the capability of the immobilized CTA on reactive
polymer coatings in mediating SI-RAFT polymerization, MMA was
first polymerized from the S-CTA surface as a model monomer
(Table 1, entry 1 and 2). Two different RAFT-agent-to-initiator ratios
were used to better understand its influence on the growth of the
polymer brushes. Ellipsometric measurements of the resulting
PMMA film showed increasing thickness with reaction time
(Fig. 3a). In general, an increase in the ratio of free RAFT agent to
initiator is inversely proportional to the thickness of the polymer
brush.

On increasing this ratio from 1 to 2.5, the thickness of the
polymer brushes decreased showing that the thickness of the
polymer brush layers was governed by the concentration of the free
RAFT agent in solution. To understand the influence of the con-
centration of the free RAFT agent in solution on the controlled
growth of the polymer brushes, the kinetics of the polymerization
of MMA in solution were studied in detail. Samples were collected
from the solution at intervals of 1 h. The polymers had relatively
low dispersity (P) around 1.1-1.3 (Fig. 4a and b, triangles). The
evolution of molecular weight with monomer conversion (Fig. 4a
and b, squares) was linear, indicating a well-controlled

Table 1
Summary of reaction conditions of SI-RAFT of MMA and MEDSAH.

polymerization. It is already well known that the solution poly-
merization kinetics and the surface polymerization kinetics can,
and often are, quite different [57—59]. Thus, the solution poly-
merization and the molecular weights of the free polymers are used
only as a guide.

XPS analysis of the PMMA film (Fig. 5) showed three signal
components in the C 1s spectrum with binding energies at 285.0 eV
for the C—C, C—H species, 286.7 eV for the C—0 species and 289.1 eV
for the O=C—O0 species [60]. 0=C—0 and C—0O components showed
a considerable increase in the intensity with increasing reaction
time, as compared to the S-CTA surface. The observed increase in
the O=C—0/(C—C, C—H) ratio as a function of reaction time corre-
lated well with PMMA growth (Fig. 5b). After 1 h, the PMMA layer
had a thickness of about 6 nm, whereas after 2 h, a thickness of
more than 10nm was measured, which explains the plateau
observed for the 0=C—0 contribution after a reaction time of 2 h.
For the control experiment, a PPX-alkyne surface without any
immobilized RAFT agent was studied using similar reaction con-
ditions (Fig. 5a, top). In this case, the intensity of the signals of the
carbon components at 286.7 eV and 289.1 eV (Fig. 5b) were com-
parable to the data obtained from PPX-alkyne surface (Fig. S6, ESI7).
They were also weaker than the intensity of the same signals of
PMMA surface measured at 5h. This result proves a negligible
adsorption of PMMA solution polymers on the PPX-alkyne surface.

Fig. 1b shows the IRRAS spectra of PMMA. The bands from
1153 cm~! to 1250 cm™! are characteristic of C—0—C stretching.
The band at 1381 cm ! is characteristic of the a-methyl group vi-
brations. A sharp band at 1737 cm™! is associated with the C=0
stretch of the acrylate group. The band at 1445 cm™ ! is due to the
bending vibrations of the C—H bond of the —CH3 group. The strong
absorption bands at 2950 cm ! and 2997 cm ! are due to the C—H
stretching vibrations of the —CH, groups and the—CHs3 groups,

Entry Polymer [M]:|CTA]:[1] (molar ratio) Temperature (°C) Solvent (v/v)) Time (h) Thickness (nm)
1 PMMA 1150:1:1 70 DMF 6 45+2.89
2 PMMA 1150:2.5:1 70 DMF 6 19+1.39
3 PMEDSAH 7500:10:1 80 TFE:water (1:1) 8 20+ 1.65
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Fig. 4. Dependence of M,, (circles) and D (triangles) on the monomer conversion in the
polymerization of MMA in DMF at 70 °C: (A) CTA/AIBN = 1/1, (B) CTA/AIBN = 2.5/1. (C)
Dependence of M, (circles) and P (triangles) on the monomer conversion in the
polymerization of MEDSAH in TFE/water (1/1 v/v) at 80°C.

respectively. The result of IRRAS confirms the successful grafting of
PMMA polymer chains onto the PPX-alkyne surface [61].
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Fig. 5. (A) XPS high-resolution C 1s spectra of RAFT agent-decorated surface, PMMA
surface (polymerization time — 1h), PMMA surface (polymerization time = 5h) and
control sample. (B) XPS O—C=0/(C—C, C—H) ratio analysis before and after polymeri-
zation as a function of the reaction time.

We then modified the S-CTA surface by SI-RAFT polymeriza-
tion of MEDSAH using the condition in Table 1, entry 3. V501 was
used as a water-soluble initiator. Importantly, the molecular
weight increased with conversion (Fig. 4c, squares) and P
remained below 1.4 throughout the polymerization. The thickness
increased with reaction time (Fig. 3b), demonstrating the grafting
of PMEDSAH polymer on the surface. The XPS high-resolution C 1s
scan (Fig. 6a) showed an increase in the signal intensity at
289.2 eV corresponding to the O—C=0 group of PMEDSAH. In
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addition, the signal at 286.7 eV is indicative of the C—0 signal of
the carboxyl group of PMEDSAH. From the N 1s spectrum in
Fig. 6b, it is apparent that there is a quaternary ammonium
—N(CH3)3 signal (402.8 eV) on the S-CTA surface after grafting of
the PMEDSAH [62]. Further, doublets are discernible in the spec-
trum of the PMEDSAH surface (Fig. 6¢). The most intensive S 2p
doublet with S 2p3j; at 168.0 eV corresponds to sulfonate C—S03
group in the side chains of PMEDSAH. The other two weaker S 2p
doublets with S 2p3z at 164.2 eV and 163.0 eV are associated with
the C—S and the C=S bonds of the dithioester end-group [54]. The
N*/S03/0—C=0 ratio was ~1:1:1.

The growth of PMEDSAH brushes was also confirmed by IRRAS.
As shown in Fig. 1c, characteristic vibrational bands at 1719 cm ™,
which are indicative of the C=0 stretch were observed. The band at

A |C1s
o=c.0 c-0,c-N C-C.CH
3
2
L
=
o
Q
N
T
£
o
e
290 288 286 284 282
Binding energy [eV]
B | Nis -
N N-N=N
PMEDSAH
= surface
B
=
EJ]
E
o
&
®
£
5 S-CTA
=

406 404 402 400 398 396
Binding energy [eV]

PMEDSAH

Normalized intensity

S-CTA
L gl surface
')

172 170 168 166 164 162 160
Binding energy [eV]
Fig. 6. High-resolution XPS spectra of C 15 (A) N 1s (B) and S 2p (C) for PMEDSAH film

with a thickness of 20 nm grafted onto the RAFT agent-decorated surface via SI-RAFT
polymerization.

1216 cm ! can be assigned to the S=0 stretching band. The band at
1450 cm ! indicates the presence of methylene groups (—CH,—). In
addition, the band at 2928 cm~! is indicative of C—H stretching
vibrations [63]. Evidently, the sulfonate band is not present in PPX-
alkyne surface. A larger contribution of the broad hydroxyl band
between 3600 and 3200 cm™! provides an indication that PMED-
SAH absorbs moisture from the atmosphere.

The surface roughness of the different substrates was assessed
(Fig. S7, ESIt). The root-mean-square (RMS) roughness (Rq) values
were 1.1 nm, 2.3 nm and 3.6 nm for PPX-alkyne reactive polymer
coating, PMMA and PMEDSAH films, respectively. All surfaces were
homogenous and smooth and did not vary significantly (t = 0.06,
p>0.05). On the basis of the AFM study, we concluded that the
surface morphologies show the clean and homogenous growth of
the brushes from the reactive coatings.

Furthermore, the wettability of the PMEDSAH polymer was
reduced, when compared to the PPX-alkyne reactive polymer
coating (Fig. 7). In particular, the static water contact angle for PPX-
alkyne was 103° + 13°, the S-CTA surface was 82° and the PMED-
SAH was 21 +5°. The difference in contact angles between S-CTA
and PMEDSAH surfaces was statistically significant (t-test
p=0.008). This transition from hydrophobic to more hydrophilic
surface properties occurred because of the grafted PMEDSAH
chains on the surface. There was no change in wettability upon
increasing the brush thickness. The statistical analysis showed no
statistically significant difference between the varying thicknesses
of PMEDSAH surfaces (t-test: p > 0.05).

4. Conclusions

In the current study, we reported the preparation of well-
controlled PMMA (PDI < 1.3) as well as zwitterionic PMEDSAH
polymers (PDI< 1.4) via RAFT polymerization from CVD-based
surfaces. This system is advantageous in that the surface modifi-
cation platform provides a potential to use versatile substrates, is
stable and has a long shelf-life. This approach offers an effective
way of preparing polymers without the use of copper and extends
surface-RAFT polymerization to unconventional substrates that
were not amenable to standard methods in this field. This facile
surface modification strategy for the preparation of polymer sur-
faces enhances the materials toolbox for scientists and engineers
engaged in biomaterials design.
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