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Thiolactone chemistry has garnered significant attention as a powerful post-polymerization modification
(PPM) route to mutlifunctional polymeric materials. Here, we apply this versatile chemistry to the fabrica-
tion of ultrathin, multifunctional polymer surfaces via aminolysis and thiol-mediated double modifications
of thiolactone-containing polymer brushes. Polymer brush surfaces were synthesized via microwave-
assisted surface-initiated polymerization of pL-homocysteine thiolactone acrylamide. Aminolysis and
thiol-Michael double modifications of the thiolactone-functional brush were explored using both sequen-
tial and one-pot reactions with bromobenzyl amine and 1H,1H-perfluoro-N-decyl acrylate. X-ray photo-
electron spectroscopy and argon gas cluster ion sputter depth profiling enabled quantitative comparison
of the sequential and one-pot PPM routes with regard to conversion and spatial distribution of functional
groups immobilized throughout thickness of the brush. While one-pot conditions proved to be more
effective in immobilizing the amine and acrylate within the brush, the sequential reaction enabled the fab-
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Introduction

A major thrust in polymer surface engineering is focused on
strategies to deliberately tailor the composition, distribution,
and spatial arrangement of functional groups on a surface
using facile and efficient chemistries. Precise control over the
aforementioned properties leads to their useful applications in
antifouling coatings,"* biosensors,>* cell adhesive surfaces,’
lithium ion batteries,®® and surface wrinkling.”°
Functionalized polymer brush surfaces have been prepared via
grafting-to, grafting-through, or grafting-from. However, graft-
ing-from, commonly referred to as surface-initiated polymeriz-
ation (SIP), serves as a more attractive approach to synthesize
dense polymer brushes with excellent control over parameters
such as brush thickness, grafting density, composition, and
architecture. Advances in SIP techniques have undoubtedly
provided polymer chemists with tools to tailor these para-
meters given knowledge of reaction conditions, reactivity
ratios, and order of monomer addition, but challenges remain
particularly regarding direct polymerization of monomers with
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rication of multifunctional, micropatterned brush surfaces using reactive microcontact printing.

complex or highly reactive pendent functionality."'* Post-
polymerization modification (PPM), when combined with SIP,
has evolved as a powerful approach to engineer polymer sur-
faces with complex functionality.*™"> PPM is a process based
on the polymerization of monomers carrying chemoselective
handles that are inert under polymerization conditions, but
can subsequently be converted into a broad range of func-
tional groups using a variety of high efficacy reactions such as
aminolysis of active esters, copper catalyzed azide-alkyne
cycloaddition (CuAAC), Diels-Alder cycloadditions, nitroxide
photoclick reactions, and thiol-based reactions.’®'” PPM
enables the transformation of one reactive polymer brush
scaffold into a library of functional homopolymer brush sur-
faces differing only in the chemical identity of pendent func-
tionality of the repeat unit."**®

Brush surfaces expressing multiple functionalities can be
achieved using a variety of post-polymerization processes invol-
ving simultaneous, sequential, or one-pot reactions. The sim-
plest route to multifunctional surfaces involves simultaneous
PPM of a reactive homopolymer brush scaffold with two or
more modifiers — a route yielding brushes with a random dis-
tribution of functional groups along the polymer chains.'®°
Assuming each modifier exhibits similar reactivity towards the
reactive brush, the modifier feed ratio provides a facile route to
tailor functional group composition. For example, we pre-
viously demonstrated the synthesis of poly(propargyl meth-
acrylate) brushes and sequential PPM via thiol-alkyne reac-
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tions using a library of thiols to selectively tune the surface
properties.>' Similarly, sequential, and in some cases, one-pot
post-polymerization modifications of copolymer brush
scaffolds carrying two or more pendent groups with ortho-
gonal reactivity provides access to multifunctional brush
surfaces. In contrast to the simultaneous PPM approach pre-
viously described, copolymerization parameters employed
during SIP (e.g., co-monomer feed and reactivity ratios), rather
than the PPM process, have been used to dictate final chemical
composition of the modified brush.'*' Furthermore, modifi-
cation of brush surfaces can be exploited via a number of pat-
terning techniques, such as microcontact stamping, micro-
capillary patterning, and photopatterning using sequential
and orthogonal chemistries with high spatial resolution.

More recently, several post-polymerization modification
strategies have emerged that target the design of multifunc-
tional homopolymers, i.e., homopolymers bearing two distinct
functional groups on every repeat unit. These strategies rely on
either latent, chemoselective, or orthogonal reaction sites
pendent to the monomer for sequential or simultaneous intro-
duction of two functional groups per repeat unit following
polymerization. Kubo et al.>** recently reviewed several inno-
vative routes to multifunctional homopolymers; however, these
synthetic strategies have not frequently been translated or
adapted for functionalization of polymer brush surfaces. In
one example, Lillethorup and coworkers>* exploited the latent
reactivity of epoxides on poly(glycidyl methacrylate) brushes to
install two distinct redox moieties on every repeat unit. The
epoxide was first ring-opened with sodium azide to yield a
polymer brush with azide and alcohol functionality in each
repeat unit. These functional groups enabled the synthesis of
multifunctional homopolymer brushes bearing ferrocene and
nitrobenzene redox active moieties using sequential CuAAC
and isocyanate reactions. While Lillethorup et al>* demon-
strated poly(glycidyl methacrylate) as an effective precursor for
multifunctional homopolymer brushes, the approach requires
three sequential PPM reactions to achieve the final brush
surface and is not amendable to one-pot reactions.

In exploration of alternative routes to multifunctional
homopolymer brush surfaces, we turned our attention to the
efficient double modification strategy using y-thiolactone
reported by Du Prez et al.>>' Thiolactones undergo a nucleo-
philic ring-opening reaction with primary amines forming an
amide between the carbonyl of the thiolactone, liberating a thiol
that can undergo sequential thiol-coupling reactions with
alkenes, alkynes, maleimides, or acrylates. Thiolactone double
modification reactions exhibit 100% atom-efficiency and can be
performed in an efficient one-pot reaction. Furthermore, the
latent thiol functionality obtained from the thiolactone is an
attractive synthetic approach to design stable thiol-functionalized
polymers. While Du Prez and others have demonstrated thiolac-
tone chemistry for the versatile design of polymeric architectures,
the chemistry has received surprising little attention in the
context of surface modification.>*** To our knowledge, the
thiolactone double modification strategy has yet to be exploited
for synthesis of multifunctional homopolymer brush surfaces.
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Herein, we demonstrate a versatile post-polymerization
modification strategy (PPM) to synthesize multifunctional
homopolymer brush surfaces based on poly(acrylamide-homo-
cysteine thiolactone) (pAHT). pAHT is synthesized via micro-
wave-assisted  surface-initiated  radical  polymerization
(LW-SIP).** Modification of the brush surfaces with amines
generates a reactive thiol precursor, which is available to
undergo a sequential base-catalyzed thiol-Michael reaction
with functional acrylates and maleimides. Additionally, we
employ a one-pot double modification reaction to demonstrate
the versatility of thiolactone chemistry as a powerful PPM plat-
form for polymer brush surfaces. X-ray photoelectron spec-
troscopy (XPS) depth profile experiments provide key insights
into the PPM efficiency (e.g. sequential versus one-pot reac-
tions) of the pAHT brushes. Finally, we exploit reactive micro-
contact printing (pCP) with fluorescent post-modifiers to
design multifunctional, micropatterned, fluorescent surfaces.

Experimental section
Materials

Certain commercial equipment, instruments, or materials are
identified in this paper in order to specify the experimental
procedure adequately. Such identification is not intended to
imply recommendation or endorsement by the National
Institute of Standards and Technology, nor is it intended to
imply that the materials or equipment identified are necess-
arily the best available for the purpose.

pL-Homocysteine thiolactone hydrochloride (99%) was pur-
chased from Alfa Aesar and used as received. Triethylamine
(TEA), 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), dansylcada-
verine, and 4-bromobenzylamine (BBA) were purchased from
Sigma-Aldrich and used as received. 1H,1H-Perfluoro-N-decyl
acrylate (PFDA) was purchased from Gelest. Texas Red®
C2 maleimide was purchased from Introgen. Silicon wafers
(orientation (100), native oxide) were purchased from
University Wafer. The PDMS stamp (5 um lines spaced by
10 pm) was purchased from Research Micro Stamps. An azo-
based trichlorosilane initiator for surface-initiated polymeriz-
ation was synthesized per literature procedures.>**

Instrumentation and characterization

Ellipsometry measurements were carried out using a Gartner
Scientific Corporation LSE ellipsometer with a 632.8 nm laser
at 70° from the surface normal. Multiple thickness measure-
ments were taken for each sample to determine the uncer-
tainty in the measurements. Grazing angle attenuated total
reflection Fourier transfer infrared (gATR-FTIR) analysis was
carried out using a Thermo Scientific FTIR (Nicolet 8700)
equipped with a VariGATR™ accessory (grazing angle 65°, ger-
manium crystal; Harrick Scientific). Spectra were collected
with a resolution of 4 ecm™" by accumulating a minimum of
128 scans per sample. All spectra were collected while purging
the VariGATR attachment and FTIR instrument with nitrogen
along the infrared beam path to minimize the peaks corres-
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ponding to atmospheric water and CO,. Spectra were analyzed
and processed using Omnic software. Static water contact
angles (WCA) were measured using 6 puL water droplets on a
Rame-hart goniometer. XPS and depth profile experiments
were performed using a Thermo-Fisher ESCALAB Xi+ spectro-
meter equipped with a monochromatic Al X-ray source (1486.6
eV) and a MAGCIS Ar'/Ar,,” gas cluster ion sputter (GCIS) gun.
Measurements were performed using the standard magnetic
lens mode and charge compensation. The base pressure in the
analysis chamber during spectral acquisition was at 3 x 1077
mBar. Spectra were collected at a takeoff angle of 90° from the
plane of the surface. The pass energy of the analyzer was set at
150 eV for survey scans with an energy resolution of 1.0 eV;
total acquisition time was 220 s. Binding energies were cali-
brated with respect to C 1s at 284.8 eV. Sputter depth profiling
was performed by rastering an argon ion beam in cluster mode
(6 keV, Arso,") over a 2 mm? area at an angle 30° to the sample
normal. To avoid crater edge effects, an X-ray spot size of
650 pm was employed. The X-ray gun was blanked during each
argon sputtering step to minimize changes in composition due
to X-ray exposure. All spectra were recorded using the Thermo
Scientific Avantage software; data files were translated to VGD
format and processed using the Thermo Avantage package
v5.9904. Fluorescent microscopy was conducted on a Zeiss LSM
710 laser confocal scanning microscope running Zen Black soft-
ware and a 4 = 405 nm and 633 nm argon laser.

Cleaning of silicon wafers

Silicon wafers were cut into 1 ecm x 1 cm pieces and cleaned
using the RCA procedure to remove organic residue and
oxidize the surface of the wafer. The general recipe for RCA
cleaning is 5 parts deionized (DI) water, 1 part 27% ammonium
hydroxide, and 1 part 30% hydrogen peroxide. DI water and
ammonium hydroxide were added to a test tube and heated to
70 °C for 5 min, and then the test tube was removed from heat
and hydrogen peroxide was added. The silicon wafers were
transferred to the test tube and heated at 70 °C for 15 min.
After 15 min, the wafer was removed from the solution and
washed multiple times with DI water. Clean substrates were
stored in an oven at 120 °C before initiator functionalization.

Immobilization of initiator onto silicon substrates

Clean, dry silicon substrates were transferred into a dry,
septum sealed test tube containing a toluene solution of azo-
initiator (4 mmol, 13 mL) and triethylamine (TEA) (0.2 mL). The
immersion time was 1 h. Substrates were removed, rinsed with
toluene, methanol, and DI water and dried under a stream of
nitrogen. If not used immediately, initiator functionalized sub-
strates were stored in the dark at —20 °C in toluene.

Synthesis of p.-homocysteine thiolactone acrylamide monomer

Thiolactone acrylamide monomer was synthesized following a
procedure reported by Reinicke and coworkers.*® An ice-cooled
solution of pr-homocysteine thiolactone hydrochloride (5.0 g,
32.5 mmol) in H,0/1,4-dioxane (1/1, 70 mL) was treated with
NaHCO; (13.66 g, 162.7 mmol) and stirred for 30 min at 0 °C.

This journal is © The Royal Society of Chemistry 2019
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Acryloyl chloride (5.8 g, 65.1 mmol) was added to the mixture
dropwise and the reaction mixture was allowed to reach room
temperature overnight. Brine (70 mL) was added and the
mixture was extracted with EtOAc (3 x 150 mL). The collected
organic fractions were dried with Na,SO, and the solvent was
removed. The crude residue was purified by recrystallization
from dichloromethane, yielding the target monomer as a
white, crystalline solid (4.1 g, 82%). 'H NMR (300 MHz,
DMSO-dg) & (ppm): 8.43-8.49 (d, NH), 6.05-6.30 (m, 2H),
5.60-5.68 (dd, 1H), 4.62-4.75 (ddd, 1H), 3.26-3.50 (m, 2H),
2.40-2.50 (m, 1H), 2.0-2.17(m, 1H). *C NMR (300 MHz,
DMSO-dg) & (ppm): 205 (C=0), 165.0 (C=0), 131.5 (CH) 126.6
(CH,), 58.2 (CH), 30.6 (CH,), 27.5 (CH,).

Microwave-assisted surface-initiated polymerization of pAHT
brush

All pW-SIP reactions were carried out in a mono-mode micro-
wave reactor (CEM Corporation Discover S Class) with a cali-
brated infrared temperature sensor in constant power mode
with simultaneous cooling to maintain the desired tempera-
ture. A substrate with the azo-based initiator was placed in a
sealed microwave vial and purged with nitrogen. In a separate
Schlenk tube, acrylamide homocysteine thiolactone monomer
was dissolved in anhydrous dimethyl sulfoxide (DMSO)
(0.5 mol L™, 1 mol L™", 1.5 mol L™, and 2 mol L") and the
solution was subjected to three freeze-pump-thaw cycles. For
each polymerization, 1.5 mL of the degassed monomer solu-
tion was transferred via cannula into the microwave vial con-
taining the substrate. Polymerizations were carried out in the
DMSO solution, placed into the microwave reactor, and irra-
diated at a fixed power of 60 W for 15 min with simultaneous
cooling to maintain the reaction temperature at 110 °C. The
substrates were sonicated in DMSO for 10 s intervals. After
each sonication cycle, the thickness of the brush was
measured via ellipsometry. This process was repeated until no
change in brush thickness could be measured.

PPM of pAHT with amines

The pAHT brushes were post-modified with 4-bromobenzyla-
mine (BBA). A pAHT substrate was placed in a solution of BBA
(0.15 mol L") in DMSO with 3 equivalents of TEA in a sealed
test tube under ambient air, temperature and humidity con-
ditions (e.g. without nitrogen purge). The reaction was allowed
to react for 15 h. The substrate was then removed, thoroughly
rinsed with DMSO, and dried with nitrogen.

PPM of thiol pendent pAHT brush with base catalyzed thiol-
Michael reactions

All thiol-Michael reactions were performed in septum-sealed
test tubes under ambient air, temperature and humidity con-
ditions. Base-catalyzed thiol-Michael reactions were conducted
with 1H,1H-perfluoro-N-decyl acrylate (PFDA). Substrates were
placed in a 0.15 mol L™' solution in acetone with DBU
(0.022 mol L") for 15 h. The brushes were thoroughly rinsed
with acetone, DMSO, and dried with a stream of nitrogen.

Polym. Chem., 2019, 00,1-9 | 3
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One-pot double modification reactions

A PpAHT substrate was placed in a solution of amine
(0.15 mol L") and acrylate (0.15 mol L™") in DMSO with DBU
(0.022 mol L™"). Reactions were conducted overnight (approxi-
mately 15 h) under ambient conditions to achieve the maximum
extent of reaction. Reaction completion was determined by
ellipsometry measurement (i.e. no further increase in brush thick-
ness). The brushes were thoroughly rinsed with acetone, DMSO
and dried with a stream of nitrogen.

Post-polymerization modification via microcontact printing

A thiolactone brush was placed in a solution of dansylcadaver-
ine (12 mmol L™") in EtOH with DBU (10 mmol L") for 15 h
to ensure full conversion. Then, a freshly oxidized PDMS
stamp was inked with Texas Red® C2 maleimide (25 mmol
L™") in EtOH for 1 min, dried with nitrogen, and pressed onto
the polymer brush surface for 1 h. After removal of the stamp,
the patterned surface was thoroughly rinsed and sonicated in
EtOH to remove any physisorbed maleimide.

Results and discussion

Fig. 1a shows the synthetic strategy for the preparation of poly
(acrylamide-homocysteine thiolactone) (pAHT) brushes via
microwave-assisted surface-initiated polymerization (pW-SIP)
from an azo-based silane initiator on a silicon substrate.”® The
thiolactone acrylamide monomer used for polymerization was
prepared by reacting acryloyl chloride with pr-homocysteine
thiolactone hydrochloride.*® "H and '*C NMR spectra are pro-
vided in Fig. S1 and S2,f respectively. The average thickness of
the azo-based initiator layer was 2.2 nm + 0.1 nm as measured
by ellipsometry. The pAHT brushes were synthesized via pW-
assisted conventional free radical polymerization since it is a
simple and well-studied route to design polymer brush sur-
faces.*® Polymerizations were carried out in dimethyl sulfoxide
(DMSO) under constant microwave power (60 W) with simul-
taneous cooling to maintain the reaction temperature at
110 °C. Fig. 1b shows the relationship between pAHT brush
thickness and thiolactone acrylamide monomer concentration
obtained at constant time and temperature. Under these con-
ditions, a linear increase in brush thickness with increasing
monomer concentration was observed — an expected trend that
can be attributed to an increase in brush grafting density.>®*”
Guo et al. previously observed both linear and nonlinear
relationships between film thickness and monomer concen-
tration in pW-SIP, depending on the polarity of the monomer
and solvent.”® In the current pAHT/DMSO system, the change
in polarity of the monomer/solvent mixture with increasing
monomer concentration is negligible, and pW-SIP exhibits the
expected linear relationship between brush thickness and
monomer concentration. Hereafter, pAHT brushes with a
target brush thickness of approximately (30 to 40) nm were
synthesized and employed for post-polymerization modifi-
cation (PPM) reactions. The static water contact angle for the
PAHT brush was 56.6° + 1.7° (Fig. 1c). The chemical compo-
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Fig. 1 (a) Synthesis of pAHT brushes via microwave-assisted surface-

initiated polymerization (WW-SIP) (b) brush thickness versus monomer
concentration for pW-SIP of pAHT brushes (DMSO, 60 W, 110 °C,
15 min, mean + S.D., replications = 3). (c) gATR-FTIR and static water
contact angle (inset) of the pAHT brush. (d) XPS survey spectrum of the
PAHT brush.

sition of the pAHT brush was characterized using gATR-FTIR
and XPS. Fig. 1c shows the gATR-FTIR spectrum for pAHT with
a broad peak at 1669 cm™" attributed to an overlap of the carbo-
nyl stretch of the five-membered thiolactone ring and the amide
I stretch.””*® The peak at 1536 cm™" is indicative of the amide
II N-H bending vibration. As shown in Fig. 1d, peaks attributed
to carbon (C 1s, 285 eV), oxygen (O 1s, 531 eV), nitrogen (N 1s,
400 eV), and sulfur (S 2s, 229 eV; S 2p 163.4 eV) were observed
in the XPS survey spectrum. Quantitative analysis of the pAHT
survey spectrum yielded 64.0 atomic% C, 9.74 atomic% N, 17.0
atomic% O, and 9.26 atomic% S - values that are consistent
with the expected chemical composition (C,N;0,S;, 63.6
atomic% C, 9.10 atomic% N, 18.2 atomic% O, and 9.10
atomic% S) for the pAHT brush. Fig. S31 shows the high resolu-
tion C 1s spectrum for the unmodified pAHT brush.

Post-polymerization modification (PPM) of pAHT brush
surfaces and sequential thiol-Michael reactions

Fig. 2a shows the general scheme for the synthesis of multi-
functional homopolymer brushes using sequential or one-pot
postmodification strategies. As illustrated in Fig. 2a, postmodi-
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fication with an amine ring-opens the thiolactone exposing a
thiol that can be modified via reaction with an electron
deficient alkene in sequence or in one-pot.>” For these experi-
ments, we employed 4-bromobenzylamine (BBA) and 1H,1H-
perfluoro-N-decyl acrylate (PFDA) since both modifiers provide

employed as an initial assessment of the sequential reactions.

N elemental tags that can be easily followed via XPS (Fig. 3a-d).
For sequential modification reactions, the pAHT brush was
; first exposed to BBA in DMSO for 15 h in the presence of tri-
Amine Multifunctional . . .
pAHT Modified Homopolymer ethylamine (TEA) under ambient conditions (e.g, sealed tube
Brush Brush Brush at room temperature without nitrogen purge). The substrates
DBU :- Sequential -: were removed from the BBA solution, thoroughly rinsed with
HZN/\Q\ HN-@ : 87.5:1.3 : DMSO, and quickly transferred to a separate reaction tube con-
+ . .
Br @ | | taining PFDA and DBU in acetone for 15 h. After exposure to
HN-@ = BBA ) p— ! PFDA, the substrates were thoroughly rinsed with acetone and
10; ;;_,pfzo 1 dried under nitrogen. Water contact angle measurements were
|
I
I

2@ = PFDA |

Fig. 2 Synthetic strategy to design multifunctional homopolymer brush
surfaces via sequential PPM reactions or one-pot PPM with 4-bromo-
benzylamine (BBA) and 1H,1H-perfluoro-N-decyl acrylate.
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Fig. 3 (a) XPS survey spectra as a function of sputter depth and (b) depth profiles for the sequentially modified pAHT-BBA-PFDA brush. (c) XPS

As expected, surface wettability changed upon modification
with BBA and PFDA. For example, the water contact angle
(WCA) of the unmodified pAHT brush increased from 55.6° +
1.7° to 87.5° + 1.3° upon modification due to the incorporation
of the hydrophobic bromobenzene and fluorinated functional
groups. The modification of pAHT with BBA and FA increases
the molecular weight of the polymer repeat unit, resulting in

(c) one-pot

survey spectra as a function of sputter depth and (d) depth profiles for the one-pot modified pAHT-BBA-PFDA brush.
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Table 1 Change in brush thickness before and after post-polymerization modification measured via ellipsometry and conversion of sequential and

one-pot modified pAHT brush surfaces via XPS

A thickness (nm)

Thiolactone Thiol-Michael
Modified pAHT brush Before PPM After PPM conversion XPS“ (%) conversion XPS” (%)
PAHT-BBA-PFDA sequential 30+0.1 69 £ 0.2 54.3 10.9
PAHT-BBA-PFDA one-pot 30+0.1 100 + 0.3 58.7 73.9

“Determined from the average [Br 3d]/[N 1s] atomic ratio throughout the depth profile according to the equation: Conv. = ([Br 3d]/[N 1s])/0.5.
b Determined from the average [F 1s]/[Br 3d] atomic ratio throughout the depth profile according to the equation: Conv. = ([F 1s]/[Br 3d])/19.

an increase in polymer brush thickness. The thickness values
of the pAHT brush before and after PPM were measured using
ellipsometry and the results are summarized in Table 1. The
PAHT brush thickness increased 130% from 30 nm to 69 nm
upon sequential modification with BBA and FA. Murata and
coworkers have demonstrated that the change in brush thick-
ness can be used to determine the conversion of the PPM reac-
tion if brush grafting density and mass density are assumed to
remain unchanged during postmodification.>* However, in the
current work, a significant change in mass density of the
brush should be expected upon double modification, particu-
larly when incorporating the fluorinated side chains. Since
actual mass density values are unknown for the
PAHT-BBA-PFDA brush derivatives, we did not attempt to
quantify conversion using this approach. Rather, we used XPS
and gas cluster ion sputtering (GCIS) to evaluate the conver-
sion and distribution of functional groups throughout the
brush resulting from each PPM route.

Fig. 3a shows the XPS survey spectra obtained from the
PAHT brush interface as a function of depth after sequential
modification with BBA and PFDA. Sputtering the brush
surface with an argon gas cluster ion beam (6 keV, Ar;q,") pro-
vided controlled access to sub-surface layers with good depth
resolution while mitigating changes in chemical composition
normally associated with single argon ion sputtering sources.
At the brush/air interface prior to sputtering (e.g., sputter
depth = 0 nm), peaks corresponding to carbon (C 1s, 285 eV),
oxygen (O 1s, 533 eV), and sulfur (S 2p, 163 eV) originating
from the parent pAHT brush were clearly observed, while the
peak for nitrogen (N 1s, 400 eV) can be attributed both to the
parent pAHT brush and the BBA modifier. The bromine (Br
3d) and fluorine (F 1s) peaks observed at 70 eV and 698 eV,
respectively, confirm successful aminolysis of the pAHT brush
with BBA and subsequent Michael addition of the generated
thiol to the fluoroacrylate. The spectra from Fig. 3a were ana-
lyzed after each sputter step to determine the chemical compo-
sition of the pAHT-BBA-PFDA brush as a function of depth, as
shown in Fig. 3b. Sputter time was converted to sputter depth
using knowledge of the brush thickness and total sputter time
necessary to completely remove the brush layer. The C 1s/Si 2p
intersection was considered to be the polymer brush/silicon
substrate interface; total brush thickness values based on the
C 1s/Si 2p intersection are in good agreement with total brush

6 | Polym. Chem., 2019, 00, 1-9

thickness values obtained from ellipsometry. As shown in
Fig. 3b, the C 1s, O 1s, and S 2p concentrations remain rela-
tively constant as a function of sputter depth in the region
between 0 nm and 45 nm. These results provide strong evi-
dence of negligible changes in the chemical composition of
the brush arising from argon gas cluster ion sputtering. In the
near substrate region (>45 nm), the C 1s concentration, as
expected, rapidly decreases with a simultaneous increase in
the O 1s and Si 2p concentrations with an observed gradient
that is convoluted by the XPS sampling depth (~ 10 nm). The
constant Br 3d concentration with depth indicates the first
step of the sequential postmodification yields a homogeneous
distribution of BBA throughout the brush thickness. The con-
version of the thiolactone group was estimated from the
[Br 3d]/[N 1s] ratio - a value that should approach 0.5 at complete
aminolysis of the thiolactone. The [Br 3d]/[N 1s] ratio obtained
by averaging the values observed at each depth within the
brush was 0.271, which translates to 54.3% thiolactone conver-
sion. While we observed constant bromine concentrations, it is
prudent to note that bromine in bromine-containing polymers
has been reported to be labile under prolonged X-ray exposure
- a degradation process that would influence our calculated
thiolactone conversions.*® However, quantification from survey
spectra allowed us to limit the X-ray exposure time to 220 s per
depth profile step to minimize the possible influence of this
degradation process. Thus, the less than quantitative conver-
sion observed for BBA modification is likely attributed to the
stereo-electronic properties of the primary benzyl amine. In
general, similar influences of the amine structure on reactivity
have been reported by Espeel et al.>” for the aminolysis of thio-
lactone. In contrast to the trend observed for bromine, the F 1s
concentration varies as a function of sputter depth with the
highest concentration of fluorine (10 atomic%) present at the
brush/air interface followed by a steady decrease to <2
atomic% at the brush/substrate interface. The enhanced fluo-
rine concentration in the first few nanometers of the
PAHT-BBA-PFDA brush can be attributed to segregation of the
low surface energy perfluorodecyl side chains to brush/air
interface.*' The conversion of the thiol-Michael reaction was
determined from the average [F 1s]/[Br 3d] ratio measured
throughout the depth profile, where a [F 1s]:[Br 3d] ratio of
19:1 would be expected at full conversion. The observed
[F 1s]:[Br 3d] ratio of 1.91 suggests the thiol-Michael reaction

This journal is © The Royal Society of Chemistry 2019

w

10

\*]
93]

40

50

3]
9]



Polymer Chemistry

proceeds to only 10.9% conversion when conducted as a
sequential step to the amine-thiolactone reaction. Low conver-
sion for the thiol-Michael reaction is likely due to the ineffi-
cient penetration of the bulky, large molecular mass and non-
polar nature of the PFDA molecule into the BBA-modified
brush, hindering access to the thiol throughout the brush.*?
Similarly, Klok and coworkers have shown that the size and
polarity of the molecules employed in PPM of brush surfaces
play important roles in determining conversion and compo-
sitional distribution of the postmodified brush.****

Next, we explored one-pot PPM reactions to produce multi-
functional homopolymer brush surfaces. The one-pot reaction,
as illustrated in Fig. 2b, proceeds analogously to the sequential
thiolactone reaction previously described but generates the
thiol in situ for immediate reaction with the acrylate, eliminat-
ing the intermediate wash/purification step. Specifically, we
subjected the pAHT substrate to a homogeneous solution of
BBA/PFDA (1:1) and DBU under ambient conditions for 15 h.
The one-pot double modification of pAHT with BBA and PFDA
resulted in a 230% increase in thickness from 30 nm for the
unmodified pAHT brush to 100 nm for the pAHT-BBA-PFDA
brush (Table 1). The significant increase in brush thickness, as
compared to the sequential postmodification, points to a more
effective immobilization of the two modifiers within the
brush. Consequently, the one-pot pAHT-BBA-PFDA brush sur-
faces were significantly more hydrophobic than the sequential
PPM surfaces as indicated by the 109.9° + 1.2° water contact
angle.

As previously described, XPS with GCIS was employed to
characterize the conversion and composition as a function of
depth for the one-pot postmodified brush. As shown in Fig. 3c,
the XPS survey spectrum collected at the brush/air interface
(sputter depth = 0 nm) following one-pot PPM is qualitatively
similar to the spectrum observed for the sequential PPM reac-
tion, exhibiting both Br 3d and F 1s peaks indicative of BBA
and PFDA immobilization. However, the one-pot surface exhi-
bits a substantial increase in the F 1s peak intensity. The
chemical composition as a function of depth for the one-pot
PAHT-BBA-FA surface is shown in Fig. 3d. The through-thick-
ness distribution of bromine is homogeneous - similar to the
distribution observed for the sequentially modified brush
surface - with an average bromine concentration of 1.87
atomic%. Surface segregation of the perfluoroalkyl side chains
at the brush/air interface is again evident in the XPS depth
profile with greater than 30 atomic% fluorine at the air inter-
face. The segregation of the perfluorodecyl side chains at the
interface explains the significant increase in water contact
angle (109.9°) observed for the one-pot surfaces, as previously
discussed. Except for the brush/air interface, the fluorine is
distributed homogeneously throughout the brush thickness
until approaching the brush/substrate interface. The one-pot
modification results in a thiolactone conversion of 58.7%, as
estimated from the average [Br 3d]/[N 1s] ratio, and a 73.9%
thiol-Michael conversion as determined from the average
[F 1s])/[Br 3d] ratio. While thiolactone conversions are similar
regardless of the PPM route, the one-pot process clearly results

This journal is © The Royal Society of Chemistry 2019
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in a more effective immobilization and vertical distribution of
the fluoroacrylate throughout the brush. The reason for such
observation is likely multi-fold. In the one-pot approach, the
unmodified pAHT and, consequently, less sterically crowded
brush is swollen simultaneously with BBA and PFDA allowing
both modifiers to diffuse more effectively into the surface
grafted chains. As a result, the double modification likely pro-
ceeds more efficiently due to greater accessibility of the fluoro-
acrylate to the thiol moieties formed upon ring-opening of the
thiolactone. Moreover, the one-pot PPM allows the thiol-
Michael reaction to occur immediately upon generation of the
thiol without undergoing a wash step, which likely mitigates
side reactions typically associated with the thiol functionality
(e.g., oxidation, disulfide formation, etc.).

Patterning pAHT brush surfaces

While the one-pot modification proved to be more effective in
immobilizing a high concentration of amine and acrylate
modifiers throughout the thickness of the brush, the sequen-
tial modification route is ideally suited for the fabrication of
micropatterned, multifunctional surfaces. In particular,
sequential and/or orthogonal PPM chemistries combined with
microcontact printing’®*® (LCP) represents a straightforward,
low-cost technique to design micropatterned surfaces of inter-
est for a broad range of applications including cell selective
adhesion,*®*” microfluidics,*® and organic solar cell devices.**
Here, we demonstrate the versatility of the thiolactone brush
platform to design micropatterned surfaces via reactive pCP
using two different fluorescent dyes, one bearing a primary
amine and the other a maleimide functionality. First, the
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Modified pAHT Brush
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Fig. 4 Microcontact printing of Texas Red maleimide on the dansylca-
dervine-modified pAHT brush. Fluorescent microscopy image of dansyl-
cadaverine-modified pAHT brush and sequential patterning with Texas
Red. Excitation of (b) dansylcadaverine at 405 nm (inset image depicts a
PAHT brush modified with dansylcadaverine without patterning of Texas
Red) (c) Texas Red at 633 nm and (d) both dyes under simultaneous exci-
tation at 405 nm and 633 nm.
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PAHT brush was post-modified with dansylcadaverine to
install the dye and liberate the thiol moiety. After thoroughly
rinsing, excitation of the surface at 405 nm revealed a homo-
geneous fluorescence from the dansylcadaverine-modified
PAHT brush (Fig. 4b, inset). Next, a PDMS stamp (5 um lines
spaced by 10 um) was inked with a 10 mM solution of Texas
Red C2 maleimide in EtOH, dried with nitrogen, and placed in
contact with the dansylcadaverine-modified pAHT brush
surface for 1 h (Fig. 4a). After functionalization via uCP, the
substrate was sonicated in EtOH and the patterned surface was
investigated using confocal microscopy. Excitation of the
micropatterned surface at 405 nm again revealed the blue fluo-
rescence originating from the immobilized dansylcadaverine
with the presence of a faint line pattern (Fig. 4b). The faint pat-
terned lines observed in Fig. 4b under 405 nm excitation are
likely due to secondary excitation of Texas Red by the dansylca-
daverine fluorescence, which overlaps with the excitation spec-
trum for Texas Red. Changing the excitation wavelength to
633 nm to address the Texas Red dye resulted in the obser-
vation of red fluorescence in 5 um stripes each separated by
10 pm (Fig. 4c). When both dyes were excited simultaneously,
the surface exhibits the expected line pattern that reproduces
the micropattern stamp with high fidelity (Fig. 4d).

Conclusions

In this work, we have demonstrated the synthesis of poly(acryl-
amide-homocysteine thiolactone) brushes via surface-initiated
polymerization. Post-polymerization modification of this versa-
tile thiolactone platform using sequential and one-pot amine-
thiol-ene conjugation reactions with bromobenzyl amine and
1H,1H-perfluoro-N-decyl acrylate provided facile access to mul-
tifunctional homopolymer brush surfaces. Depth profile
experiments conducted via XPS and argon gas cluster ion sput-
tering provided insight into the efficiency of the two PPM
routes (e.g., sequential versus one-pot reactions), particularly in
terms of double conjugation conversion and through-thick-
ness brush composition. The depth profile of the sequentially
modified surface showed that the aminolysis reaction with
BBA proceeded homogenously throughout the brush (albeit at
a modest 54% conversion), but subsequently hindered the pro-
gression of the thiol-Michael reaction with PFDA (11% conver-
sion). In contrast, simultaneously exposing the pAHT brush to
BBA and PFDA via the one-pot approach allowed both modi-
fiers to readily diffuse into the brush resulting in a more
efficient double conjugation (59% aminolysis conversion, 74%
thiol-Michael conversion). Despite suffering lower post-
polymerization efficiency, the sequential modification route
readily serves as a modular platform to design complex and
well-defined micropatterned surfaces when combined with
reactive pCP. Ultimately, polymer brushes carrying pendent
thiolactone functional groups provide an attractive surface
engineering approach for the design of multifunctional brush
architectures using a wide array of amines and thiol-reactive
modifiers.
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