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Abstract

Many polymers, such as PMMA, are very susceptible to swelling or dissolution by organic
solvents. Growing covalently attached polymer brushes from these surfaces by ATRP is
challenging because of the typical requirement of organic solvent for initiator immobilization. We
report an unprecedented, aqueous-based route to graft poly(A-isopropylacrylamide), PNIPAAm,
from poly(methyl methacrylate), PMMA, surfaces by atom-transfer radical polymerization
(ATRP), wherein the underlying PMMA is unaffected. Successful attachment of the ATRP
initiator, Athydroxysuccinimidyl-2-bromo-2-methylpropionate, on amine-bearing PMMA surfaces
was confirmed by XPS. From this surface-immobilized initiator, thermoresponsive PNIPAAmM
brushes were grown by aqueous ATRP to yield optically transparent PNIPAAmM-grafted PMMA
surfaces. This procedure is valuable, as it can be applied for the aqueous-based covalent
attachment of ATRP initiator on any amine-functionalized surface, with subsequent
polymerization of a variety of monomers.

INTRODUCTION

Grafting of unique polymers with useful characteristics on an existing polymer substrate can
impart new surface properties, such as wettability, adhesion, nonspecific adsorption, bio-
compatibility, and stimuli-responsive behavior.1=3 Often times the specific surface
properties for a given application require the use of tethered polymer brushes on these
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polymer surfaces.12 For example, nonspecific adsorption of proteins and other
biomolecules, typical of most polymer substrates,* can be decreased/prevented by surface
grafting of poly(ethylene glycol) and its copolymers.>8 Similarly, grafting of responsive
polymers on other polymer surfaces has the potential to yield interfaces with characteristics
that are dependent on environmental stimuli, allowing for programmed desorption of target
analytes’8 and control over fluid flow,? to name a few.

Poly(methyl methacrylate), PMMA, is widely used in micro-and nanofabrication of
microfluidic devices and other applications because of its good thermal and mechanical
properties, optical transparency, low fluorescence background, nontoxicity, commercial
availability, and low cost.”-19-12 |n order to make polymeric micro/nanofluidic devices with
desired performance characteristics, it is often required that their surfaces be modified with
different functional groups that yield specific interfacial properties.13 We are interested in
fabricating stimuli-responsive polymer surfaces on PMMA substrates.” Poly(A-
isopropylacrylamide), PNIPAAmM, is the most-often selected material for this
application, 1415 as it exhibits a lower critical solution temperature (LCST) in aqueous
solution at 32 °C at which the polymer changes from a hydrophilic, expanded state to a
collapsed hydrophaobic state. Importantly, grafting PNIPAAmM onto a substrate surface can
lead to its surface hydrophobicity being thermally responsive in a reversible fashion.1® Such
surfaces have promising applications in separation science,1’~19 switchable
membranes,?20-23 and the attachment—detachment of cells,24-26 bacteria,?’+28 and
proteins.29:30

The main challenge in the development of surface modification routes for polymer
substrates, such as PMMA, is discovering and optimizing aqueous-based chemistries that
offer the diversity of functionalities possible with “traditional” nonaqueous paths.
Specifically for PMMA, it has poor resistance to many organic solvents, resulting in its
being readily swelled and dissolved in these solvents; this is particularly problematic for
modification of microfluidic devices whose feature sizes and topography must not be
significantly altered by the modification process.

Polymer substrate surfaces can be coated with a desired polymer by either physical
adsorption or covalent grafting methods.3! Physisorption will not result in a permanent
surface modification, as it is not stable toward heat and solvent influence.32-34 The covalent
grafting approach typically results in a stable polymer layer that can be prepared by two
distinct paths, the first of which is “grafting to” where a preformed polymer with a pendant
linker group is directly attached to a complementary reactive group on the polymer
substrate. The other path called “grafting from” is based on formation or growth of polymer
chains from polymerization initiators attached to the substrate surface, and it is the most
versatile technique because it typically results in thick polymer brushes. Such a surface-
initiated polymer film formation can be achieved through use of several polymerization
techniques, such as ionic, ring-opening, radical, and reversible addition—fragmentation chain
transfer polymerization as well as the atom-transfer radical polymerization (ATRP)
method.3°

Among these, ATRP36-38 has been considered as one of the most effective surface-initiated
graft polymerizations due to its tolerance to a variety of reaction conditions and
monomers.36:39-41 However, for achievement of successful surface-initiated ATRP that
yields modified surfaces with the desired qualities, the following crucial steps must occur:
attachment of an appropriate ATRP initiator on a given substrate surface and then surface-
initiated ATRP of monomer with an efficient catalyst. As reviewed by Fristrup et al.,
attachment of an ATRP initiator is normally done by immersing hydroxyl- or amine-
functionalized substrates in a solution of an acid halide-functionalized initiator in an organic
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solvent, such as tetrahydrofuran (THF). Efficient covalent attachment of acid halide initiator
to substrate hydroxyl and amine surface groups is readily obtained with “traditional”
nonpolymeric substrates (gold, silicon wafer, and silica) due to their inert behavior with
respect to such organic solvents and derivatization reagents.

Although some synthetic polymer substrates can be modified with initiator under these
rather aggressive conditions, namely cross-linked polystyrene, isotactic polypropylene,
ethylene-acrylic acid copolymers, poly(vinylidene fluoride), poly(ether ether ketone), and
some natural polymeric materials,*2-44 such a route is not universally applicable,
particularly for polymer substrates that are sensitive to organic solvents and reagents. As a
result, a number of investigations have studied the feasibility of routes that minimize or do
not involve organic solvents for initiator attachment, including those based on vapor-phase
attachment,*® microcontact printing,® coating?44 or layer-by-layer deposition#448:49 of
initiator on the surface. These are attractive possibilities for solvent-sensitive substrates, but
they are substrate specific or require additional efforts of preparation and purification of
macroinitiators.

In this paper, we successfully demonstrate a simple aqueous-based route for the covalent
immobilization of an ATRP initiator on PMMA surfaces and subsequent surface-initiated
aqueous ATRP formation of PNIPAAmM. The initiator immaobilization was achieved by
reacting the activated ester of a valuable ATRP initiator (A-hydroxysuccinimidyl-2-
bromo-2-methylpropionate) with amine-functionalized PMMA surfaces® in aqueous media.
From the covalently attached initiator surfaces, atom-transfer polymerization in water was
carried out to grow PNIPAAmM brushes. This aqueous-based route to grafting polymers from
surfaces can be adaptable to a variety of substrates and water-soluble ATRP monomers and
is green in nature,51:52

EXPERIMENTAL SECTION

Materials

Copper(l) chloride (99.9%), 2-bromo-2-methylpropionic acid (BMP, 98%), N-
hydroxysuccinimide (NHS, 98%), N,V -dicyclohexylcarbodiimide (99%), tris[2-
aminoethyl]amine (97%), ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride,
and anhydrous dichloromethane were purchased from Sigma-Aldrich and used without
further purification. A-Isopropylacrylamide (NIPAAm, 97%) obtained from Sigma-Aldrich
was purified by recrystallization from hexane before use. Tris[2-
(dimethylamino)ethyllamine, Meg TREN, was prepared according to a literature
procedure.53:54 All other chemicals were reagent grade and used without further
purification. Buffers were prepared using reagent-grade chemicals and deionized water (18
MQ cm). Poly(methyl methacrylate), PMMA, sheets were obtained from Goodfellow. The
250 um thick PMMA sheets were cut in to small pieces (1 cm x 3 cm “slides™) and then
were cleaned by immersion in 2-propanol for 10 min. Then they were washed with
deionized water and dried in a stream of nitrogen.

Amine Functionalization of PMMA Surfaces

The clean PMMA samples were UV modified using a low-pressure mercury lamp for 15
min to introduce carboxylic acid functional groups on the surface.”->° After UV
modification, the slides were washed with deionized water and dried in a stream of nitrogen.
The carboxylic acid groups thus formed on the surface were elaborated by reaction with
ethylenediamine (5 x 1073 M) in a solution of 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (EDC, 0.2 M) and A-
hydroxysuccinimide (NHS, 0.05 M) in deionized water for 5 h; these conditions are those
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found to be optimal from a previous report.” The samples were cleaned with deionized water
and dried under a stream of nitrogen.

Preparation of the ATRP Initiator, N-Hydroxysuccinimidyl-2-bromo-2-methylpropionate
(NHS-BMP)

NHS-BMP was prepared>6:>7 by first dissolving 3.72 g of NHS to a solution of 2-bromo-2-
methylpropionic acid (4.5 g) in 15 mL of dry dichloromethane (DCM). Under an argon
atmosphere, this solution was cooled to 0 °C, and a solution of 7.06 g of 1,3-
dicyclohexylcarbodimide in 10 mL of DCM was added dropwise with constant stirring and
stirred overnight at room temperature. The solid formed was filtered, concentrated, and
purified by flash chromatography on silica with a 3:1 hexanes:ethyl acetate to yield a white
solid. GC-MS: (El) mlz264. 'H NMR (CDCl3) §=2.07 (s, 6H, CHs), 2.87 (s, 4H, CH>).

Initiator Immobilization

To the 120 mL of 0.01 M phosphate buffer, pH 7.3, containing 0.1 M KCI, 26 mg of NHS-
BMP initiator dissolved in 12 mL of dimethy! sulfoxide, DMSO,58 was added. It was then
immediately transferred to the scintillation vials containing amine-functionalized PMMA
slides. The containers were closed, and the reaction was allowed to occur overnight at room
temperature. Then, the slides were washed sequentially with buffer and deionized water,
followed by drying in a stream of nitrogen. We also observed that a very high concentration
of initiator in DMSO can cause damage to the PMMA surfaces.

Polymer Grafting

Surface grafting was carried out by first placing the initiator attached PMMA slides in small
glass vials sealed with a rubber septum. The vials were evacuated and refilled with Ar three
times. NIPAAm (11.3 g, 1 x 1071 mol) and CuCI (98 mg, 1 x 1073 mol) were weighed into a
separate round-bottomed flask and sparged with Ar gas. 100 mL of degassed, deionized
water was added to this flask through the septum to dissolve the contents. Afterward, the
flask was placed and then kept in an ice bath, and then 254 uL (1 x 1073 mol) of MegTREN
was injected into this flask, and the solution was degassed with Ar for an additional 30 min.
This solution was then injected into different vials containing initiator-PMMA slides under
an Ar atmosphere. After the addition, the vials were kept inside a refrigerator, and
polymerization was carried out for 24 h. The PMMA slides were then removed from the
solution, rinsed thoroughly with copious amounts of cold deionized water, and dried under a
stream of nitrogen.

Instrumentation

Fourier-transform infrared spectroscopy (FTIR) was carried out using a Bruker Tensor 27
FT-IR instrument with Pike Miracle single-bounce attenuated total reflectance (ATR) cell
equipped with a ZnSe single crystal. The thin PMMA sheets used were placed directly on
the small crystal spot, and gentle pressure was applied to ensure good physical contact.
Background spectra were measured with a bare ATR crystal. 256 scans were collected
between 4000 and 600 cm™1 for both background and sample spectra. Measurements were
made at a spectral resolution of 4 cm™1. 1H NMR spectra were recorded on a Bruker
DPX-250 using CDCl3 as the solvent. The sessile drop contact angles of water on the
surfaces were measured using a VCA 2000 contact angle system (VCA, Billerica, MA). The
surface composition of the PMMA and modified surfaces were obtained with a Kratos
analytical Axis 165 X-ray photoelectron spectrometer with Al Ka X-ray radiation of 1486.6
eV and takeoff angle of 90°. Peak locations were corrected based on the C 1s signal at 285
eV. Survey spectra and high-resolution spectra of individual elemental regions were
recorded with pass energies of 80 and 40 eV, respectively. The morphology of the surfaces
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was imaged using a Nanoscope 111 Multimode scanning force microscope (Digital
Instruments, Santa Barbara, CA) in air at ambient temperature. The operating mode was
intermittent contact mode (Tapping mode). A microcantilever was used as a scanning probe
with approximate resonant frequency of 325 kHz and a force constant of 40 N m~1
(MikroMasch NSC 15/50).

RESULTS AND DISCUSSION
Attachment of ATRP Initiator

Successful attachment of the A-hydroxysuccinimidyl-2-bromo-2-methylpropionate (NHS-
BMP) initiator on the amine-terminated PMMA surfaces’ using the conditions outlined in
Scheme 1 was confirmed upon inspection of their X-ray photoelectron spectra (Figure 1).
The peak corresponding to the Br 3d transition of the BMP initiator was observed at 70 eV
in the high-resolution spectrum (top inset of Figure 1). In addition, the peak centered at 400
eV is due to the N 1s transition of the amide groups that connect the PMMA surface to the
initiator, an observation similar to that we have found for attachment of other materials on
PMMA via amide bonds.”->> Control experiments with PMMA exposed to solutions of the
NHS-BMP did not lead to observation of Br signals in their X-ray photoelectron spectra,
indicating that the outcomes in Figure 1 are due to covalently attached BMP initiator.

Grafting of PNIPAAm from BMP—PMMA Surfaces by ATRP

PNIPAAmM was grown from the initiator-terminated surface by immersing the latter in an
Ar-degassed aqueous solutions of NIPAAmM monomer containing the ATRP catalyst system
(CuCl and MegTREN) at 0 °C for 24 h.5%-61 As we show in sections that follow, successful
grafting of PNIPAAm from BMP initiator-PMMA surfaces was confirmed by spectroscopic,
microscopic, and wettability measurements.

In Figure 2A,B are shown representative FTIR spectra of pristine (unmodified) PMMA and
PNIPAAm-grafted PMMA substrates. Compared with the pristine PMMA surface (Figure
2A), IR transitions corresponding to PNIPAAm®2 are evident in the spectrum for the grafted
surface (Figure 2B). Also apparent are IR bands associated with the PMMA substrate, and
they arise due to the penetration depth of the IR beam being greater than the PNIPAAmM film
thickness.53 For the PNIPAAM-PMMA surface, the broad band in the 3155-3595 cm™~1
range and the weak intensity absorption between 3040 and 3101 cm™1 are attributed to the
amide N-H stretching and amide Il overtone transitions. The sharp transitions at 1645 and
1540 cm™1 are associated with amide transitions (vc=g and &) of PNIPAAmM. The peak at
1460 cm™1 is due to the methyl antisymmetric deformation, and those that correspond to the
two methyl groups of the isopropyl functionality of the PNIPAAm are found at 1367 and
1386 cm™~1. These IR transitions are virtually identical to those reported for surface plasma-
polymerized PNIPAAM,%2 leading us to the conclusion that formation of PNIPAAm on the
initiator-terminated PMMA surfaces was successful.

Representative X-ray photoelectron spectra of pristine PMMA®4 and PNIPAM-grafted
PMMA surfaces are shown in Figure 3. For the pristine PMMA substrate (Figure 3A), the
survey spectrum possesses two peaks: one at roughly 285 eV that is associated with the
carbon C 1s transition and the other at 531 eV due to the oxygen O 1s transition of PMMA.
The survey spectrum of PNIPAAm-grafted PMMA (Figure 3B) has not only the C 1s and O
1s transitions but also a band near 400 eV that is attributed to the nitrogen N 1s of the amide
groups of PNIPAAmM; see Figure S1 for XPS of bulk, solid PNIPAAm. Compared to the
survey scan of the BMP initiator-functionalized PMMA surface (Figure 1), there is a
substantially larger amount of nitrogen present on the PNIPAAM-PMMA surfaces (Figure
3B). Additional support for the presence of the grafted PNIPAAmM material on the PMMA
surface comes from spectral fitting of the high-resolution C 1s spectra of PMMA and
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PMMA-PNIPAAmM (Figure S2), with the presence of the characteristic C 1s signals for the
amide (286.1 and 287.8 eV). As seen in Table 1, the PNIPAAm-grafted PMMA surface is
composed of 78.5% carbon, 9.1% nitrogen, and 12.4% oxygen, values that are quite similar
to those for the composition of PNIPAAm, which are 75% carbon, 12.5% nitrogen, and
12.5% oxygen.

The surface morphology of the PMMA surface before (initiator—PMMA, Figure 4A) and
after (PNIPAAM-PMMA, Figure 4B) polymerization was examined using scanning force
microscopy. The root-mean-square (rms) roughness of the initiator-modified surface was 20
nm (25 um x 25 pum area of evaluation). This value is typical of what we have found for
UV-modified PMMA (~18-27 nm),5® and it results from the substrate changes that occur
during the steps needed to prepare the initiator-PMMA surface, namely washing with
isopropanol, UV modification, amine functionalization, and initiator modification. From our
previous work,® the number of carboxylic acid sites, corrected for roughness from the
initial UV-modification chemistry, is approximately one monolayer, pointing to a very
efficient process for the 15 min UV exposure time. The roughness after PNIPAAm grafting
decreased to 11 nm (25 um x 25 um area of evaluation). Such a decrease in surface
roughness as a result of polymer grafting is characteristic of homogeneous layer polymer
formation on the surface, as noted for PNIPAAm grafts on poly(propylene) and poly-
(ethylene terephthalate).5:66 Importantly, the ATRP grafting-from process developed here
does not cause significant damage to the underlying PMMA.

In agueous environments, PNIPAAm surfaces are known to undergo rapid conformational
changes from a coiled to expanded form in response to temperature changes near the lower
critical solution temperature (LCST).1567 As a result of this phase transition, a characteristic
change in wettability occurs wherein the surface becomes more hydrophobic above the
LCST near 32 °C, as found by measuring the contact angle of a sessile water droplet on
thermostated surfaces. As noted in Figure 5, we found that the PNIPAAm-grafted PMMA
substrates were slightly more hydrophilic with an observed contact angle of 62 + 2° at 23
°C, whereas at temperatures of 40 °C or above, the water contact angle was 72 £ 2°. The
magnitude of this change in contact angle values above and below the LCST is in agreement
with previous reports for PNIPAAM on other substrates, such as gold.16:68-70 The repeated
ability of the PMMA-PNIPAAM surface to change its wettability from hydrophilic to
hydrophobic and vice versa (reversible nature) was tested by changing the temperature of
the water several times above and below the LCST; it was found that this property is highly
reversible. This property was not exhibited by PMMA or initiator-PMMA surfaces. Thus,
the temperature-dependent wettability of the PNIPAAm-grafted PMMA surfaces confirmed
the presence of the PNIPAAmM and its ability to undergo its characteristic phase transition.

Importantly, the overall process for PNIPAAm grafting did not significantly affect the
optical transparency or reflectivity of the underlying PMMA. However, a strikingly different
result was observed in control experiments using surfaces possessing no initiator. Exposure
of amine-terminated PMMA surfaces (the precursor to BMP initiator-PMMA) to the same
polymerization medium for the same amount of time as those generated using the BMP
initiator—-PMMA surfaces resulted in a nonreffective, very opaque PMMA material (Figure
S3, entry 6). This observed alteration of the optical properties of the underlying PMMA
during the control experiment is characteristic of NIPAAm monomer-induced damage to the
PMMA. The fact that the PNIPAAm-grafted PMMA surfaces do not exhibit changes in their
optical properties points to the growing PNIPAAm film acting as a protective layer to the
underlying PMMA substrate, similar to what we have seen during octadecyl layer formation
on amine-terminated PMMA surfaces.>0
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CONCLUSIONS

In summary, we have demonstrated a “surface-safe”, facile, and green method for
attachment of an ATRP initiator on PMMA surfaces in aqueous-based media with
subsequent aqueous ATRP polymerization of NIPAAm from this surface at low
temperature. Key to this route is the use of the NHS ester of the ATRP initiator and its
covalent linkage to amine-modified PMMA surfaces in aqueous buffer media; this is quite
suitable for PMMA substrates that are sensitive to organic solvents, and it should be readily
applied to other polymers with such solvent/reagent sensitivities. The formation of poly(A-
isopropylacrylamide) brushes on the initiator—PMMA surface was confirmed by XPS, FTIR,
AFM, and temperature-dependent contact angle measurements. Potential applications of
these responsive surfaces in nano/microfluidic devices include smart protein capture and
release coatings and possibly temperature-controlled flow in embossed nanochannels.®’1
Other potential avenues include development of responsive homo- and copolymer surfaces
on various polymer substrates that can subsequently be used for cell harvesting, simply by
rinsing with water at a temperature lower than their LCST.
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Figure 1.
Representative X-ray photoelectron spectrum of BMP initiator-modified PMMA surface.
Shown in the insets are the high-resolution regions for N 1s and Br 3d transitions.
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Fourier-transform infrared (FTIR) spectra of (A) PMMA and (B) PNIPAAm-grafted PMMA

surfaces.
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Figure 3.
X-ray photoelectron survey spectra of (A) pristine PMMA and (B) PNIPAAm-grafted
PMMA.
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Figure4.
25 um x 25 pm topographic scanning force microscopy images of (A) BMP(initiator)—
PMMA and (B) PNIPAAm-grafted PMMA surfaces in air at 25 °C. Zrange is 200 nm.
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Figure5.
Water contact angle images (sessile drop) of PNIPAAm-grafted PMMA surfaces at 23 °C

(left) and 40 °C (right).
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Scheme 1.
Reaction Path Used for Surface Grafting of PNIPAAm from PMMA by Aqueous-Based
ATRP
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Table 1
Elemental Atomic Composition of PNIPAAmM/PMMA Surfaces from XPS Studies

% C (28556V) % N (400eV) % O (531eV)

pristine PMMA 77.1 not observed 22.8
PNIPAAm-grafted PMMA 78.5 9.1 124
theor PNIPAAmM composition 75 125 12,5
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