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ABSTRACT: The development of an operationally simple, metal-free
surface-initiated atom transfer radical polymerization (SI-ATRP) based on

visible-light mediation is reported. The facile nature of this process enables the AL

fabrication of well-defined polymer brushes from flat and curved surfaces . 0%

using a “benchtop” setup that can be easily scaled to four-inch wafers. This L

circumvents the requirement of stringent air-free environments (ie., O.'mi.,.

glovebox), and mediation by visible light allows for spatial control on the ®o®, 0g°

micron scale, with complex three-dimensional patterns achieved in a single

step. This robust approach leads to unprecedented access to brush Metal-free

architectures for nonexperts. SI-ATRP
S urface-initiated polymerizations are a powerful and widely brush synthesis from uniformly functionalized initiating

utilized approach to the preparation of robust and layers.”> The key to the success of this method is the use of

functional polymer surfaces." Significant advances in this area light as a mild, noninvasive stimulus for selective polymer
have been enabled by the development of controlled radical growth, allowing access to three-dimensional nanostructures in
polymerization strategies, including nitroxide-mediated poly- a single step. While this process provides a significant
merization (NMP),2 reversible addition—fragmentation chain advancement in patterned polymer brush fabrication, the
transfer polymerization (RAFT),” and atom transfer radical need for a metal catalyst remains problematic for a number
polymerization (ATRP)." These methods allow a wide variety of applications in areas such as microelectronics and bioinspired
of brush structures with controllable thickness and composi- materials.”*”’ Heavy metal-based marine antifouling coatings

tion, including block copolymer structures, to be prepared.’
Access to these diverse architectures has led to numerous
applications in areas such as antifouling coatings,”™® drug
delivery,7 stimuli-responsive materials,” and nanoporous
membranes."’

Until recently, the fabrication of patterned polymer brushes
has required advanced techniques such as electron-beam
lithography,'"'* interference lithography,'® and microcontact
printing'*™'® to spatially localize initiating species. Recently,
methods such as surface-initiated electrochemical ATRP
(eATRP)"7~?° have been reported by several groups as versatile
alternatives to traditional surface patterning procedures. While
these techniques offer notable improvements in the field, they
also pose certain challenges, including delayed response time
for complete deactivation, requirement for copper-based
catalysts, and the lack of easy access to arbitrarily patterned
surfaces.”’

serve as a prime example, as bioaccumulation of released metal
ions in the environment is known to harm wildlife.”**" As a
result, significant effort has been exerted to develop systems
with decreased catalyst loadings™* > as well as improved
postprocess purification of trace metals.”>> Additionally, the
very high cost of Ir(ppy); ($1080/g) coupled with rigorous
deoxygenation procedures (multiple freeze—pump—thaw steps)
make implementation on a large scale impractical and therefore
greatly hinder their development and application.*®

Drawing inspiration from recent developments in photo-
controlled living radical polymerizations,”” such as phenothia-
zine-based metal-free ATRP,*® and its observed oxygen
tolerance in small molecule dehalogenations,” we sought to
develop a metal-free, benchtop system for the preparation of
surface-tethered polymer brushes (Figure 1). This straightfor-

In addressing these challenges, our group reported a light- Received: January 4, 2016
mediated ATRP process using an Ir-based photoredox Accepted: January 29, 2016
catalyst”>~** to spatially and temporally control polymer Published: February 2, 2016
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Figure 1. (a) Chemical scheme and conditions for metal-free ATRP
using a-bromoisobutyrate-based initiator-functionalized silicon sub-
strates. (b) Illustration of surface-initiated, metal-free ATRP (c) Plot of
brush height as a function of irradiation time using varied light
intensities in the benchtop chamber.

ward procedure involves the use of a modified Petri dish with a
covering glass slide, allowing for top-down irradiation of
surfaces (see SI, Figure S2). Well-defined single-layer patterns,
gradient structures, and block copolymer architectures are
readily available using traditional binary and/or grayscale
photomasks. The use of irradiation from commercially available
light sources, including compact fluorescent lamps (CFLs) and
even natural sunlight, further simplifies this process.

To understand the potential of this method, kinetic
experiments were conducted to track the relationship between
brush height and irradiation time. Using silicon substrates
uniformly functionalized with a-bromoisobutyrate-based ini-
tiators (Figure la), a series of polymerizations to prepare
poly(methyl methacrylate) (PMMA) brushes were performed
using irradiation with visible light (4 = 40S nm) at a range of
intensities for varied lengths of time (Figure 1c). After
thorough washing, thicknesses were measured using optical
reflectometry, and a linear relationship between brush height
and irradiation time was observed for each of the intensities
investigated. As a control, an analogous series of experiments
using 1.1 yW/cm? intensity light were performed in an inert
glovebox environment, yielding comparable results to the
benchtop system (see SI, Figure S4).

After observing a linear increase in brush height, the ability of
phenothiazine-mediated SI-ATRP to grow diblock copolymers
was explored. Thus, a uniform PMMA brush was first prepared
under optimized conditions and measured to be 30 nm.
Following this, a diblock copolymer was synthesized via chain
extension with 2,2,2-trifluoroethyl methacrylate (TFEMA)
(Figure 2). Optical reflectometry measurements indicated an
increase in overall brush thickness of approximately 26 nm,
suggesting retention of active chain ends. Moreover, character-
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Figure 2. (a) Metal-free SI-ATRP preparation of uniform diblock
copolymers via chain extension of PMMA, with brush heights
measured by optical reflectometry. (b) X-ray reflectivity (XRR) data
illustrate an increase in film thickness from the initial block. Raw data
and fitting are shown in the inset. (c) X-ray photoelectron
spectroscopy (XPS) plots show the emergence of characteristic signals
of covalently bound fluorine found in the PTFEMA block.

ization by X-ray reflectivity (XRR) revealed a collapse of
refractive fringes (Figure 2b, inset) corresponding to
thicknesses that match those obtained by optical reflectometry.
Scattering length densities (Figure 2b) were fitted via a three-
and four-layer model for the PMMA homopolymer and diblock
copolymer brushes, respectively, further confirming the increase
in brush thickness after block copolymer formation. Additional
characterization by X-ray photoelectron spectroscopy (XPS)
reaffirmed diblock copolymer composition, with the emergence
of a fluorine—CF3 peak at 292.72 eV (Figure 2c). These results
suggest that chain extension is achievable when performing
benchtop ATRP with N-phenyl phenothiazine as the catalyst.
A profound advantage of light-mediated surface polymer-
ization is the ability to exert direct spatial control over brush
growth using readily available photomasks with arbitrary
patterns.”” Using the benchtop setup, a binary photomask
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containing discrete line features with spacings down to 2 um
(Figure 3b), as well as various polygonal structures down to 1
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Figure 3. (a) Binary photomasks enable one-step patterning. (b)
Optical micrograph of micron-scale line features (2—10 ym). (c) AFM
image of 1 yum features and (d) corresponding AFM height profile. (e)
Polymerization using sunlight and (f) optical micrograph of patterned
2 um features (see SI for setup).

um, was placed over a silicon substrate and irradiated using
optimized conditions. After 3 h, well-defined patterning was
observed by optical microscopy. Characterization by AFM
revealed highly uniform patterning for 1 ym features (Figure 3c
and d). Experiments were then conducted using a grayscale
photomask to demonstrate the facile production of complex
gradient structures (see SI, Figure S6). A well-defined gradient
was observed, exemplifying the ability of metal-free SI-FATRP to
prepare arbitrary patterns on surfaces.

In order to further highlight the capabilities of the benchtop
setup, a polymerization was then conducted under natural
sunlight. With no additional precautions, the reaction was
performed by placing the apparatus in direct sunlight for 4 h,
and after thorough washing, well-defined patterns were
observed (Figure 3e and f). This offers a significant advantage
over previous light-mediated systems, which were limited to the
glovebox, and further demonstrates the modularity and ease of
phenothiazine-mediated, metal-free SI-ATRP.

As an additional example of modularity, we investigated the
application of this methodology to a larger-scale surface (i.e.,
four-inch diameter silicon wafer). This use is of particular
interest as there are few reports of using SI'PATRP for polymer
brush synthesis on large-scale wafers.”" When reported, these
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methods do not allow for well-defined spatial control. Using the
benchtop chamber, an initiator-functionalized four-inch wafer
was patterned using a binary photomask with irradiation from a
commercially available compact fluorescent lamp (see SI,
Figure S9). Arbitrary micron-scale patterns, as well as
millimeter-scale patterns were all obtained in a single step
(Figure 4), reaffirming the potential of metal-free SI-ATRP for
large-scale wafer applications.

Figure 4. (a) Photograph of large area patterning in a single step of a
four-inch wafer using a binary photomask. (b) Optical micrographs of
patterned arbitrary features. Scale bars are 200 pm.

For patterning diblock copolymer architectures, the ability to
achieve selective initiation from existing homopolymer brushes
is particularly powerful as it enables the fabrication of diverse,
spatially defined structures. Much like the experiments used to
obtain uniform diblocks, analogous experiments were con-
ducted using a binary photomask containing various micron-
scale features. First, a uniform homopolymer layer of 38 nm
was prepared using 2-(methylthio)ethyl methacrylate
(MTEMA) as the monomer. After washing, a subsequent
chain extension experiment was conducted using TFEMA with
irradiation through a binary photomask to achieve high-fidelity
PMTEMA-b-PTFEMA diblock copolymer patterns (Figure S).
In addition to characterization by optical microscopy, dynamic
secondary ion mass spectrometry (SIMS) was implemented to
chemically map the patterned brush surface. Indeed when the
'F signal was scanned, a micron-scale pattern of the PTFEMA
layer can be clearly observed. Moreover, an inverse pattern is
obtained when scanning for the *S signal found in the starting
PMTEMA brush (*’F-containing layer masks the underlying
32§ signal). As a ’C reference scan of the entire brush region
shows a continuous brush layer, the patterning must be due to
the presence of domains of fluorinated blocks on an underlying
brush layer as depicted graphically in Figure Sa (see also SI,
Figure S10). Furthermore, analogous SIMS results were
obtained for patterned PMMA-b-PTFEMA copolymer brushes
(see SI, Figure S11), demonstrating that efficient patterning
occurs for a number of polymer systems. These data thoroughly
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Figure S. (a) Schematic of PMTEMA-b-PTFEMA patterned surfaces.
(b) Dynamic secondary ion mass spectroscopy (SIMS) image of
patterned fluorine signal from PTFEMA. (c) SIMS image of patterned
sulfur signal from PMTEMA.

support the ability to achieve high fidelity spatially controlled
reinitiation of chain ends with metal-free SI-ATRP.

Encouraged by the results obtained on silicon wafers, it was
next sought to extend metal-free SI-ATRP to curved surfaces,
such as silica nanoparticles. The field of surface modification of
nanoparticles with polymer brushes has seen growing interest
due to the resulting properties of well-defined core—shell
architectures, with afplications in optics, magnetics, electronics,
and drug delivery.”"” We envisioned potentially furthering the
scope of these applications by taking advantage of a metal-free
approach to these materials, as well as offering a system that
would not require tedious purification steps.

To illustrate the versatility of this approach and the ability to
grow brushes from particle surfaces in solution, commercially
available silica nanoparticles were functionalized with a-
bromoisobutyrate-based ATRP initiators. The nanoparticles
were subsequently subjected to light-mediated, solution-based
conditions in the presence of N-phenyl phenothiazine as
catalyst (see SI). After 4 h of irradiation, the particles were
purified via rigorous washing and centrifugation steps. Next,
attenuated total reflectance—Fourier transform infrared (ATR-
FTIR) spectroscopy was used to analyze and compare the
PMMA-functionalized particles to the bare and initiator bound
particles. The results for the SiO,—PMMA nanoparticles
showed the emergence of a peak at 1725 cm™’, representative
of carbonyl groups present in the PMMA backbone (Figure
6a). Moreover, transmission electron microscopy (TEM) was
used to image the dried SiO, nanoparticles, and a clear PMMA
shell was observed (Figure 6c,d), the thickness of which
correlates with the mass loss obtained by TGA (see SI).
Thermogravimetric analysis (TGA) of the polymer-grafted
nanoparticles compared to the bare and initiator-functionalized
nanoparticles clearly showed a greater weight loss for the
PMMA-functionalized nanoparticles (see SI, Figure S12).
Subsequent analysis of cleaved polymers by '"H NMR and gel
permeation chromatography (GPC) also further supported the
presence of PMMA (see SI, Figure S13). These results are
promising preliminary evidence showing the versatility of
visible-light-mediated SI-ATRP for the synthesis of polymer
brushes across a wide range of surfaces and reaction conditions.
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Figure 6. (a) ATR-FTIR showing the emergence of the carbonyl
signal at 1725 cm™' for PMMA-functionalized SiO, nanoparticles
versus bare and initiator-functionalized particles. (b) TEM of bare
SiO, nanoparticles. (c) TEM image of PMMA-functionalized core—
shell SiO, nanoparticles. (d) Magnification of PMMA-functionalized
SiO, nanoparticles (scale bars are 200 nm unless otherwise noted).

In conclusion, a robust and versatile benchtop method for
the fabrication of surface-tethered polymer brushes using light-
mediated, metal-free ATRP on both wafers and nanoparticles
has been demonstrated. Utilizing an inexpensive organic
phenothiazine-based photocatalyst in combination with a
simplified benchtop reaction chamber and readily available
visible-light sources, spatially controlled brush growth was
demonstrated, even on large 4 in. wafer surfaces. Investigation
of monomer scope and extension of synthetic versatility of this
system for the preparation of increasingly complex functional
materials on a wide array of surfaces are currently underway.
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