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ABSTRACT: A modular and general method based on a
photomediated ATRA reaction for the spatially controlled
functionalization of surfaces with visible light is reported.
The ability to control reactivity with light intensity
combined with the orthogonality of ATRA chemistry
allows well-defined chemically differentiated monolayers
and complex nonlinear chemical concentration gradients
to be easily prepared. Use of light to mediate these
reactions permits spatial regulation and the generation of
unique, multifunctional chemical gradients.

brush growth were observed. We envisaged that the
combination of this short excited-state lifetime with photo-
mediated atom-transfer radical addition (ATRA) chemistry
would enable unprecedented control for patterning molecular
layers at surfaces.

The key to addressing this challenge was visible-light-
mediated Ir-catalyzed ATRA chemistry developed by Stephen-
son and co-workers.””** We hypothesized that this chemistry
would enable the photopatterning of a diverse range of
molecules containing pendent alkene substituents starting from
an alkyl bromide functionalized surface (Figure la). Notably,

he spatial arrangement of functional groups at surfaces
and interfaces is of paramount importance in a variety of
research areas such as antifouling, biological assays, and block
copolymer self-assembly for next-generation microelectronic
devices.' ™ The continued growth of these areas is driving the
further development and refinement of patterning methods that
lead to spatially defined chemical functionalities, with the most
versatile and widely used procedures including microcontact
printing,>~” lithography (i.e., electron-beam, scanning probe,
photo, etc.),*"> diffusion strategies,">™'® or photomediated
reactions.'”>* While these methods are successful for simple
patterns from a single functional group, the generation of more
complex, multifunctional surfaces remains a challenge.
Arguably, the most challenging surface structures are
chemical concentration gradients, which are becoming an
increasingly important class of patterned monolayers.”® While
microcontact printing5’6 and vapor deposition14 can lead to
gradients, procedures are often complicated and lead to poorly
defined, macro-scale features. The most successful recent
example is the work of Becker who developed a “vacuum
away” deposition procedure that enables the fabrication of
gradients containing orthogonal functional groups.'* However,
this method is limited to linear chemical gradients over
relatively large distances (cm scale). Accordingly, a system that
could create complex, nonlinear chemical concentration
gradients from a diverse set of functional groups over a range
of length scales (um to cm) would be of considerable value.
We recently reported a method for the fabrication of three-
dimensional poly(methyl methacrylate) brushes on surfaces”’
using a photomediated radical polymerization procedure.”® Due
to the short excited-state lifetime of the Ir catalyst, excellent
spatial resolution and a high degree of temporal control over
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Figure 1. Multistep photomediated atom-transfer radical addition
reactions for the patterning of multiple functional groups at surfaces.

using a binary photomask, surface modification would only
occur in irradiated regions (Figure 1b). Moreover, irradiation
through a grayscale mask would yield complex gradients where
the chemical concentration on the surface would be propor-
tional to the dosage of incident light (Figure 1c).*' Equally
important is the facile nature of the ATRA reaction which
leaves the alkyl bromide groups intact in the non-irradiated
areas and, therefore, available for subsequent ATRA steps with
different functional units. The combination of these features
would furnish a general procedure for patterning multifunc-
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tional chemically differentiated regions, as well as complex
nonlinear chemical concentration gradients.

To evaluate this hypothesis, we began by investigating the
patterning of a reactive N-hydroxysuccinimide (NHS) ester
derived from the nonactivated, terminal alkene (1). A silicon
oxide surface, uniformly functionalized with an alkyl bromide,
was layered with a solution of 1 and Ir(ppy); in N-
methylpyrrolidinone (NMP) and irradiated with a SO W
fluorescent lamp through a photomask comprised of 20 X 200
um rectangles for 30 min (Figure la). The NHS-ester-
functionalized surface was then treated with an amino-
substituted coumarin dye (2) to allow visualization of the
pattern. The fluorescence micrograph in Figure 2b clearly
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Figure 2. Fabrication of chemically differentiated areas on a surface
with light using a binary photomask.

shows functionalization occurred only where the light reached
the substrate and reveals that good spatial resolution can be
obtained using this photomediated ATRA reaction for
patterning. Notably, features down to 1 pm have been
successfully gatterned using this method (see Supporting
Information).*

A powerful aspect of the ATRA reaction is the orthogonal,
nondestructive nature of the Ir-catalyzed process. As a result,
the unexposed grid region of the surface surrounding the
coumarin-functionalized rectangles in Figure 2b still contains
reactive alkyl bromide groups which may be available for
secondary derivatization. The same substrate was then exposed
to a solution of the biotin functionalized alkene (3) and
Ir(ppy); in NMP and blanket irradiated with visible light (i.e.,
no photomask). Following treatment with fluorescein labeled
avidin, fluorescence microscopy (Figure 2c) demonstrated that
controlled reaction of 3 only occurred in the previously
unexposed region of the substrate. Further, the overlay of the
coumarin and fluorescein channels displays no overlapping of
the two chemical domains even though no photomask was used
in the second functionalization step (Figure 2d). This result
establishes the quantitative nature of the initial patterning step
and the ability to generate well-defined chemically differ-

entiated regions. Moreover, the use of biotin—avidin illustrates

that this method is applicable to biologically relevant systems
and can be used to spatially arrange proteins on a surface.

To further highlight the functional group tolerance of the
ATRA chemistry and the generality of this methodology,
catechol functional groups were patterned onto a surface and
then used to template the self-assembly of iron oxide
nanoparticles (Figure 3). In an analogous fashion to the
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Figure 3. Templated assembly of iron oxide nanoparticles facilitated
by the patterning of catechol functional groups on a surface.

procedure above, a silyl-protected catechol (4)** was patterned
using the photomask containing 20 X 200 ym rectangles. The
catechol was then deprotected and treated with a suspension of
iron oxide nanoparticles (<50 nm) in ethanol. After washing, a
polarized optical micrograph of the surface revealed the
nanoparticles had efficiently bound to the catechol function-
alized areas of the substrate. This result emphasizes the facile
nature of this approach with catechol units typically being
prone to side reactions under a variety of conditions. In
addition, the ability to use a wide variety of nonactivated
alkenes or alkynes demonstrates the modularity and generality
of this approach for tailoring surface properties.

Having established the capability to pattern micrometer-sized
features and the quantitative nature of the functionalization
process, the next major challenge was to investigate this
method for the formation of well-controlled concentration
gradients. In solution, the rate of these ATRA reactions is
directly proportional to the intensity of irradiated light.
Therefore, we reasoned that modulating the amount of light
that reached the surface would allow the extent of reaction and
hence, functional group density, to be precisely controlled. To
test this hypothesis, a grayscale photomask containing 100 X
100 ym squares that varied linearly in transmittance (from 0.6
to 0.03) across the feature was employed.>’ Using conditions
described above with irradiation through these grayscale masks
for 10 min, the NHS ester 1 was reacted with the surface
followed by derivatization with an amino-substituted fluo-
rescein dye for evaluation of the feature. The fluorescence
micrograph in Figure 4a and the three-dimensional representa-
tion of these data in Figure 4b, where the z-axis is
photoluminescence (PL) intensity, distinctly show the chemical
concentration gradient of fluorescein on the surface. This result
confirms that regulating the dosage of irradiated light can
modulate the chemical density on the surface.

To further demonstrate that the rate of reaction on the
surface can be precisely adjusted, we prepared four separate
fluorescein patterns using photomasks with different optical
gradients. Each grayscale mask varied linearly in transmittance
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Figure 4. Fluorescence microscopy images of a chemical concentration
gradient of fluorescein that was fabricated using a grayscale photomask.

and had the same starting value (0.60) but varying end values
(0.55, 0.34, 0.18, and 0.03). After patterning, the cross sections
of each of the chemical features display a clear correlation
between the transmittance gradient of the mask and the density
of the dye on the surface (Figure Sa-d, respectively). These
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Figure S. Cross section of four separate chemical concentration
gradients of fluorescein made using grayscale masks with differing
slopes of transmittance (a) - 0.60 to 0.55; (b) - 0.60 to 0.34; (c) - 0.60
to 0.18 and (d) - 0.60 to 0.03.

results demonstrate that the areal density of chemical
functionalization on the surface can be readily controlled on
the micrometer scale by simple modulation of light intensity
using standard photomasks.

In an analogous manner to the previous experiments that
used a binary photomask, the alkyl bromides that were not
consumed in the initial reaction after patterning with a
grayscale mask are still available for further functionalization.
To exploit this feature we used our standard procedure to
pattern a concentration gradient of fluorescein using a
photomask that varied linearly in optical density. Subsequent
blanket irradiation allows the remaining alkyl bromides, which
now have a density profile inverse to the original gradient, to be
reacted with 1 and then substituted with the coumarin-based
dye (2) for visualization. The resulting surface contains two
inverse chemical concentration gradients that could be readily
observed by fluorescence microscopy (Figure 6). A cross-
section of this pattern reveals that the concentration of
coumarin decreases as the concentration of fluorescein
increases. This dual concentration profile for a multifunctional
surface illustrates the potential of this technique and the unique
structures that can be prepared.

One of the advantages of this methodology is the high level
of control that can be achieved through light modulation when
compared to other external means of chemical regulation.**
This allows for the facile formation of complex nonlinear
gradients. To demonstrate this concept, the active ester 1 was
patterned using a grayscale photomask containing an array of
positive lenses (followed by functionalization with fluorescein).
Each lens is 50 ym in diameter and varies radially from its

—Fluorescein
——Coumarin

Grayscale Photomask

E X Visible
v v o Light
|

l\) Q_Q JOJDJJJ.'J]

PL Intensity (AU)

Subsequent B Functionalization

Fm&x_nmgmz&g

(DFluorescein [J Coumarin

100

25 50 75
Distance (um)

Figure 6. Dual chemical concentration gradients of coumarin and
fluorescein.

center in optical density. Fluorescence microscopy of the final
substrate clearly illustrates that the lens pattern was transferred
to the surface with the fluorescein concentration decreasing
radially from the center of each feature (Figure 7a). Moreover,
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Figure 7. Synthesis of complex nonlinear chemical concentration
gradients of fluorescein with a grayscale mask containing an array of
(a) positive and (b) negative lenses.

using the inverse mask with negative lenses yielded a similar
structure where, in contrast to the previous experiment, the
fluorescein density increases radially from the center of each
feature (Figure 7b). These experiments confirm that this
method can be used to fabricate complex chemical concen-
tration gradients that are not accessible using alternative
patterning methods, such as deposition techniques.

In summary, a general and modular approach for surface
patterning using photomediated ATRA chemistry has been
developed. The power of this ATRA strategy lies in its
compatibility with a wide variety of functional groups coupled
with the ability to tune the location and density of
functionalization by modulating the dosage of visible light.
Complex, nonlinear chemical concentration gradients and
patterned multifunctional surfaces that cannot be prepared
using traditional approaches are now possible. We expect that
the simplicity of this method and its ability to pattern a diverse
set of functional molecules will make it a practical tool for a
wide range of applications.
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Experimental procedures, compound characterization data, and
further patterning examples. This material is available free of
charge via the Internet at http://pubs.acs.org.
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