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ABSTRACT: Mechanically sensitive molecules known as
mechanophores have recently attracted much interest due to
the need for mechanoresponsive materials. Maleimide—anthra-
cene mechanophores located at the interface between poly-
(glycidyl methacrylate) (PGMA) polymer brushes and Si wafer
surfaces were activated locally using atomic force microscopy
(AFM) probes to deliver mechanical stimulation. Each individual
maleimide—anthracene mechanophore exhibits binary behavior:
undergoing a retro-[4 + 2] cycloaddition reaction under high
load to form a surface-bound anthracene moiety and free PGMA
or remaining unchanged if the load falls below the activation
threshold. In the context of nanolithography, this behavior allows
the high spatial selectivity required for the design and production of complex and hierarchical patterns with nanometer
precision. The high spatial precision and control reported in this work brings us closer to molecular level programming of
surface chemistry, with promising applications such as 3D nanoprinting, production of coatings, and composite materials that
require nanopatterning or texture control as well as nanodevices and sensors for measuring mechanical stress and damage in

situ.

B INTRODUCTION

Polymer mechanochemistry has attracted much interest
recently in order to understand the fundamental scientific
questions of force activation of chemical change as well as for
its technological potential related to the preparation of
mechanoresponsive materials.'~* Mechanically sensitive mol-
ecules known as mechanophores are activated via force to
trigger desirable chemical transformations such as color
changes,”™” catalytic reactions,® depolymerization,” small
molecule release,'” and changes in electrical conductivity.''
Immobilizing mechanophores on solid surfaces has provided
new opportunities for producing functional materials with
responsive interfaces such as polymer—silica particles,"
polymer—cellulose,"> and silk—epoxy materials'* and for
applications including fabrication of sensors and nanodevices.

Commonly reported means of activation include applying
mechanical forces to bulk polymeric materials,”'¥'® ultra-
sonicating dilute polymer solutions,'’~"* or performing single-
molecule force spectroscopy on surface-bound polymers.**~>*
More recently, a laser-spallation technique was utilized to
activate and characterize mechanochemical transformations at
a solid interface.”> While previous approaches are effective at
triggering activation, methods that enable nanometer spatial
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precision are critical for producing custom-designed structures
as well as fabricating nanocomposite materials and nanodevices
with desired structural, physical, and chemical properties.

Atomic force microscopy (AFM) is known for its molecular
resolution in imaging and Iithogra.phy.26’27 In addition, AFM
operates in various environments, including ultrahigh-vacuum,
ambient, and solution environments, and, as such, is versatile
enough to accommodate a wide range of chemical
reactions.”®*™° Furthermore, AFM enables accurate force
control over a wide range: from pN to hundreds of yN in
one experimental setup.’’ > The local pressure at contact is
tunable from kPa to GPa.** Finally, AFM enables surface
nanolithography as well as structural characterization in
situ.”* ™ Previously, AFM has been used as a nanolithography
tool to pattern self-assembled monolayers (SAMs) such as
alkanethiols on precious metals,>”>”*" silanes on Si wafers and
glass,*' and polymers.””*

This work reports using AFM probes to activate
mechanochemical reactions at interfaces. Taking advantage of
the spatial precision and force tunability of AFM, this approach
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affords excellent control over the spatial activation of
mechanochemical reactions on surfaces. This level of control
over interfacial reactions enables the fabrication of complex
structures with nanometer precision and signifies a critical step
toward programming surface chemistry molecule-by-molecule.
The outcomes of our experiments demonstrate the feasibility
for controlling mechanophore-based surface chemical reac-
tions, 3D nanoprinting, and production of advanced coatings
and composite materials that require nanopatterning or texture
control as well as nanodevices and sensors for mechanical
stress and damage in situ, V>

B RESULTS AND DISCUSSION

Spatially Selective Activation of Interfacial Mecha-
nophores. The concept of spatially selective activation is
illustrated in Figure 1, using the well-known maleimide—
anthracene (MA) mechanogahore. The MA mechanophore has
been reported by us'>*® and others’”*® to undergo a
mechanically activated retro-Diels—Alder reaction (retro-[4 +
2] cycloaddition) to form maleimide and anthracene in
solution and at nanoparticle—liquid interfaces. In this work,
MA mechanophores were immobilized on a Si wafer surface
via alkyl—siloxane self-assembly,*” and a poly(glycidyl
methacrylate) (PGMA) brush was grown subsequently. The
interfacial MA mechanophore activation was monitored in situ
by measuring the decrease in topographic height after high
contact force application. Synthesis of surface-bound MA
mechanophores has been reported in previous literature, and
the formation of polymer brushes on Si wafers is described in
detail in the Supporting Information (SI).
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Figure 1. Activation of MA mechanophores at the interface between a
polymer brush and silicon surface using an AFM probe. Each
mechanophore activation produces a free maleimide and a surface-
bound anthracene group via a retro-[4 + 2] cycloaddition reaction.

The imaging and activation of the MA mechanophore was
achieved in three steps. The mechanophore-functionalized
polymer brush surface was first imaged in dimethyl sulfoxide
(DMSO) in contact mode via AFM under a gentle force, e.g,,
10 nN, or 0.35 GPa, pressure estimated using Hertzian contact
mechanics.”** Upon selecting the activation region, the AFM
probe was moved to the designated location, and the contact
force was increased, e.g., to 350 nN, or 1.16 GPa. During the
scan, molecules underneath the probe were subject to vertical
pressure as well as lateral shear. The combined local
mechanical perturbation is known to break van der Waals
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interactions, hydrogen bonds, chemisorbed spec1es,37’5 1 and

ionic and covalent bonds.**> Given that each MA mechano-
phore is specifically designed to undergo a force-activated
retro-Diels—Alder reaction,'” we envision a force range that
could selectively activate the mechanophore without inducing
scission of the covalent bonds in each polymer brush. The
proof of this concept paves the way to generate locally defined
patterns that are chemically differentiated according to the
scanning trajectory of the AFM probe.

Our experimental studies had to first address variations in
probe apexes by determining an activation threshold for each
experiment. The threshold value was found by scanning a test
area with systematically increasing loads. After high-load
scanning of a designated area, the load was reduced to a low
force, e.g., 10 nN, and the region was reimaged for changes in
the surface morphology (Figure 1). The outcome and spatial
selectivity of each high-load scan was successfully characterized
by AFM, in situ, as each activation event cleaves a polymer
strand, reducing the layer’s height by a measurable degree and
exposing surface-bound anthracene. To confirm that the mode
of activation was via the retro-Diels—Alder reaction, the
substrates were examined by fluorescence microscopy, as
anthracene exhibits characteristic emission at 420 nm.*’

s AN 5

Figure 2. (A) AFM topographic image (24 X 24 ym) of a PGMA
brush acquired in DMSO under 10 nN force. (B) The same area as A
after the central 5.46 X 4.80 ym region was subjected to high-force
(450 nN) scans at 12.52 um/s with 256 lines. (C) The surface
functionalities across the middle of image B. (D) Fluorescence
microscopy image of the same region as B collected from 410 to 430
nm. All scale bars are 5.0 ym.

The successful activation of the MA mechanophores is
demonstrated in Figure 2, where an 18.6 X 18.6 um region of
PGMA polymer brush is shown in the center of Figure 2A. The
height of the polymer brush measures 11.4 + 1.2 nm above the
Si wafer surface. The central 546 X 4.80 pm region was
selected to undergo a high-load (450 nN) scan in DMSO. The
outcome is shown in Figure 2B, where the perturbed area
appears 7.8 & 1.3 nm lower than the surroundings or 3.5 + 0.6
nm above the wafer surface (Figure 2C). Under excitation of a
mercury lamp (centered at 360 nm), the central region
exhibited fluorescence at 410—430 nm (Figure 2D), which is
characteristic of anthracene (see also SI for detailed measure-
ments).”” The AFM and fluorescence microscopy images
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Figure 3. (A) Top: AFM topographic images of a PGMA brush on a Si wafer, taken at five designated locations. The images were acquired in
DMSO under an imaging force of 55 nN. Each image covers a 15.4 X 15.4 ym area with the central 5.8 X 4.8 ym area scanned under a high load as
indicated above each image. Bottom: Fluorescence microscopy images acquired at the same areas as those above. Lateral scale bars are 5.0 ym. (B)
The plot shows the fluorescence intensities, normalized with respect to the 600 nN square’s fluorescence (blue, Normalized PL) and relative height

difference (black) as a function of load.
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Figure 4. (A) Designed gradient image file shown in grayscale. (B) A 7.0 X 6.6 yum AFM topographic image of a PGMA brush overlaid with the
physical location and dimensions of A prior to activation. AFM lithography was executed, applying the corresponding forces following the designed
gradient pattern. (C) AFM topographic image of the same area as B after lithography. The polymer brush height was 10.6 + 0.6 nm above the Si
wafer surface, passivated by 1.4 + 0.2 nm thick oligomeric ethylene oxide. The lateral scale bar and vertical range are 2.0 ym and 0—14 nm,
respectively. (D) The height profile as indicated by the horizontal line in C.

verify that the interfaciall MA mechanophores underwent a in AFM to control the number and location of high-load sites,
retro-[4 + 2] cycloaddition to generate surface-bound e.g,, by controlling the line density where the probe applies a
anthracene. Additionally, ex situ time-of-flight secondary ion high load, employing contact at sporadic sites instead of the
mass spectroscopy (ToF-SIMS) further supports mechano- entire region, or reducing the local contact force, which is
phore activation (Figure S1 in SI). The high spatial selectivity equivalent to reducing transient contact area.’”™® In the
is evident from Figure 2B; the feature has sharp 90°corners and example shown in Figure 3A, the outcomes under five loads
straight edges. (200, 300, 400, 500, or 600 nN) are compared. The PGMA
Control experiments were performed to verify that the high polymer brush measured 26.0 + 1.3 nm taller than the
local force applied triggers the retro-[4 + 2] cycloaddition of surrounding Si wafer surface. For the lowest load of 200 nN,
MA mechanophores without rupturing bonds elsewhere in the the outline of the central region is barely discernible, and
molecule. Identical experiments were carried out using a minimal fluorescence is observed, indicating that only a small
polymer brush, i.e, PGMA covalently linked to the Si wafer portion of the MA mechanophores was activated. Between the
surface without a mechanophore moiety (Figure S2 in SI). The 300 to 400 nN squares, drastic changes in both AFM
control sample was prepared following similar procedures used topograph and the fluorescence intensity are evident. At the
for fabrication of the brush in Figure 2 (see the SI for details). highest load of 600 nN, the central 5.8 X 4.8 pm region
After being scanned under high force (450 nN), the control measured 24.6 + 0.9 nm below the surrounding PGMA, and
sample showed no discernible changes in the AFM topo- the fluorescence reached its highest intensity. Fluorescence
graphic image within the force range used in this work. images of the region confirmed the presence of surface-bound
Fluorescence microscopy revealed no emission in the 410—430 anthracene. Both the AFM height measurements and
nm region. The combined evidence from these control fluorescence intensities suggest quantitative activation of
experiments indicates that only the weakest bonds, ie., the mechanophores within the scanned region, which used the
MA mechanophore, were disturbed under 450 nN of force. deepest feature as a reference to quantify activation density as a

Therefore, AFM provides a means for selective activation of function of AFM force (Figure 3B).
interfacial MA mechanophores with high spatial fidelity. By using relative feature depth to quantify mechanophore
Control over the Density of Mechanophore Activa- activation density, we can further explore the mechanism of
tion. Given the force sensitivity of the MA mechanophores, control over activation density. The height measured from
controlling the density of mechanochemical activation is AFM topography decreases with increasing MA activation, as
theoretically possible by varying the number and location of the resulting anthracene is shorter than the PGMA brush, and
high-force sites within a given area. Various means are available thus, the remaining PGMA chains adopt a more relaxed
4082 DOI: 10.1021/jacs.8b10257
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packing than the initial brush.***® Assuming a linear
correlation, MA mechanophore activation is estimated from
height measurements and is plotted in Figure 3B,>° and the
quantification is consistent with fluorescence intensity
measurements as seen from the combined plot. The control
over the density of MA mechanophore activation is
rationalized by the AFM probe—brush contact. A higher
force manifests as a higher contact diameter, and as a larger
activation area in each scan line, while the interline spacing is
constant under the set scan line density. This increase in
activation area per line results in an overall height decrease for
the scanned area. For example, at 512 line scans covering the
central 5.8 ym X 4.8 ym area, the nearest neighbor line spacing
would be 9.4 nm. With a contact diameter larger than the
interline spacing, complete activation of the mechanophores is
expected, while reducing the load leads to contact diameters
smaller than the interline spacing and, thus, a lower activation
density.

Production of Complex Patterns by Design. To further
test the spatial selectivity and density control, we designed and
produced a gradient feature. A rectangular grayscale gradient
feature was first designed and saved in bitmap format (Figure
4A). After imaging the polymer brush in DMSO at low force, a
relatively flat region was selected. Then, the design from Figure
4A was input to the AFM imaging software using the
program’s bitmap lithography tool and applied to the selected
region. The location and size of the design were adjusted to the
configuration shown in Figure 4B. Then, the grayscale in the
design (dark to bright) was assigned to specific loads by
defining the minimum and maximum value, e.g.,, black = 0.1
and white = 1.0 uN, with a linear relationship for the grayscale
in between. Finally, the design was transcribed onto the PGMA
brush at the assigned load line-by-line. The result was imaged
in contact mode in DMSO under a low force of 66 nN, as
shown in Figure 4C. The gradient feature covers the central 4.8
X 2.8 pm area, requiring 351 lines and 8 min to produce.
Comparing Figure 4A and C, the design was “transferred” with
high fidelity in both geometry and gradient contrast. A cursor
profile shown in Figure 4D indicates that the height is
continuously decreasing along the x-direction during the first
2.7 pm, with the height gradient of AZ/AX = 6.1 nm/2.7 um
= 2.26 nm/pm. Beyond 2.7 pm, the topography plateaued due
to activation of all the mechanophores. The gradient can be
controlled by varying the load assigned to the contrast or
changing the x-range, demonstrating the feasibility and high
degree of control in spatial selectivity and activation density.

The results shown in Figure 4 also facilitates the under-
standing of the AFM-based MA activation mechanism, e.g.,
pulling, normal load, or lateral shearing under high normal
force. In Figure 4, for example, a series of lines were produced
under increasing load. The tip remained in contact with the
polymers throughout the scan. Thus, only normal force and
shearing were present. The only pulling force experienced is
the end contact point at the corner of the image; yet, activation
was observed following the trajectory of each line, and the
degree of activation is in good accordance of the normal load.
In addition, we also applied normal force without lateral
movement. Within the force range in this work, less than 10%
activation was observed. Therefore, we infer that shearing
under high load between an AFM apex and molecules under
contact is primarily responsible for mechanoactivation.

A more complex design (Figure S) was also tested.
Following the same method as that in Figure 4 and defining
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Figure 5. (A) AFM topographic image taken after scanning a complex
grayscale image (inset) onto a 12.1 # 1.3 nm thick PGMA brush
immobilized by MA mechanophores on a Si wafer, passivated by 1.4
+ 02 nm thick oligomeric ethylene oxide. (B) Fluorescence
microscopy image of the same region as A, under 360 nm excitation
and collected from 410 to 430 nm. All scale bars are 1.0 ym.

the force range as 50—900 nN, the design was successfully
replicated within the 6.15 X 6.15 pm area with two successive
scans.

The intricate geometry, such as the blades of the spiral and
the central circle, were accurately produced. Even small
features were replicated with high fidelity, such as the points
of the blades (55 nm). Note that all the nonconnected
domains, such as the blades and the central circle, were also
transcribed with high fidelity without any traces of dragging.
The three different shades on the blades were also faithfully
“translated” by assigning the shades to different forces to be
applied during the scan.

The corresponding fluorescence image was shown in Figure
5B, where the intensity map is highly consistent with the
location and local abundance of anthracene termini. The
robustness of high spatial selectivity was verified by production
of a hierarchical feature (e.g, the rectangular feature in the
TOC). Results from Figures 4 and S demonstrate that
combining AFM with the mechanochemical reaction led to
high fidelity and spatial accuracy. Such a high degree of control
and selectivity paves the way for a broad range of applications,
including composite material engineering, molecular control
over the chemical and physical properties of surfaces, and
fabrication of stress-sensitive nano devices.">***

B CONCLUSIONS

We demonstrate the activation of a surface immobilized
maleimide—anthracene mechanophore with a PGMA brush
using AFM. Taking advantage of the accurate force control in
AFM, the contact force between the probe apex and the
substrate-bound mechanophore was tuned for either imaging
or activation. The retro-[4 + 2] cycloaddition upon activation
of the MA mechanophore was verified by the topographic
changes revealed by in situ AFM imaging and fluorescence
microscopy, where surface-bound anthracene exhibits a
characteristic emission at 410—430 nm. This new means to
activate mechanophores has the intrinsic advantages of (a) a
wide range of force control and tunability; (b) high spatial
precision, which enables nanolithography (we focused on
utilizing AFM nanolithography); and (c) in situ activation and
characterization. The high spatial resolution of AFM enabled
nanolithography of complex structures with high spatial
accuracy and selectivity. Unlike prior 2D nanolithography
where the contrast is mostly binary, we demonstrate that
multilevel contrast in the original design, including gradient
features and hierarchical micro and nanostructures, could be
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faithfully translated via spatially controlled surface chemistry.
The concept and methodology developed in this work is of
generic importance for other mechanophore containing
materials. Work is in progress to construct 3D nanostructures
by combing this approach with subsequent surface reactions,
which will enable 3D nanoprinting. Future applications include
production of coatings and composite materials that require
nanopatterning or texture control as well as nanodevices and
sensors for measuring mechanical stress and damages in situ.
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