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ABSTRACT: Organizational chirality on surfaces has been of interest in chemistry and
materials science due to its scientific importance as well as its potential applications.
Current methods for producing organizational chiral structures on surfaces are primarily
based upon the self-assembly of molecules. While powerful, the chiral structures are
restricted to those dictated by surface reaction thermodynamics. This work introduces a
method to create organizational chirality by design with nanometer precision. Using
atomic force microscopy-based nanolithography, in conjunction with chosen surface
chemistry, various chiral structures are produced with nanometer precision, from simple
spirals and arrays of nanofeatures to complex and hierarchical chiral structures. The size,
geometry, and organizational chirality is achieved in deterministic fashion, with high
fidelity to the designs. The concept and methodology reported here provide researchers a
new and generic means to carry out organizational chiral chemistry, with the intrinsic
advantages of chiral structures by design. The results open new and promising

applications including enantioselective catalysis, separation, and crystallization, as well as optical devices requiring specific polarized
radiation and fabrication and recognition of chiral nanomaterials.

B INTRODUCTION

Surface chirality is an area of growing interest, due to its
intriguing scientific significance and many potential applica-
tions, such as chiral sensors, circularly polarized light emission,
enantioselective separation, crystallization, and catalysis.'~* In
addition to the well-known molecular chirality, surface chirality
can also arise from achiral molecules, as certain absorbed
conformations induce chirality.”® A less studied form of
surface chirality is organizational chirality, which arises solely
from the arrangement of the molecules on the surface.”
Therefore, both chiral® and achiral molecules”'°™'* have
been utilized to form organizational chiral structures. Current
means to produce organizational chirality primarily rely on self-
assembly, from simple and small organic molecules””'® to
large aromatic ones."*'® The resulting chiral structures are
restricted to those driven by the resulting intermolecular and
molecule—surface interactions.

In order to go beyond this restriction and achieve
organizational chirality deterministically, we turn to the
combination of atomic force microscopy (AFM) and surface
chemistry. Taking full advantage of the high spatial precision of
AFM in performing nanolithography to create chiral geo-
metries,' """ various functionalities and complex chiral
designs are achieved. Multiple surface reactions were tested,
including thiol adsorption on precious metals’’~>* and retro-
Diels—Alder reactions of maleimide anthracene (MA)
mechanophores.”>™*° Various chiral structures have been
designed and produced with nanometer precision, from simple
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chiral spirals to arrays of chiral nanofeatures to hierarchical
chiral structures where both the individual features and the
overall layout are chiral. In addition to nanolithography, AFM
also provides a powerful and high-resolution readout of
molecular assemblies on surfaces”””*' and, therefore, was
utilized in this work to reveal organizational chiral features
produced. The concept and methodology reported here enable
a new and generic means to perform organizational chiral
chemistry, with the intrinsic advantages of creating structures
by design. The results reported here open new and promising
applications including organizational chiral sensors, 3D chiral
nanoprinting, enantiomeric separation, and enantiomeric
heterogeneous catalysis.

B RESULTS AND DISCUSSION

Production of Organizational Chiral Structures Using
Nanolithography and Surface Chemisorption. To
demonstrate that AFM-based nanolithography enables pro-
duction of organizational chiral structures, we first designed a
pair of simple Archimedean spirals, as shown in Figure 1A. The
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Figure 1. (A) Design of a pair of S and R spirals. (B) AFM
topographic image (1.5 ym X 0.75 um) of the pair of chiral structures
produced following A. Image was acquired in a 0.02 mM C g ethanol
solution under a force of 6.7 nN and a scanning speed of 3.76 um/s.
Lateral scale bar = 0.2 ym.

spiral on the left rotates counterclockwise outward from the
center, thus is denoted as “S” chirality. Its mirror image on the
right thus exhibits “R” chirality. The chirality is further verified
by the lack of improper rotational symmetry in each feature;
that is, neither spiral is superimposable on its mirror image
within the plane.

Translating the design into true chemical features requires
selecting the appropriate surface chemistry, scaling the design
to the desired size, setting the nanolithography conditions, and
finally performing the AFM-based nanolithography accord-
ingly. In Figure 1, this was done by nanografting.'®** In
summary, a l-octanethiol (abbreviated as Cg) self-assembled
monolayer (SAM), created on an ultraflat Au thin film,*® was
used as the matrix or canvas. 1-Octadecanethiol (abbreviated
as C,4) molecules were used as the active component for the
spirals. The Cg SAM was first imaged via AFM in a solution of
0.02 mM C,4 in ethanol under a low force of 6.7 nN, from
which the nanolithography site was chosen. The design (shown
in Figure 1A) can be created using any graphic software, in this
case, simply MS-PowerPoint, and saved in png format. It was
then read and displayed directly by our AFM data acquisition
program on the acquired AFM image. The displayed spirals
were then moved to the designated location and scaled to the
desired size. The spirals are Archimedean spirals defined by eqs
1 and 2

r (nm) = 18.00 (nm) X 0 (1)

(2)

where r is the distance from the spiral’s center, the two
coefficients (18 and —18) are the Archimedean constant and
dictate the chirality (e.g., positive values yield S-chirality) and
spacing between orders of the contours, and 6 is the
counterclockwise angle measured with respect to the
horizontal axis. Equations 1 and 2 describe the S and R spirals
in Figure 1A, respectively, with a range of € from 0 to 6.5 7.
Setting the nanografting force to 218 nN, the AFM tip was
then scanned at 1.0 pm/s at this high load, tracing the
contours of the displayed spirals. The high force shaved the Cq
from the Au surface, and the void was then immediately filled
by the C;3 molecules in the imaging medium. After
nanografting, the 1.5 ym X 0.75 ym area was imaged at a
much-reduced force of 6.7 nN. As shown in Figure 1B, the two
spirals were faithfully produced, quantified by eqs 3 and 4
below:

r (nm) = —18.00 (nm) X 6
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r (nm) = 18.10 (nm) X 0 (3)
r (nm) = —17.82 (nm) X 0 (4)

where 6 ranged from 0 to 6.5 7, agreeing with the designed size
in eqs 1 and 2 with nanometer precision. The height of Cg
measured 0.7 + 0.2 nm above the surrounding C; SAM,
consistent with the known SAM structure of closely packed
alkanethiol molecules whose chains are tilted 30° from the
surface normal.****** The $ spiral had three rotations, with the
line width (defined as the full-width at half-maximum, fwhm)
measured as 24.9 + 1.5 nm, separated by 104.2 + 3.8 nm
between successive orders of contours. Although alkanethiols
are achiral molecules, both C; spirals, by definition, exhibit S
and R organizational chirality, respectively.”

For AFM instruments without the capability of using polar
coordinates or uploading graphic designs, one could easily
produce chiral features by defining the specific values in the X
and Y scanning directions. Using Archimedean spirals as an
example, the XY positions of the spiral follow the parametric
eqs 5 and 6:

X (nm) = a (nm) X @ X cos (0) (s)

(6)

where X and Y represent the coordinates of the designed
structure, a is a scaling factor whose sign determines the
chirality of the spiral, and 6 determines the number of
rotations of the spiral.

A specific design and its nanoscale rendition are shown in
Figure 2, where the nanografting was performed following the
designed parametric equations. This Archimedean S spiral is
represented and quantified using eqs 7 and 8:

X (nm) = 13.32 (nm) X 6 X cos ()

Y (nm) = a (nm) X 6 X sin (9)

(7)
(8)

where the variable 6 ranged from 0 to 31.8 7 with increments
of 0.318 7. Setting the shaving force to 218 nN, the equations
were entered into the AFM scanning commands. During the
scan at 1.0 um/s, the spiral path was traced under 218 nN,
according to XY positions defined by eqs 7 and 8 (shown in
Figure 2A). Again, nanografting took place, where the Cg
molecules were replaced by C,g molecules from the solution of
0.02 mM C,g in ethanol. The resulting feature is revealed in
Figure 2B, where the S spiral had 16 rotations, with a line
width equal to 23.5 + 0.0 nm, separated by 83.9 + 2.9 nm
between successive orders of contours. The height of the spiral
was 0.9 + 0.1 nm above its surrounding Cg SAM, which is
consistent with the expected height difference between the C 4
and Cgy SAMs shown schematically in Figure 2C.**

Complementary to scanning electron microscopy (SEM)-
based lithography, which can reach similar length scales and
precision, AFM nanolithography offers additional capabilities
to produce features through additive, subtractive, and reactive
means. Additionally, our methodology enables production of
designed functionalities under wet chemistry environments
(while SEM requires high vacuum), offering high versatility in
chemistry and materials science.

Compared with prior a};proaches of producing organiza-
tional chiral structures,®>™> our method allows deterministic
production of organizational chiral structures instead of being
restricted to simple structures dictated by reaction thermody-
namics. The spatial precision of AFM enables nanometer

Y (nm) = 13.32 (nm) X 6 X sin ()
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Figure 2. (A) S spiral defined by the parametric eqs 7 and 8. (B) 3.0
pum X 3.0 um AFM topographic image containing the S spiral of Cjg
inlaid in a Cg SAM. The AFM image was acquired in an ethanol
solution containing 0.02 mM C, under a force of 6.7 nN and at a
speed of 7.52 um/s. Lateral scale bar = 0.5 ym. (C) Schematic
diagram of nanografted C,4 inlaid in Cg SAM revealing the adsorption
conformation of the alkanethiols.

resolution in both production and imaging.”**"** The
organizational chirality, feature geometry, and overall feature
size followed the intended designs faithfull?r. Combined with
the recent advances in SAM chemistry,”"*'~* this approach
can accommodate a wide range of material and functionality.
Example head-groups include thiols,*® dithiols,*” disulfides,*®
alkynes,49 and silane chemistries,*® with terminal §roups of
COOH, CHO, NH,, biotin, and the like 3444651

The organizational chiral structures created here can be used
as templates to selectively attract macromolecules with desired
chiralities, e.g,, R or S, onto surfaces.>*3

Production of Organizational Chiral Structures Using
Nanolithography and Mechanochemistry. Expanding our
designs beyond simple Archimedean spirals, a bladed fan
feature is shown in Figure 3A with features illustrating how an
R-bladed fan design is generated. Each of the “blades” are
produced by a nonoverlapping region of two equal sized circles
(e.g., blue and pink in Figure 3A). The diameter of the circles,
D, and the separation between their centers, d, determine the
overall size and geometry of each “blade”. Neighboring
“blades” are rotated 60° with respect to each other, with a
shared side and a shared point, thus creating this six-bladed fan
feature.

Utilizing mechanochemistry”®***° of an interfacial MA
mechanophore system,””” we produced a six-bladed fan
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Figure 3. (A) Design of a six-bladed fan feature with R-chirality. (B) 7
pum X 7 um AFM topographic image taken after production of the R-
bladed fan shown in A. The image was acquired in DMSO under an
imaging force of 18 nN at 17.53 um/s. Scale bar = 1.0 ym. (C)
Schematic diagram illustrating the molecular adsorbates and terminal
functionalities across the patterned region.

consisting of anthracene termini on Si wafers, as shown in
Figure 3. To create this feature, a siloxane SAM was first
produced on a Si(100) surface following procedures previously
reported.”® Each covalently bound molecule contained a MA
mechanophore and was terminated by a poly(glycidyl
methacrylate) (PGMA) tail. This thin film was imaged via
AFM in dimethyl sulfoxide (DMSO) under a low force of 18
nN to enable selection of sites for nanofabrication. The design
in Figure 3A was exported as a bitmap image and directly
uploaded into our AFM data acquisition software for
displaying and sizing. With the black contrast set to 30 nN
and bright contrast set to 800 nN, the AFM scanned the blade
pattern with the defined forces. The results are shown in
Figure 3B, where the blades are clearly visible, appearing as
negative contrast in the AFM topograph. The R chiral structure
followed the design pattern with high fidelity. The parent
circles had D = 343 + 0.15 um, with a center—center
separation of d = 0.79 + 0.08 ym. The width of the blade lines
at fwhm was 0.23 + 0.07 um, while the diameter of the central
circle was 1.15 + 0.07 um. The anthracene termini regions
were 3.83 + 0.39 nm lower than that of the surrounding
polymer brush. This structure is consistent with the activation
of the MAs under the high force via the retro-Diels—Alder
reaction, followed by the departure of PGMA groups, the
results of which are shown schematically in Figure 3C.”’

https://doi.org/10.1021/jacs.1c10491
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While the reactions used in Figures 1 and 2 were adsorption
directed by AFM scans, the reactions achieved in Figures 3 and
4 were based on detachment of PGMA tails by the local force

6 nm
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Figure 4. (A) AFM topographic image taken after scanning the chiral
grayscale image inset on an MA surface. (B) Lateral image acquired
simultaneously. Images were collected in DMSO under 70 nN and at
a speed of 22.54 pm/s. Scale bars = 1.0 pm.

exerted via the AFM probe. The later enables production of
multicontrast organizational chiral features, as illustrated in
Figure 4. A multicontrast R-bladed fan was designed and
produced. Modifying the design in Figure 3, the fan in Figure 4
has six solid and well-separated blades, with each pair of
opposite blades assigned a contrast in gray scale (Figure 4A,
inset). Setting the shaving force, based on blade contrast in the
design, to be 333, 617, and 900 nN for dark, gray, and bright,
respectively, the AFM probe was able to activate the MA
groups in the blade regions. The number of MA groups
activated was based on the force setting,25 resulting in the
complex, multicontrast organizational chiral structure shown in
Figure 4A. The diameter, D, of the parent circles measured
3.79 + 0.04 pum with a center—center separation d = 0.97 +
0.03 pm. The diameter of the central circle was 1.28 + 0.02
pum, with a depth of 7.0 nm. The depths of each “blade” feature
were 1.27 + 0.31, 4.43 + 1.88, and 7.46 + 0.09 nm lower than
the surroundings, corresponding to MA activation densities of
17 + 4%, 58 + 25%, and 98 + 1%, respectively. In addition to
the morphological changes revealed in AFM, fluorescence
imaging also provided corroborative evidence as the intensity
correlates to the surface concentration of the resulting
anthracene termini.”>*® Additional supportive evidence arises
from the lateral image, shown in Figure 4B. The lateral image
was acquired simultaneously with the AFM topograph. The
lateral image contrast is opposite that of the topographic
image, as the lateral force in the anthracene regions is higher
than that in the bromide-terminated regions.*

In organizational chiral structures reported in the past, self-
assembly was primarily utilized, in which the area and chirality
are determined by the interplay between thermodynamics and
kinetics. This resulted in domains of finite size occupied by one
enantiomeric form of the chiral features,®”'®*™>% while the
entire surface is covered by interspaced pockets of segregated
chiral structures.”'"'**>375%%° Our approach is capable of
tiling large surface areas with a homogeneous enantiomeric
form by design, which brings organizational chiral structures to
a new scientific level and closer to practical applications.’!
Figure S demonstrates the feasibility to produce arrays of
enantioselective chiral features at designated surface locations.
A 3 X 3 array of R-bladed fans was designed and produced,
following similar protocols to that in Figure 3. The periodicity
of the 3 X 3 array measured 1.69 + 0.01 um, and all of the
individual features within the array were R-bladed fans. The
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Figure 5. AFM topographic image of a 3 X 3 array of chiral structures
produced using the protocols from Figure 3. Each chiral structure is a
six-bladed fan with R-chirality. Dark features correspond to
anthracene termini, while the lighter features are the bromide termini
of the PGMA chains. The image was acquired in DMSO under an
imaging force of 18 nN at 17.52 pm/s. Scale bar = 1.0 ym.

parent circles D measured 0.90 + 0.03 ym, with a center—
center separation of d = 0.27 + 0.02 ym. The width of the
blade lines at the fwhm was 0.13 + 0.01 um, while the lateral
dimension of the central region was 0.28 & 0.01 ym.

Patterning surfaces with arrays of organizational chiral
features enables regulation of the electroclinic effect, as well
as regulating chiral optical properties of thin film materials."’
The current AFM instrument used for this investigation has
the capability to produce chiral features covering an entire 100
pum X 100 pm area in a single scan frame. By utilizing manual
manipulation via a precision micrometer to pattern adjacent
100 pm X 100 pm areas, coverage of millimeter-sized surfaces
is achievable.

Production of Hierarchical Chiral Structures. Taking
full advantage of this technology’s capability to make
organizational chiral structures by design, we produced
hierarchical chiral structures where the individual structures
and their arrangement are both chiral. Figure 6A provides an
example hierarchical chiral structure where each element is an
Archimedean spiral with R-chirality, and the spirals are
arranged periodically along a rectangular spiral, also with R-
chirality. This design is referred to as an R® structure, where R
represents the chirality of the individual elements, and the
superscript ® denotes the chirality of their arrangement. All
trajectories were generated using MS-PowerPoint and saving in
png format. The png file was then uploaded and placed on an
acquired AFM image of the chosen surface region. Finally, the
feature was positioned and resized in reference to the actual
surface region to our desired location and dimensions.

The final design of individual Archimedean spirals is similar
to that in Figure 1A, i.e., R-chirality, and quantified by eq 9:

r (nm) = —29.00 (nm) X 6 9)

with @ ranging from 0 to 6.5 7. There are 35 Archimedean
spirals in this design, whose centers were arranged following
the trajectory of the red rectangular spiral with a periodicity of
1.30 um, illustrated in Figure 6A. The first segment of the
rectangular spiral had one period, followed by a 90° right turn,
and increased by one period for each subsequent segment.
Figure 6B shows the results of the AFM-directed nano-
lithography following the design in Figure 6A, using the
protocols similar to that described in Figure 1 on a MA
substrate. The individual Archimedean spirals followed the
design faithfully, with the spirals defined by eq 10:

r (nm) = (=29.26 + 3.71 nm) X 0 (10)

https://doi.org/10.1021/jacs.1c10491
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Figure 6. (A) Design of an R® hierarchical spiral. (B) 11.4 ym X 10.1
um deflection image of the R® hierarchical spiral produced following
the design in A. The image was acquired in DMSO under an imaging
force of 51 nN at 37.56 ym/s. The lateral scale bar = 2.0 ym.

with 6 ranging from 0 to 6.5 7. The width of the spiral lines at
fwhm was 96.07 + 13.58 nm. These Archimedean spirals were
aligned along the R-rectangular spiral with the periodicity, p,
measured as 1.33 + 0.03 ym. The Archimedean spiral lines
correspond to the anthracene-terminated areas, which
measured 521 + 0.78 nm lower than the surrounding from
AFM topographic images, consistent with the activation of the
MA mechanophores.” In the AFM deflection image shown in
Figure 6B, the bright contrast corresponds to the anthracene
functionality, while the surroundings are the bromide termini
of the PGMA chains.

To demonstrate the robustness of the concept of “producing
hierarchical chiral structures by design”, we have completed
the design and production of all four possible combinations of
chirality associated with Figure 6, i.e., RR RS, SR and SS. The
results of all four types of hierarchical chiral structures are
shown in Figure 7 and summarized in Table 1. The fidelity is
very high in this AFM-based nanolithography. Using the R®
spiral as an example, the alignment of the spirals was within
16.7 + 48.7 nm of the intended rectangular spiral line and the
periodicity is preserved within tens of nanometers (see Table
1) of the design. The other three hierarchical spiral features
had similar levels of precise alignment, demonstrating that all
configurations can be successfully and precisely produced.

B CONCLUSIONS

This work introduces our approach to create organizational
chiral structures with nanometer precision by design. Current
methods for production of organizational chirality are primarily
based upon self-assembly of molecules. While powerful, the
chiral structures and the size of the assemblies produced are
restricted to those dictated by reactions thermodynamics.
Using AFM in conjunction with chosen surface reactions, our
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Figure 7. Four AFM deflection images of the hierarchical chiral spirals
produced following the designs. All images were acquired in DMSO
under the imaging forces of 51, 13, 47, and 23 nN, with the scanning
speeds of 37.56, 31.30, 35.06, and 32.55 um/s, respectively, in the
four experiments. All lateral scale bars = 2.0 ym.

Table 1. Summary of Hierarchical Chiral Spirals Produced,
Representing All Four Possible Combinations of Chirality”

Hierarchical

R s R
Chirality R R S
Archimedean Spirals Produced
Equation form
of the
et atean r=0x r=0x r=60x r=60x
e (~28.25 + 1.24) | (2690 + 1.98) | (29.60 +0.58) | (25.54 +0.74)
produced
6 Range Oto6.5n Oto6.5n Oto 6.5 Oto65n
"i"(en':)‘"h 96.07£1358 | 8805£1545 | 98.64+17.33 | 91.58+12.91
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“The measurements are derived from AFM topographic as well as
deflection images.

methodology enables production of various chiral structures
with nanometer precision, from simple chiral spirals to arrays
of chiral nanofeatures, to hierarchical chiral structures. The
size, geometry, and organizational chirality followed the
designs with a high degree of spatial fidelity. The individual
chiral structures, their locations on surfaces, and total coverage
of these organizational chiral structures were controlled. The
ability to selectively produce a single chiral form is crucial to
facilitating enantioselective surface reactions. This approach
will enhance additive manufacturing by enabling 3D chiral
nanoprmtlng, via integrated microfluidic delivery with
AFM.*%>% By employing parallel processing techniques,’’
the throughput of making organizational chiral structures by
design can be greatly increased, making it feasible to scale up.
The results open new and promising applications including
organizational chiral sensors, enantiomeric separation, and
enantiomeric heterogeneous catalysis.
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B EXPERIMENTAL METHODS AND MATERIALS

Materials. Chemical reagents were used without further
purification unless specifically stated. Ethanol (200 proof) was
purchased from VWR (Radnor, PA, USA). Gold slugs (99.999%
pure) were purchased from Alfa Aesar (Haverhill, MA, USA). Mica
sheets were purchased from S & ] Trading Inc. (Glen Oaks, NY,
USA). Deionized and ultrapure water with a resistivity of 18.2 MQ-cm
at 25 °C was generated by a Milli-Q water system (EMD Millipore,
Billerica, MA, USA). Dimethyl sulfoxide (99.9%), N,N,N’,N",N"-
pentamethyldiethylenetriamine (PMDETA) (99%), glycidyl meth-
acrylate (97.0%), sulfuric acid (95%), hydrogen peroxide (30%
aqueous solution), ethyl-2-bromoisobutyrate, and copper(II) bromide
(99%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 1-
Octanethiol (>98.5%) and l-octadecanethiol (98%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Polished silicon wafers,
Si(100), were purchased from University Wafers Inc. (Boston, MA,
USA). Silicon cantilevers (AC-240, spring constant, k = 1.7 N/m)
were procured from Olympus America (Central Valley, PA, USA).
Silicon nitride cantilevers (MSNL-10, k = 0.6 N/m) were procured
from Bruker Nano (Camarillo, CA, USA).

Preparation of Self-Assembled Monolayers on Surfaces.
Ultraflat §old thin films were prepared based on previously published
methods.”® Self-assembled monolayers were formed by soaking the
gold thin films in 1.0 mM Cj thiol in ethanol solutions. The substrates
remained in these solutions until being used for nanografting to
ensure high coverage and minimal contamination.

MA mechanophore samples were prepared according to previously
published methods.”® In brief, active specimens of maleimide—
anthracene mechanophores with bromoisobutyrate terminal function-
alization were immobilized on Si(100) surfaces. After functionaliza-
tion, the PGMA polymer brush was grown from the bromoisobutyrate
group via a copper-catalyzed living radical polymerization of glycidyl
methacrylate.

High-Resolution AFM Imaging and Nanolithography. A
deflection-type AFM (MFP-3D, Oxford Instrument, Santa Barbara,
CA, USA) was used for nanolithography and high-resolution imaging.
Data acquisition was carried out using MFP-3D software developed
based on the Igor Pro 6.34 platform. The basic protocol of
nanografting has been reported previously.'®*° Briefly, SAMs were
first imaged using a silicon nitride cantilever with a low force in
contact mode in a solution of C,4 in ethanol. After selecting a desired
region, nanolithography was done by applying a high force to the
AFM tip (indicated for each figure) and tracing the desired pattern.
After the lithography scans, the areas were scanned again with a low
force to visualize the lithography results. Data analysis was done using
the MFP-3D’s Igor Pro 6.34 software. The results are shown in
Figures 1 and 2. Imaging and nanofabrication conditions varied and
are provided for each experiment.

For the MA mechanophore AFM images shown in Figures 3—7, a
protocol similar to previously published methods was used.”® The
silicon cantilevers were used in contact mode in DMSO for imaging
and nanolithography. Imaging and nanofabrication conditions varied
and are provided for each experiment.
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