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Abstract

The focus of my thesis is the development of an advanced methodology to create 3D
nanostructures by design, and to demonstrate the control over geometry and chemical
functionalities of the nanostructures produced. The driving motive behind this are the pressing
need for 3D nanostructures in biomaterials development, modern nanodevices and biomedical
applications. My approach is scanning probe microscopy-based nanolithography in combination
with advanced surface chemistry. This thesis clearly demonstrated the concept and feasibility of
the approach. While the power of 3D printing has proven to be a powerful tool in additive
manufacture, extending the spatial precision to nanometer scale would lay the foundation for the
next science and technology revolutions. Specific applications impacted by this work include

surface science, catalysis, modern sensors, nanophotonics, and nanoelectronics.

Three significant goalposts are reported in this thesis followed by future prospective
research. First focuses on mechanically sensitive molecules known as mechanophores, which have
recently attracted much interest due to the need for mechanoresponsive materials.
Maleimide—anthracene 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
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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.

Following our success with creating structures by design using nanolithography and
mechanophore chemistry, we set out to fabricate organizational chirality on surfaces, which has
been an interest in chemistry and materials science due to the need for enantioselective catalysis,
separation, and reactions. Current methods for production of organizational chirality are primarily
based upon self-assembly of molecules. While powerful, the chiral structures produced are
restricted to those dictated by reaction thermodynamics. This work introduces a method to create
organizational chirality by design. Using atomic force microscopy in conjunction with our chosen
surface chemistry, various chiral structures were designed and produced with nanometer precision,
from simple chiral spirals to arrays of chiral nanofeatures to hierarchical chiral structures. The
size, geometry, and organizational chirality faithfully follow the designs with a high degree of
spatial control. The concept and methodology reported here provides researchers a new means to
carry out organizational chiral chemistry, with the intrinsic advantages of chiral structures by
design. The results open new and promising applications including organizational chiral sensors,
3D nanoprinting of chiral structures, enantiomeric separation, and enantiomeric heterogeneous

catalysis.

Building upon the theme of controlled fabrication of nanostructures, we utilized controlled
assembly to create structures by design. Our prior work has demonstrated the concept of controlled

assembly of macromolecules such as star polymers [molecular weight (Mw) ~383 kDa,



hydrodynamic radius R ~ 13.8 nm] in droplets. This work extends this concept to smaller
molecules, in this case, poly(ethylene glycol) bis-tetrazine (PEGbisTz, Mw 8.1 kDa, R ~1.5 nm).
The key to controlled molecular assembly is to first deliver ultrasmall volumes (sub-fL) of solution
containing PEG-bisTz to a substrate. The solvent evaporates rapidly due to the minute volume,
thus forcing the assembly of solute, whose overall size and dimension are dictated by the initial
liquid geometry and size. Using prepatterned surfaces, this work revealed that the initial liquid
shape can be further tuned, and we could control the final assembly of solute such as PEGbisTz
molecules. The degree of control was demonstrated by varying the micropatterns and delivery
conditions. This work demonstrated the validity of controlled assembly for PEG-bisTz and enables
three-dimensional (3D) nanoprinting of functional materials. The technology has promising

applications in nanophotonics, nanoelectronics, nanocomposite materials, and tissue engineering.

These investigations into fabrication of a variety of nanostructures demonstrated the
success in creating, complex, hierarchical, and chiral structures with nanometer precision. This
success lays the foundation for utilization of scanning probe lithography to create functional
nanostructures out of new and exciting materials. Future investigations of this technology will
focus on incorporating materials such as mithrene, a unique 3D material that possesses 2D
properties, and anthraquinone modified cellulose nanocrystals. Combined with the methodology
presented here, the development of these structures will be useful in future applications such as

modern sensors, nanodevices, nanophotonics, and nanoelectronics.
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nm. All scale bars are 2.0 pm.
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acquired in DMSO under an imaging force of 18 nN at 17.53 pm/s. Scale bar is 1.0 um. (C)
Schematic diagram illustrating the molecular adsorbates and terminal functionalities across the
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Figure 4.4. (A) An AFM topographic image taken after scanning the chiral grayscale image inset
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Figure 5.2. (A) An AFM topographic image of an array of PEG-bisTz spherical caps. (B) A zoom-
in view of a single feature as indicated in (A). The top inset is the corresponding cursor profile.
(C) A further zoom-in view from the region as indicated (B).

Figure 5.3. (A) AFM topographic image of an array of PEG-bisTz spherical caps created with
various dwell times from 0.1 to 5 s under pressure of 200 mbar. (B) Plot showing the variation of

the dimensions of PEG-bisTz spherical caps with dwell time.

Figure 5.4. (A) An AFM topographic image of 4 PEG-bisTz lines from an array of 20 lines with
periodicity of 5 um. (B) An AFM topographic image of 4 PEG-bisTz lines from an array 20 lines
with periodicity of 5 um. The stage movement in (B) is perpendicular to that in (A). (C) Combined
cursor profiles from the lines indicated in (A) (red) and (B) (blue), and the schematic diagram
indicates the movement directions. (D) AFM topographic image of an array of 9 PEG-bisTz lines
formed with increasing speed, under the delivery pressure of 200 mbar.

Figure 5.5. (A) AFM topographic image of a representative area of PEG-bisTz mesh. (B) Cursor
profile of two cursors in (A). (C) 3D display of the zoom-in of the green square in (A). (D)
Schematic diagram of droplet delivery on SAM. (E) Schematic diagram of continuous line
delivery, (F) Schematic diagram illustrating the difference of hypothetical solution distribution and

actual distribution, with the darker color line representing the dried line from the first printed set.

Figure 5.6. AFM topographic images of a representative region of the three PEG-bisTz grids with
periodicity of (A) 15 um, (B) 10 um and (C) 5 um, respectively. Each line in the first array was
printed diagonally from top-left to bottom-right in each image. Each line in the second array was
produced from lower-left to upper-right in each frame. (D) Cursor profiles as indicated in images

(A), (B) and (C), respectively.
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Figure 5.7. (A) 20 x 20 um AFM topographic image from the printed area following the protocol
described above. (B) Ligation between surface bound PEG-bisTz and C12-bisTCO in toluene
solution form multiblock copolymers.

Figure 6.1: High resolution lateral AFM image of mithrene’s (001) plane. The lateral scale bar of
the AFM image is 1.0 nm.

Figure 6.2 Deflection AFM images of mithrene crystals in isopropyl alcohol. (A) Low force (5.1
nN shearing) of a mithrene crystal before any high force scans. (B) After 51 nN shear force. (C)
After 153 nN shear force. (D) After 255 nN shear force. Lateral scale bars are 500 nm.

Figure 6.3. TERS and far field Raman spectra of gold coated mithrene crystals. The peak
assignments for all major peaks are labelled, with the green text representing new peaks on the

TERS spectra compared to far field.

Figure 6.4: AFM topographic images (1.2 um x 1.2 um) of (A) CNCs, (B) DS-CNCs, and (C)
AQ-CNCs. All images were acquired using tapping mode in ambient. Scale bars = 0.2 pum. AFM
amplitude images of aggregates are shown for (D) CNCs, (E) DS-CNCs and (F) AQ-CNCs

samples
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CHAPTER 1

Introduction

1.1 Three Dimensional Nanoprinting via Scanning Probe Microscopy Based
Nanolithography.

Creating 3D nanostructures by design is one of the current holy grails of surface science
and nanotechnology. The ability to create custom 3D nanostructures has a variety of potential
applications, including catalysis,'? sensors,* # nanophotonics,>  nanoelectronics’® and even water
treatment.” !° This multitude of potential applications speaks to the critical importance of
developing a reliable means to create 3D nanostructures from a variety of materials. Macroscale
3D printers, like those available for home and industrial use, are an appealing method for the
construction of 3D materials; building up the structure layer by layer, with precise control over the
morphology and material of each layer.!!" > Unfortunately, these consumer units, as well as more
complex industrial ones, cannot reach the level of precision needed to create nanoscale structures,
as their highest resolution is on the order of tens of microns. To address this limitation, Atomic
Force Microscopy (AFM) was chosen, as it can reach an atomic scale resolution.!* '* Combining
this nanoscale resolution with surface chemistry will enable the fabrication of custom 3D
nanostructures by design. Our lab has an extensive history of utilizing nanolithography to

selectively modify surfaces and create nanoscale features.'> 16



1.2 Thesis Objective.

In this dissertation, three advances are presented in our development of 3D
nanolithography. The first is the utilization of mechanochemistry in conjunction with AFM-based
nanolithography to create functional nanostructures. The second builds atop of this development
and extends the capability to creating nanochiral features. The third reports the preliminary success
in constructing 3D nanostructures. Collectively, this thesis clearly demonstrates the concept and
feasibility of the approach, paving the way for developing 3D nanoprinting into a new tool in

additive manufacturing, and enabling new science and technological applications.

1.2.1 Nanofabrication Via Localized Mechanophore Activation.

In the first method, we applied AFM-based nanolithography to a covalently bound mechanophore
system. In brief, a substrate was functionalized with a mechanically labile group known as a
mechanophore.!” Mechanochemistry is an attractive candidate for surface modification, as
mechanically sensitive molecules known as mechanophores could theoretically be activated with
an AFM tip.'®* Mechanophore activation can be used to great effect for a variety of desirable
chemical transformations, including depolymerization, catalytic reactions, and small molecule
release.!” Here, we used a mechanophore known as maleimide-anthracene, which was covalently
bound to the substrate.!” After linkage to the surface was established, polymer tails were grown
from each mechanophore group, effectively yielding a ‘carpet’ with embedded mechanophore
groups. A sharp (nm radius) AFM tip was scanned over the surface in two different force regimes,
chosen based on the desired outcome. Scanning at low applied forces, the AFM tip imaged the
surface, revealing its local topography. Upon scanning with a sufficiently high force, a scanned
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region could be selectively activated, resulting in spatially controlled activation of the surface.
This spatially controlled activation allows us to selectively choose our areas of activation, and thus
control the exposure of different chemical moieties on the surface. This concept of nanolithography
has been reported previously with self-assembled monolayers (SAMs),!? now its application to a
mechanophore system allows us to expand this technique from 2D to 3D structure fabrication. A
key component of this is the reactive site exposed upon activation of the mechanophore, which
could be built upon to create subsequent, covalently linked layers. In the maleimide-anthracene
system, anthracene functions more as a check to verify activation, as it exhibits characteristic
emission at 420 nm under excitation by a mercury lamp centered at 360 nm. We were able to
successfully demonstrate the localized activation of the maleimide-anthracene mechanophore by
tuning the force applied by the AFM tip to either imaging or activation regimes. This accurate
force and spatial control was then applied to create features ranging from simple to complex,
allowing us to create both binary and multilevel contrast designs, further advancing the

applications of AFM-based nanolithography.

1.2.2 Nanofabrication of Chirality by Design Using AFM.

The second method builds atop our previous success, demonstrating that this same localized
activation method could be applied to create a variety of chiral features by design. Chirality is
traditionally associated intrinsically chiral molecules, such as lysine or alanine. However, there is
another type of chirality that is less commonly discussed known as organizational chirality, where
the chirality is derived from the arrangement of molecules on the surface.?” 2! This chirality can

be found for both chiral and achiral molecule systems, opening up the possibility of creating chiral



features with intrinsically achiral molecules. Past work in this field has primarily been divided into
two categories: self-assembly of molecules with organizational chirality and patterning of thin
films to create organizational chirality.?? The former is more widely studied, however it is
intrinsically limited in terms of the systems it applied to, as the formation of structures with
organizational chirality is at the mercy of thermodynamics and control of the features formed is
limited. The latter is of key interest to us, as our methodology could be used to create chiral features
on functionalized surfaces. Previously, fabrication of features with organizational chirality has
been achieved in polymer thin films using an AFM tip for patterning. Measurements of the chirality
of the surface via liquid crystal rotation revealed that the patterned organizational chiral features
did in fact possess chirality, affecting the strength and direction of the liquid crystal rotation by
varying the pattern spacing and handedness.?* We expand up the zigzag lines fabricated in the thin
film systems by creating more complex structures such as spirals, multi-shade features and
hierarchical features. This expanded capability of AFM-nanolithography to create these chiral
nanostructures paves the way for future applications in enantioselective separation and

enantiomeric heterogeneous catalysis.

1.2.3 Controlled Assembly via Microfluidic Delivery for the Creation of Custom

Nanostructures.

The third method utilizes a microfluidic delivery system known as a Fluid FM, which is
capable of delivery incredibly small volumes (<0.4 aL) of solution to a surface, with nm scale
precision. This means of solution delivery opens a world of possibilities for creating

nanostructuress by design. Previous work with this system®* has demonstrated its feature



fabrication capabilities with large molecules such as star polymers and UV-glue. Here, we expand
the repertoire of materials to include small molecules, in this case poly(ethylene glycol) (PEG-
bisTz), which has a dynamic radius of 1.5 nm. This methodology was used to successfully create
both 0D dot, 1D lines and 3D grid features. Varying the spacing of this patterning of the lines on
the surface also allowed us to control the redistribution of the solution through its solvent philic
nature. Stabilization of the features on the surface was achieved by reacting the PEG-bisTz with
trans-cyclooctene (TCO), resulting in an array of stable features. These grid structures demonstrate
preliminary success in creating 3D nanostructures using controlled assembly of small molecules.
This advance demonstrates the feasibility of our approach and enables new science and

technological applications of this customizable method.

1.3 Structure of the thesis

Following the introduction in the first chapter, Chapter 2 describes the fundamental
techniques used in this paper: AFM and microfluidics. Chapter 3 describes the application of
AFM-based nanolithography to selectively activate a surface bound mechanophore, maleimide-
anthracene, with the end result of creating nanostructures by design. This fabrication is further
expanded in Chapter 4, where the technique is used in conjunction with surface chemistry to create
organizational chiral features by design using this same mechanophore system. Chapter 5 employs
microfluidics to create nanoscale features by design using controlled assembly of small molecules.

Lastly, Chapter 6 summarizes conclusions and ongoing and future work.
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CHAPTER 2

Experimental

2.1 Atomic Force Microscopy

Atomic force microscopy (AFM) was invented in 1986 by Binnig, Quate and Gerber,
providing means to image a surface with a resolution on the nanometer scale, expanding the scope
of suitable samples to include a variety of materials previously unsuitable for scanning tunneling
microscopy.! The resolutions achievable using AFM far exceed that of traditional light-based
lithography,> with lateral and vertical resolutions reaching as high as 0.1 A and 0.01 A
respectively.’ In addition to its superior spatial resolution, AFM microscopy can apply forces as
small as 10'® N,! allowing for the imaging of delicate samples without destruction.*

AFM is a scanning probe technique, and functions by scanning a surface with an ultra-
sharp tip in a raster pattern, mapping the topography of the surface. The tip is kept in contact with
the surface using a feedback loop, maintaining one of multiple potential modes of operation. The
signal for the feedback loop is typically generated by reflecting a laser off the back of the cantilever
near the end and focusing the reflected beam onto a photodiode detector (PD),” as shown in Figure
2.1. By monitoring the position of the beam on the photodiode, the deflection and tip position can
be tracked. A piezo mounted on the cantilever allows the tip-surface distance to be controlled to
maintain a desired deflection or oscillation of the cantilever. The combined movement of the piezo
and bending of the cantilever is translated into a topographical map of the surface and a readout of
tip-surface interactions.® The torsional rotation of the cantilever can also be tracked through the

lateral movement of the laser beam on the photodiode, yielding additional information about tip-
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surface interactions.

This super sensitive monitoring of the tip deflection and movement, combined with the
precise piezo positioning, is what enables the sub-nanometer resolution mapping of the surface,
which is substantially lower than the optical diffraction limit of ~250 nm associated with
conventional light-based microscopy.

Two common modes of AFM operation are the constant contact and intermittent contact
modes. The most common mode is contact mode, where the tip is brought into contact with the
surface until the desired level of cantilever deflection is reached. When the surface is scanned
perpendicularly to the long axis of the cantilever, the torsional rotation of the cantilever can be
monitored, yielding frictional information about the surface separated from the deflection of the
cantilever. This mode yields both topographic and lateral information about the surface scanned.
The second most common mode is intermittent contact mode, or tapping mode, in which a
cantilever is subjected to an oscillating voltage close to the resonant frequency of the cantilever,
causing the cantilever to oscillate.” '° The oscillating tip is brought close to the surface until the
desired level of oscillation dampening is achieved due to the attenuating contact with the surface.
The dampening of the tip oscillation is monitored through the laser’s reflection onto the
photodiode, creating a feedback loop where the piezo is used to move the tip closer to or further
from the surface in order to maintain the desired attenuation. The movement of the piezo is used
to construct a topographic plot of the surface. In additional to the topographic information
generated, the offset phase of the measured cantilever oscillation can be compared to the applied
waveform, providing information about the mechanical properties of the surface struck by the

cantilever. This tapping mode is especially helpful for delicate samples,!! or samples proven too
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‘sticky’ for contact mode imaging.'?

Both contact and tapping modes were used in this work for material characterization, and
the details of each are described in the experimental sections of each chapter. The combination of
high spatial precision and force control not only enables characterization of a variety of surfaces,
but also makes the atomic force microscope useful for nanomanipulation'? and nanolithography.!*
15 Utilizing these capabilities of the atomic force microscope, we can not only produce functional

nanostructures by design, but image them with the same instrument used for fabrication.

Photodiode C\

XY piezo stage

Figure 2.1. Schematic diagram of a deflection type AFM.

2.1 Microfluidic Delivery

A popular technique in 3D writing and additive manufacturing is the direct delivery method, which can
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produce structures down to micrometer scale. Similar to the fused deposition model 3D printers available
for consumers, structures are produced by extruding a fluid ink through a nozzle at a controlled rate,'® !’
often involving a curing step to retain the shape. Particulate and polymeric materials suspended in a liquid
solvent are suitable inks for this method of delivery. Alternatively, solid materials, such as polylactic acid
(PLA), polyethylene terephthalate glycol (PETG), Nylon and other plastics can be heated to allow them to
be extruded through the nozzle and then cooled to solidify their shape. Sub-millimeter precision is easily
achievable for creating 2D/3D structures via direct delivery, however reaching nanometer and micrometer
levels of precision is challenging due to the required accuracy in positioning and material dispensing.
Micrometer precision has been achieved so far by combining smaller injection systems and suitable
materials that can self-cure upon deposition.!® Further miniaturizing the features (ideally reaching the
nanometer scale) is challenging due to the high accuracy required for both reliable positioning and material
delivery in order to achieve nanometer scale inter and intra layer alignment. This desired miniaturization of
2D and 3D features can be achieved by combining atomic force microscopy’s high spatial precision with
19,20

sub-attoliter (sub-al) delivery precision of microfluidics, which has been reported previously.

The direct delivery of our chosen ink was carried out using an integrated AFM and
microfluidic instrument, FluidFM BOT, shown in Figure 2.2. This combination enabled 3D
printing with nanometer positioning prevision and sub-aL. volume delivery control. The stage was
mounted onto an inverted optical microscope, allowing monitoring of position and delivery but
necessitating transparent samples. The range of movement for the XY stage was 240 mm x 74 mm,
with a precision of 100 nanometers. The Z movement was independently controlled with a
precision of 4 nm over a 50 mm range

Combining the volume control with the high precision positioning control of the FluidFM,

custom features can be fabricated with a wide variety of inks, enabling unparalleled customization
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of both feature morphology and functionality.

-j Laser Photodiode

Z, Movement
control Reservoir

XY Piezo Stage

Objective

Figure 2.2. Schematic diagram of the key parts of the microfluidic AFM (FluidFM).
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CHAPTER 3

Spatially Selective and Density-Controlled Activation of Interfacial Mechanophores
3.1 Introduction.

Polymer mechanochemistry has attracted much interest recently to understand fundamental
scientific questions on force-activation of chemical change, as well as for its technological
potential related to the preparation of mechanoresponsive materials."* Mechanically sensitive
molecules 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,'4, and for applications

including fabrication of sensors and nanodevices.

The commonly reported means of activation include applying mechanical forces to bulk

6, 15, 16 17-19

polymeric materials, ultrasonicating dilute polymer solutions, or performing single
molecule force spectroscopy on surface bound polymers.?2* 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 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

lithography.?®27 In addition, AFM operates in various environments, including ultra-high vacuum,
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ambient, and in solution, and as such, is versatile enough to accommodate a wide range of chemical
reactions.?®3? Furthermore, AFM enables accurate force control over a wide range: from pN to
hundreds of uN 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.>>3% Previously, AFM has been used as a nanolithography tool to pattern self-assembled

37, 39, 40

monolayers (SAMs) such as alkane thiols 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 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 towards programming the surface chemistry molecule-by-
molecule. The outcomes of our experiments demonstrate the feasibility for controlling
mechanophore-based surface chemical reactions, 3D nanoprinting, and production of advanced
coatings and composite materials that require nanopatterning or texture control, as well as

nanodevices and sensor for mechanical stress and damage in situ.!>% *-4

Reprinted (adapted) with permission from {Sulkanen, A. R.; Sung, J.; Robb, M. J.;
Moore, J. S.; Sottos, N. R.; Liu, G.-y., Spatially Selective and Density-Controlled Activation
of Interfacial Mechanophores. Journal of the American Chemical Society 2019, 141 (9), 4080-
4085.}. Copyright {2019} American Chemical Society. JACS. Data for all but two of the figures
(3.7 and 3.12) were collected by both Dr. Jacuk Sung and me. Data for Figures 3.7 and 3.12 was

collected by me.
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3.2 Experimental

3.2.1 Materials

Polished silicon wafers, Si(100) with 300 nm thermal oxide layer, were purchased from
University Wafers Inc. (Boston, MA, U.S.A.) for sample fabrication. Dimethyl sulfoxide (DMSO)
(299.9%) was purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.) and used without further
purification. Ethanol (200 proof) was purchased from Sigma Aldrich. Water (>18.2 MQ) was
purified by a Milli-Q system (Q-GARD 2, Millipore, Billerica, MA, U.S.A.). Polished silicon
wafers, Si(111) doped with boron, were purchased from Virginia Semi- conductor Inc.
(Fredericksburg, VA, U.S.A.) and used for cantilever calibration. Sulfuric acid (95.0%), hydrogen
peroxide (30% aqueous solution) were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.).
Nitrogen gas (99.999%) was purchased from Praxair, Inc. (Danbury, CT, U.S.A.). AC240TS-R3
silicon cantilevers were purchased from Oxford Instruments Asylum Research (6310 Hollister
Ave, Santa Barbara, CA, 93117, U.S.A.). All other materials were used without further treatment

or modification, unless otherwise stated.

3.2.2 Active Fabrication Process.

Active specimens with Maleimide-Anthracene (MA) mechanophores immobilized on the
surface were prepared with a surface functionalization approach following previously reported
methods, shown in Figure 3.1.%° In this work, the surface-bound MA mechanophores terminated

with a bromoisobutyrate group were used to initiate a copper-catalyzed living radical
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polymerization of glycidyl methacrylate to grow polymer brushes.
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Figure 3.1. Fabrication steps for patterned PGMA brush-MA mechanophore grafted active

specimen on silicon substrate.

3.2.3 Surface Functionalization of Silicon Substrate with MA Mechanophore.

500 nm thick silicon substrates with 300 nm thermally grown oxide layer were cleaned in
piranha solution at 120 °C for 30 minutes. Cleaned substrates were washed with DI water and dried
in a stream of air. The substrates were further dried in a convection oven at 120 °C for 30 min. For
surface functionalization, cleaned substrates were immersed in a 10 mM toluene solution of
functionalized maleimide-anthracene adduct and kept in a sealed container for 24 h on a bench
top. After 24 h, the substrates were sonicated in toluene and subsequently rinsed with toluene,

isopropyl alcohol, and DI water followed by drying under a stream of air.
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3.2.4 Surface Patterning MA Mechanophore Functionalized Silicon Substrate.

The patterned MA surface was fabricated by photo patterning a photoresist (AZ 5214 E,
microChem) and removing exposed MA moieties with oxygen plasma (Harric Plasma Cleaner
Pdc-32g)*. After oxygen plasma treatment, residual photoresist was removed by rinsing with N-

methyl-2-pyrrolidone.

3.2.5 Polymer Brush Formation on MA Functionalized Substrate.

Poly(glycidyl methacrylate) brushes with varying thicknesses were synthesized on MA
initiator-functionalized substrates using activators regenerated by electron transfer atom transfer
radical polymerization (ARGET-ATRP).*’ Silicon substrates with patterned MA initiator were
placed in 20 ml vial containing 2 ml methanol/DMF/anisole (1:1:1 volume ratio). To the vial, 1.7
g of glycidyl methacrylate (Sigma-Aldrich, filtered through basic alumina to remove inhibitor) and
2 ml of a catalyst stock solution (containing 0.0036 mmol CuBr; and 0.036 mmol PMDETA) were
added. After mixing, the vial was purged with nitrogen for 20 minutes. Ethyl-2-bromoisobutyrate
(7 pl, EIB) was added to simultaneously initiate solution polymerization of glycidyl methacrylate
along with the surface-initiated polymerization. The molecular weight of free polymer EIB-PGMA
was used as a reference to estimate the degree of polymerization of the surface attached polymer.*3
The mixed solution was subjected to three cycles of freeze-pump-thaw process for complete
degassing. After degassing, vial was filled with nitrogen and 1 ml ascorbic acid stock solution (8.4
mM ascorbic acid in methanol/DMF/anisole (1:1:1 volume ratio) solvent) was added. Four
samples were prepared, which were polymerized for 10 minutes (three samples) and 20 minutes

(one sample). After polymerization, the specimen was washed with DCM and ethanol. To remove
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residual solvent, we dried the silicon substrate in a vacuum oven at 50 °C for 24 h. Representative
size exclusion chromatography data is shown in Figure 3.2. The weight average molecular weight
(Mw), number average molecular weight (My), and PDI of the synthesized polymer is summarized
in Table 3.1. Thickness of the polymer brush was determined using AFM probe in DMSO, which
were 11.4 £ 1.2 and 26.0 £ 1.3 nm. For the sample containing the gradient feature, spiral pattern,
and the hierarchical ‘T’ pattern, the exposed silicon surface after oxygen plasma etching was
functionalized in 10 mM 2-[methoxy(polyethyleneoxy)6-9propyl]trichlorosilane(oligomeric
ethylene oxide) (Gelest) toluene solution. For the samples with the passivated oligomeric ethylene
oxide surfaces, the polymer brush heights were 9.2 + 0.6 and 10.7 + 1.3 nm relative to the
surrounding oligomeric ethylene oxide. The oligomeric ethylene oxide layer height was measured

at 1.4 £ 0.2 nm.
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Figure 3.2. Representative size exclusion chromatography results of the synthesized PGMA for

the 10- and 20-min polymerization times.
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Table 3.1. The Weight Average Molecular Weight (Myw), Number Average Molecular Weight (M,),

and PDI of the Synthesized PGMA for 5, 10, 20 min Polymerization Time

Specimen Figures 3.2,3.4,3.5 Figure 33.
Polymerization Time 10 min 20 min
My (kDa) 29.1 46.9
M; (kDa) 222 40.8
PDI 1.31 1.15
114+ 1.2 nm,
Brush Height 10.6 + 0.6 nm, 26.0+1.3
12.1 £ 1.3 nm

3.2.6 Control Specimen Fabrications.

The control specimen was fabricated to investigate the effects of high-load force on PGMA
brush without the MA mechanophore. The control specimen was prepared using a similar
fabrication steps to that of the active specimen. Piranha-cleaned silicon substrate was
functionalized with (3-(trimethoxysilyl)propyl 2-bromo-2-methylpropionate, Gelest) by
immersing it in 10 mM toluene solution for 24 h. The functionalized surface was subsequently
patterned using photolithography. PGMA brush was prepared by ARGET-ATRP (20-minute
reaction time) as described above. The thickness of the polymer brush was 9.6 nm in DMSO,

which was determined by AFM.
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Figure 3.3. Fabrication steps for patterned PGMA brush grafted control specimen on silicon

substrate.

3.2.7 Preparation of Silicon Wafers for Calibration.

Polished silicon wafers were used to calibrate the cantilever before AFM imaging and activation.
The wafers were cleaned by immersion in piranha solution for 30 minutes and cleaned twice more
with fresh piranha solution before being rinsed with copious amounts of milli-Q water. Cleaned
wafers were subsequently stored in ultra-pure water, and rinsed with ethanol and dried under

nitrogen before further use.

3.2.8 AFM Imaging

All mechanophore and control samples were characterized using an atomic force microscope

(MFP-3D, Asylum Research Corp., Santa Barbara, CA). Silicon probes, AC 240-TS (Olympus
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America, Central Valley, PA) were used for imaging and activation. The nominal force constant of
the probes was 1.7 N/m, with a resonant frequency of 70 kHz in air. Silicon probes were used in
their original state, with a brief cleaning in ethanol and nitrogen drying before each experiment.
All experiments were carried out in DMSO in a liquid cell. Before imaging, all cantilevers were
calibrated on a clean Si (111) wafers. In the DMSO media, the mechanophore features were imaged
in contact mode with a load of 10-66 nN, with speeds ranging from 2.50-135.22 pm/s. The AFM
images were acquired and analyzed using Asylum MFP-3D software developed on the Igor Pro

6.34 platform.

3.2.9 AFM Activation.

Activation of the surface bound mechanophore was achieved using an atomic force microscope
(MFP-3D, Asylum Research Corp., Santa Barbara, CA). The mechanophore samples were imaged
under low forces [10-66 nN] until suitable areas were found. Silicon probes, AC 240-TS (Olympus
America, Central Valley, PA) were used for activation by scanning with a high force (ranging from
200 nN to 1.3 uN) in contact mode in DMSO. After the high force scan, the areas were imaged

again with low force scans to determine the extent of mechanophore activation.

3.2.10 AFM Custom Design

Microlithography Mechanophore regions were imaged at low contact forces (10-66 nN) using
AFM to determine suitable areas for microlithography. Utilizing custom design software in Igor

Pro 6.34, a bitmap image (either user designed or taken from the internet) was uploaded into the
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program, converted into greyscale and translated into force vectors. The color scale was assigned
minimum and maximum force values, ranging from nanonewtons to micronewtons. Additional
parameters, such as feature size, scan speed, lines per scan and scan angle were also specified.
Feature fabrication using this method typically took anywhere from 2-8 minutes, depending on
feature size, scan speed and image line density. After the lithography scan was completed, the area

was imaged again under low force with the same AFM tip to assess success.

3.2.11 Fluorescence Measurement

Fluorescence images were acquired using a Cascade 512b high sensitivity camera, which was
attached to Zeiss Axiovert 200M. A mercury lamp source was used with 360 nm centered/ FWHM
11 nm band pass excitation filter, 410 nm pass dichroic mirror, and 420 nm/FWHM 20 nm band
pass filter (Edmund Optics). For Figure 3.6 fluorescence measurements, the exposure time was set
to 100 ms and 40x magnification on objective lens. Fluorescence images were processed with
Image J.7 Fluorescence intensity was measured by averaging over 20 um x 20 pm region.
Normalized photoluminescence (Figure 3.6 right) was calculated by setting the average
fluorescence intensity of 600 nN applied specimen to 100 and non-activated bare specimen as 0.
For Figure 3.8 fluorescence measurements, the exposure time was 200 ms and 63x magnification

on objective lens.

3.2.12 ToF-SIMS Imaging

Active specimens that were subjected to a contact force of 450 nN were analyzed with ToF-SIMS
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(Physical Electronics PHI Trift III) imaging. For ToF-SIMS imaging, Au liquid source run with
Au+ ion under static mode accelerated at 22 KeV energy was used as the source. Data was

collected for 10-minute duration.

3.3 Results and Discussion
3.3.1 Spatially-selective Activation of Interfacial Mechanophore.

The concept of spatially-selective activation is illustrated in Figure 3.4, using the well-known
maleimide-anthracene (MA) mechanophore. The MA mechanophore has been reported by us'> 4
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. PGMA
was chosen because the activation of the mechanophore would release the polymer brush, yielding
a significant reduction of film height to enable in situ monitoring of activation. 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 experimental section.

The imaging and activation of the MA mechanophore were 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,
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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

37.53.3% and ionic and covalent bonds.*® Given

interactions, hydrogen bonds, chemosorbed species,
that each MA mechanophore 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 3.4). 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 fluorescence from 365-500 nm.>
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Figure 3.4. A schematic diagram illustrating 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 successful activation of the MA mechanophores is demonstrated in Figure 3.5, where
an 18.6 pm x 18.6 um region of PGMA polymer brush is shown in the center of Figure 3.5A. The
height of the polymer brush measures 11.4 + 1.2 nm above the Si-wafer surface. The central 5.46
pum x 4.80 um region was selected to undergo a high-load (450 nN) scan in DMSO. The outcome
is shown in Figure 3.5B, where the perturbed area appears 7.8 = 1.3 nm lower than surrounding or
3.5 £ 0.6 nm above the wafer surface (schematic shown in Figure 3.5C). Under excitation of a
mercury lamp (centered at 360 nm), the central region exhibited fluorescence at 410-430 nm

(Figure 3.5D), which is characteristic of anthracene.’® The AFM and fluorescence microscopy
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images verify that the interfacial MA mechanophores underwent a retro [4+2] cycloaddition to
generate surface-bound anthracene. Additionally, ex sifu time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) further supports mechanophore activation (not pictured). The high

spatial selectivity is evident from Figure 3.5B; the feature has sharp 90°corners, and straight edges.

Control experiments were performed to verify that the high local force applied triggers the
retro [4+2] cycloaddition of MA mechanophores without rupturing bonds elsewhere in the
molecule. Identical experiments were carried out using a polymer brush, i.e. PGMA covalently
linked to the Si-wafer surface without a mechanophore moiety (not pictured). The control sample
was prepared following similar procedures used for fabrication of the brush in Figure 3.5. After
being scanned under high force (450 nN), the control sample showed no discernable changes in
the AFM topographic image within the force range used in this work. Fluorescence microscopy
revealed no emission in the 410-430 nm region. The combined evidence from these control
experiments indicates that only the weakest bonds, i.e. the MA mechanophore, were disturbed
under 450 nN of force. Therefore, AFM provides a means for selective activation of interfacial

MA mechanophores with high spatial fidelity.
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Figure 3.5. (A) A 24 x 24 um AFM topographic image of a PGMA brush acquired in DMSO under
10 nN force. (B) The same area as (A) after the central 5.46 um x 4.80 um region was subjected
to high force (450 nN) scans at 12.52 um/s with 256 lines. (C) Schematic diagram illustrates 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 pm.

3.3.2 Control Over the Density of Mechanophore Activation.

Given the force sensitivity of the MA mechanophores, controlling the density of
mechanochemical activation is theoretically possible by varying the number and location of high

force sites within a given area. Various means are available in AFM to control the number and
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location of high load sites, e.g. by controlling the line density where the probe applies a high load,
employing contact at sporadic sites instead of the entire region, or reducing the local contact force,
which is equivalent to reducing transient contact area.>* > In the example shown in Figure 3.6A,
the outcomes under five loads (200, 300, 400, 500 or 600 nN) are compared. The PGMA polymer
brush measured 26.0 & 1.3 nm taller than the surrounding Si-wafer surface. For the lowest load of
200 nN, the outline of the central region is barely discernable, and minimal fluorescence is
observed, indicating only a small portion of the MA mechanophores was activated. Between the
300 to 400 nN squares, drastic changes in both AFM topograph and the fluorescence intensity are
evident. At the highest load of 600 nN, the central 5.8 um x 4.8 um region measured 24.6 £ 0.9
nm below the surrounding PGMA, and the fluorescence reached its highest intensity. Fluorescence
images of the region confirmed the presence of surface-bound anthracene. Both the AFM height
measurements and fluorescence intensities suggest quantitative activation of mechanophores
within the scanned region, which used the deepest feature as a reference to quantify activation

density as a function of AFM force (Figure 3.6B).

By using relative feature depth to quantify mechanophore activation density, we can further
explore the mechanism of control over activation density. The height measured from AFM
topography decreases with increasing MA activation, as the resulting anthracene is shorter than
the PGMA brush, and thus the remaining PGMA chains adopt a more relaxed packing than the
initial brush.””>*® Assuming a linear correlation, MA mechanophore activation is estimated from
height measurements and plotted in Figure 3.6B,%’ 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
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manifests as a higher contact diameter, and as a larger activation area in each scan line, while the
inter-line 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 pm x 4.8 um area, the nearest neighbor line spacing would be 9.4 nm.
With contact diameter larger than the inter-line spacing, complete activation of the mechanophores
is expected, while reducing the load leads to contact diameters smaller than inter-line spacing, and

thus a lower activation density.
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Figure 3.6. (A) Top: AFM topographic images of a PGMA brush on a Si-wafer, taken at 5
designated locations. The images were acquired in DMSO under an imaging force of 55 nN. Each
image covers a 15.4 pm x 15.4 um area with the central 5.8 pm x 4.8 pm area scanned under a
high load indicated above each image. Bottom: fluorescence microscopy images acquired at the
same areas as those above. Lateral scale bars are 5.0 um. (B) The right 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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3.3.3 Production of Complex Patterns by Design.

To further test the spatial-selectivity and density control, we designed and produced a
gradient feature. A rectangular greyscale gradient feature was first designed and saved in bitmap
format (Figure 3.7A). After imaging the polymer brush in DMSO at low force, a relatively flat
region was selected. Then the design from Figure 3.7A 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 3.7B. Then the grey scale 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 grey scale 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 3.7C.
The gradient feature covers the central 4.8 pm x 2.8 um area, requiring 351 lines and 8 minutes to
produce. Comparing Figures 3.7A and 3.7C, the design was “transferred” with high fidelity in both
geometry and gradient contrast. A cursor profile shown in Figure 3.7D 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 pum = 2.26 nm/um. 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 Figures 3.7 also facilitates the understanding of AFM based MA
activation mechanism, e.g., pulling, normal load, or lateral shearing under high normal force. In

Figure 3.7, for example, a series of lines were produced under increasing load. The tip remained
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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 used in this work, no detectable activation was observed.
Therefore, we infer that shearing under high load between AFM apex and molecules under contact

is primarily responsible for mechano-activation.
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Figure 3.7. (A) The designed gradient image file shown in grey scale. (B) A 7.0 pm x 6.6 um
AFM topographic image of a PGMA brush overlaid with the physical location and dimension 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 post 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. Lateral scale bar and vertical range are 2.0 pm, and 0-14 nm,

respectively. (D) Height profile as indicated by the horizontal line in C.

A more complex design (Figure 3.8) was also tested. Following the same method as that in
Figure 3.7 and defining the force range as 50 nN — 900 nN, the design was successfully replicated

within the 6.15 um x 6.15 um area with two successive scans.
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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 non-connected 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 3.8B,
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 (not pictured). Results from Figures 3.7 and 3.8 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 nanodevices.!» >4 4
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Figure 3.8. (A) AFM topographic image taken after scanning a complex grey scale image (inset)
onto 12.1 = 1.3 nm thick PGMA brush immobilized by MA mechanophores on a Si-wafer,
passivated by 1.4+0.2 nm thick oligomeric ethylene oxide. (B) Fluorescence microscopy image of
the same region as A, under 360 nm excitation and collected from 410-430 nm. All scale bars are

1.0 pm.

The high degree of control was applied to create a complex, multishade feature by design
via the regio-selective and density-controlled activation of the mechanophore groups. Shown in
Figure 3.9 inset is the bitmap image of the UC Davis Aggie logo. Following previous protocol to
the gradient feature, the AFM tip scanned over the surface, applying 8.8 nN and 1.3 puN for the
black and white regions, respectively. The area was reimaged at a low force, as shown in the AFM
topographic image Figure 3.9A. The feature demonstrated high spatial fidelity, from left ear to the
tip of the nose, the actual distance was 8.18 pm while the intended distance was 8.16 um. Even

small features, such as the pupil, nostril and inner ear were fabricated with high fidelity to the
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original design, despite their miniscule sizes. The Aggie feature demonstrated multiple levels of
complexity including: the multishade appearance due differing degrees of mechanophore
activation and geometric complexity. This complexity is also reflected in the corresponding
fluorescence microscopy image in Figure 3.9B. The feature shows bright fluorescence in regions
subjected to the highest scanning force, demonstrating that activation as achieved even with the
complex shape and spatial limitations. In the areas where only a portion of the mechanophore were
activated (along the ridge of the nose), a faint blue fluorescence can be seen in Figure 3.9B. Based
on the evidence present, a complex, multishade feature was created via the regio selective and

density-controlled activation.

Figure 3.9. A complex, multishade mechanophore feature of UC Davis Aggie logo. (inset) A
greyscale force bitmap of the UC Davis Aggie logo.”! The force applied ranged from 8.8 nN to 1.3
uN for black to white respectively, and other important lithography parameters are included. (A)
AFM topographic image of the Aggie logo multishade features. (B) Corresponding fluorescence
microscopy image of the same region as A, under 360 nm excitation and collected from 410-430
nm. All scale bars are 2.0 pm.
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3.3.4 Confirmation of Mechanochemical Activation Using Fluorescence Microscopy, ToF-

SIMS, Optical Microscopy, and AFM Topographic Imaging

Chemical and topographical changes after mechanochemical activation of interfacial MA
at micrometer scale were confirmed with fluorescence microscopy, Time of Flight-Secondary Ion
Mass Spectroscopy (ToF-SIMS), optical microscopy, and AFM. Shown in Figure 3.10A, the
fluorescence image was collected from 410-430 nm emission upon 360 nm excitation, which
detects fluorescence from the surface bound anthracene.!The fluorescence signal exclusively from
the fabricated region confirms that high contact force successfully translated to mechanochemical
activation. ToF-SIMS (Figure 3.10B) for the CNO™ negative ion, originating from the maleimide
fragment,” was collected to map surface distribution of the intact MA adduct on the surface after
fabrication. A low concentration of maleimide moiety was detected inside the fabricated ‘T’
feature, whereas the intact regions showed a relatively high concentration. This result is consistent
with the fluorescence measurements that showed selective mechanophore activation where high
contact force was applied, which led to the loss of the maleimide fragment. The optical micrograph
in Figure 3.10C shows color contrast between the fabricated region and intact region due to
removal of the polymer brush. The AFM topographic image in Figure 3.10D shows a height
difference after fabricating the ‘T’ feature with 450 nN contact force. AFM topography image

shows height difference after fabricating the ‘T’ feature with 450 nN contact force, which further
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verifies the removal of the PGMA brush.

Figure 3.10. Confirmation of interfacial mechanophore activation using AFM lithography. (A)
Fluorescence image of an ‘T’ feature fabricated. (B)ToF-SIMS image for fragment 41.99 u
(CNO") which corresponds to the maleimide moiety of the fabricated ‘T’ feature. (C) Optical image
of fabricated the ‘T’ feature. (D) AFM topographic image of fabricated ‘T’ feature. The scale bars

are 20 pm.

3.3.5 Attempted Activation of Control Samples

To determine if PGMA removal was due to the mechanophore group, and to verify that the
PGMA brush itself is stable under high force, we subjected a control sample (see Figure 3.11C) to
the same 450 nN force with identical scan parameters as the mechanophore sample shown in
Figure 3.5. The control sample shows no height decrease after high force application (see Figure
3.11B) when compared to the sample before high force (Figure 3.11A), indicating none of the
PGMA brushes were cleaved. Upon 360 nm excitation, the control sample showed no detectable
fluorescence at 410-430 nm (Figure 3.11D), further verifying that the fluorescence seen in the

mechanophore sample is due to the cleavage of the maleimide-anthracene moiety.
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Figure 3.11. Images (A) and (B) were acquired under identical conditions as Figures 3.5A and

3.5B, respectively, except that the surface adsorbates were polymer brushes without
mechanophores. (C) Schematic diagram illustrates the surface functionalities corresponding to the

AFM image in B. (D) Fluorescence image of the same region as B. All scale bars are 5.0 um.

3.3.6 Production of Hierarchical Patterns

The robustness of the spatially selective activation was further demonstrated by
producing a hierarchical feature (Figure 3.12). Using the design tool included in the AFM’s
software (MicroAngelo macro written using Igor Pro 6.34), the hierarchical structure was
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designed in two steps: first, the hollow letter ‘T’; second, periodical squares fill the space within
the hollow ‘T’ feature. Upon setting the load (700 nN) and the physical dimensions, the AFM
scan replicated the design in a couple of minutes. In the lateral force image shown above, the
anthracene-termini region exhibited lower friction than surrounding polymer brush terminated by
tert-butyl bromide, which is expected given the hydrophobic nature of the anthracene termini and
the hydrophilic character of the cantilever. The grids lines of the ‘T’ feature were 83 nm wide.
The inner grid rectangles measured 142 nm x 161 nm, while the size of the overall feature is 2.2
um x 2.8 um. This magnitude of difference in size indicates that this method is capable of
producing small features without sacrificing the fidelity of the larger scale feature, verifying its
robustness. The fidelity of the feature produced coupled with the magnitude in difference in
feature size verifies the robustness of the high activation of the MA mechanophore using AFM

technology.

Figure 3.12. Example of hierarchical feature produced using AFM. The lateral AFM image of the

hierarchical feature is shown. (Inset) An ‘T’ feature patterned with a square grid, custom designed.

The scale bar is 1.0 um.
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3.4 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
with a focus 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 multi-level contrast in the original design, including gradient features
and hierarchical micro- and nano-structures, could be 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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CHAPTER 4

Producing Organizational Chirality by Design via Scanning Probe Nanolithography

4.1 Introduction

Surface chirality is an area of growing interest, as there are many potential applications
such as chiral sensors, enantiomeric separation as well as enantioselective heterogeneous
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 induced chirality is organizational chirality, which solely arises from the arrangement of
the molecules on the surface.” Current means to produce organizational chirality primarily relies
on self-assembly, from simple and small organic molecules’!! to large aromatic ones.'>!> The
resulting chiral structures are restricted to those driven by the thermodynamics of absorption.

In order to go beyond this restriction and achieve organizational chirality by design, we
turn to combining atomic force microscopy (AFM) and surface chemistry. Taking the full
advantage of the high spatial precision of AFM in performing nanolithography and creating simple

chiral geometry, 413

various functionalities and complex chiral designs can be achieved, e.g., by
utilizing designed surface reactions such as thiol adsorption on precious metals, and retro-
Diels—Alder reactions of maleimide anthracene mechanophores. Various chiral structures have
been designed and produced with nanometer precision, from simple chiral spirals to arrays of chiral
nanofeatures to hierarchical chiral structures within which both individual features and overall
layout were chiral. In addition to nanolithography, AFM also provides a powerful and high-

resolution readout of the chiral features produced.'® The concept and methodology reported here
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enable a new and generic means to perform organizational chiral chemistry, with the intrinsic
advantages of chiral structure by design. The results open new and promising applications
including organizational chiral sensors, 3D chiral nanoprinting, enantiomeric separation, and
enantiomeric heterogeneous catalysis.

Data for Figures 4.1 and 4.2 was contributed by Dr. Logan Swartz, data for Figures 4.6 and

4.7 was contributed by Minyuan Wang. All other data (Figures 4.3-4.5) was collected by me.

4.2 Experimental

4.2.1 Materials.

Chemical reagents were used without further purification unless specifically stated. Ethanol (200
proof) was purchased from VWR (Radnor, PA). Gold slugs (99.999% pure) were purchased from
Alfa Aesar (Haverhill, MA). Mica sheets were purchased from S & J Trading Inc. (Glen Oaks,
NY). 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). Dimethyl sulfoxide ( 99.9%) was
obtained from Sigma Aldrich (St. Louis, MO). 1-Octanethiol (>98.5%) and 1-octadecanethiol
(98%) were purchase from Sigma Aldrich (St. Louis, MO). [Jay, can you put your reagents for
your samples here?] Silicon cantilevers (AC-240, spring constant, k = 1.7 N/m) were procured
from Olympus America (Central Valley, PA). Silicon nitride cantilevers (MSNL-10, k = 0.6 N/m)

were procured from Bruker Nano (Camarillo, CA).

4.2.2 Preparation of Self-Assembled Monolayers on Surfaces.

Ultraflat gold thin films were prepared based on previously published methods.!” Self-

assembled monolayers were formed by soaking the gold thin films in 1.0 mM of Cg thiol in ethanol
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solutions. The substrates remained in these solutions until used for nanografting to ensure high
coverage and minimal contamination.
Maleimide-anthracene mechanophore samples were prepared according to previously

published methods. !5 '8

4.2.3 High-Resolution AFM Imaging and Nanolithography.

A deflection type AFM (MFP-3D, Oxford Instrument, Santa Barbara, CA) was used for
nanolithography and high-resolution imaging. Data acquisition was carried out using MFP-3D
software developed based on the Igor Pro 6.12 platform. The basic protocol of nanografting has
been reported previously." ! Briefly, SAMs were first imaged using a silicon nitride cantilever
with low force in contact mode in a solution of Cis 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
6.12 software. The results are shown in Figures 4.1 and 4.2. Imaging and nanofabrication
conditions varied and are provided for each experiment.

For the maleimide anthracene mechanophore AFM images shown in Figures 4.3-4.7, a
protocol similar to previously published methods was used.!® The silicon cantilevers were used in
contact mode for imaging and nanolithography in DMSO. Imaging and nanofabrication conditions

varied and are provided for each experiment.
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4.3 Results and Discussion

4.3.1 Production of Organizational Chiral Structures by Design Using Nanolithography

and Self-assembled Surface Chemistry.

To demonstrate that AFM based nanolithography enables production of organizational
chiral structures, we first designed a pair of simple Archimedean spirals, as shown in Figure 4.1A.
The spiral on the left rotates counterclockwise outward from the center, thus is denoted as the “S”
chirality. Its mirror image on the right thus exhibits the “R” chirality. The chirality is further
verified by the lack of centers of symmetry in each feature, i.e., neither spiral can be superimposed
with its mirror image within the plane.

Translating the design into true chemical features requires the selection of surface
chemistry (i.e., for canvas and active components); scaling the design to actual size and setting
nanolithography conditions; and finally performing the AFM based nanolithography accordingly.
A 1-octanethiol (abbreviated as Cs) layer on an ultraflat Au thin film,!” known as a self-assembled
monolayer (SAM), was used as the matrix or canvas, and 1-octadecanethiol (abbreviated as Cig)
molecules were used the active component for the spirals. The Cs SAM was first imaged via AFM
in a solution of 0.02 mM Cis in ethanol under a low force of 6.7 nN, from which the
nanolithography site was chosen. The design (shown in Figure 4.1A) could easily be produced
using any design software including MS-PowerPoint and saved in png format, which was then
read and displayed directly by our AFM data acquisition program. The upload spirals were then
moved to the designated location, and changed into the desired size, in this case by the Egs. 1 and

2:
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r (nm) = 18.00 (nm) x 0 (1)

r (nm) = —18.00 (nm) x 0 )
for S and R spirals, respectively. Here, r is the distance between the point to center and 0 is the
angle counter-clockwise with respect to the horizontal axis, and ranged from 0 to 6.5 . Setting the
spiral line contrast as the applied force (218 nN), the AFM tip was then scanned at 1.0 um/s at this
high load following the trajectory of the spirals. The high force shaved the Cs from the Au surface,
and the void was then immediately filled by the Cis molecules in the imaging medium. After
nanografting, the 1.5 um x 0.75 pm area was imaged at a much-reduced force of 6.7 nN. As shown
in Figure 4.1B, the two spirals were faithfully produced following the following trajectory of Egs.
3 and 4:

r (nm) = 18.10 (nm) x 0 3)

r(nm) =—-17.82 (nm) X 0 4)
where 0 ranged from 0 to 6.5 w. The height of Cis was measured as 0.7 £ 0.2 nm above the Cg
SAM in the surrounding, consistent with the known SAM structure with the close packed
alkanethiol molecules whose chains are tilt of 30° from the surface normal.'®?! The S-spiral has
3 rotations, with the linewidth (defined as full-width at half-maximum, FWHM) measured to be
24.9 £ 1.5 nm, separated by 104.2 &+ 3.8 nm from its nearest-neighbors. Although alkanethiols are
achiral molecules, both Cis spirals are considered organizational chiral structures based on the

definition of organizational chirality.’
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Figure 4.1. (A) The design of a pair of S and R spirals. (B) AFM topographic image (1.5 um x
0.75 pm) of the pair of chiral structures produced following A. Image was acquired in a 0.02 mM
Cig solution under a force of 6.7 nN and a scanning speed of 3.76 um/s. Lateral scale bar is 0.2

pum.

For AFM instruments without the capability of using polar coordinate 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 simple parametric equations:

X =C; (nm) X 0 x (cos(C,0)) (5)
Y = D, (nm) X 6 x (sin(D,0)) (6)

Where the X and Y represent the coordinates of the designed structure; Ci, Cz, D1 and D>

are coefficients defining the chirality (e.g., positive values yield S-chirality), symmetry (e.g., equal

in X and Y dimension or not), and detailed geometry of the spirals (e.g., density of rotations); and
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the range of 6 determines the overall size.
A specific design and feature are shown in Figure 4.2, where an Archimedean S-spiral can

be represented and quantified using Eqgs. 7 and 8:

X = % (nm) X 0 X (cos (%)) (7)
Y = % (nm) X 8 X (sin (%)) (8)

Where the variable 0 ranged from 0 to 318.0 © with increments of 0.318 w. Setting the
shaving force to 218 nN, both equations were entered into the AFM scanning commands. During
the scan at 1.0 pm/s, the spiral paths were traced under 218 nN, according to XY positions defined
by Equations 7 and 8. Again, nanografting took place, where the Cg was replaced by the Cig
molecules in the solution of 0.02 mM Cis in ethanol above, at the locations defined by Equations
7 and 8. The resulting feature is revealed in Figure 4.2B, where the S-spiral has 16 rotations, with
linewidth equal to 23.5 + 0.0 nm, separated by 83.9 + 2.9 nm from its nearest neighbors. The spiral
was 0.9 = 0.1 nm above its surrounding Cs SAM, which is consistent with the expected height

difference of between the Cis and Cs SAMs.*??

Compared with prior approaches of producing organizational chiral structures, our method
allows production of organizational chiral structures by design instead of being restricted to simple
structures dictated by thermodynamics. The spatial precision of AFM enables nanometer
resolution in both production and imaging. The organizational chirality, feature geometry, and
overall feature size follow researchers’ design faithfully. Combining with the recent advances in
SAM chemistry,'® 2326 this approach enables accommodating a wide range of material and
functionality. Example head-groups include thiols,!” dithiols,”” disulfides,?® and silane
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chemistries,?® with terminal groups of COOH, CHO, NHa, biotin etc.?% 2
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Figure 4.2. (A) An S-spiral defined by the parametric equations (7) and (8). (B) A 3.0 um x 3.0
um AFM topographic image containing the S-spiral of Cis inlaid in a Cs SAM. AFM image was
acquired in an ethanol solution containing 0.02 mM Cis, under a force of 6.7 nN and at a speed of
7.52 um/s. Lateral scale bar is 0.5 um. (C) Schematic diagram of nanografted Cis inlaid in the Csg

SAM revealing the adsorption conformation of the alkanethiols.

4.3.2 Production of Organizational Chiral Structures by Design Using Nanolithography

and Mechanochemistry.

Expanding our designs beyond simple Archimedean spirals, a bladed fan feature was
selected, which also exhibits organizational chirality. Figure 4.3A illustrates how a R-bladed fan
design is generated. Each of the ‘blades’ is produced by the overlapping region of the two equal
sized circles (blue and pink). The diameter of the circles, D, as well as the separation between their

centers, d, determine the overall size and geometry of each ‘blade’. Neighboring ‘blades’ are
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rotated 60° with respect to each other, with a shared side, and a shared point, thus completing this
6-bladed fan feature.

Utilizing mechanochemistry®® of an interfacial maleimide anthracene mechanophore
system,®! we have produced the 6-bladed fan consisting of anthracene-termini on Si-wafers, as
shown in Figure 4.3. Following procedures previously reported,'® a siloxane SAM was first
produced on Si(100) surfaces. Each covalently bound molecule contains a maleimide-anthracene
mechanophore and is terminated by a poly(glycidylmethacrylate) (PGMA) tail. This thin film was
imaged via AFM in a dimethyl sulfoxide (DMSO) under a low force of 18 nN, to enable selection
of sites for nanofabrication. The design in Figure 4.3 A 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 4.3B, where the blade is clearly visible, appearing as
negative contrast in the AFM topograph. The structure faithfully followed the design with R
chirality. The parent circles had D = 3.43 &+ 0.15 um, with center-center separation of d = 0.79 +
0.08 um. The width of the blade lines at FWHM was 0.23 £+ 0.07 um. 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. '
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Si(100)

Figure 4.3. (A) The design of a 6-bladed fan feature with R chirality. (B) A 6 um x 6 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 pm/s. Scale bar is 1.0 um. (C)
Schematic diagram illustrating the molecular adsorbates and terminal functionalities across the
patterned region.

While the reactions used in Figures 4.1 and 4.2 were adsorption directed by AFM scans,
the reactions achieved in Figures 4.3 and 4.4 were based on detachment of PGMA tails by the local
force exerted via the AFM probe. The later enables production of multi-contrast organizational
chiral features, as illustrated in Figure 4.4. A multi-contrast R-bladed fan was designed and
produced. Different from the design in Figure 4.3, the fan in Figure 4.4 has 6 solid and well-
separated blades, with each pair of opposite blades assigned a contrast in grey scale (Figure 4.4A,
inset). Setting the shaving force, based on blade contrast in the design, to be 333, 617 and 900 nN
for dark, grey and bright, respectively, the AFM probe was able to activate the MA groups in the
blade regions, with the number of MA groups activated based on the actual force setting, '® resulting
in the complex, multi-contrast organizational chiral structure shown in Figure 4.4. The diameter,

D of the parent circles measured 3.79 + 0.04 um with center-center separation d = 0.97 + 0.03 um.
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as shown in Figure 4.4A. The diameter of the central circle was 1.28 = 0.02 um, with a depth of
7.0 nm. The depths of each ‘blade’ feature are 1.63, 4.19 and 7.00 nm lower than the surrounding,
corresponding to the densities of MA activation of 23%, 60% and 100%, respectively.'®
Corroborating evidence arises from the lateral image, acquired simultaneously with the AFM
topograph, shown in Figure 4.4B, where the contrast is opposite of that in topographic image, as

the lateral force in the anthracene regions is higher than that in the bromide terminated regions.!®

6 nm

O = N W A WU

Figure 4.4. (A) An AFM topographic image taken after scanning the chiral grayscale image inset
on a MA surface. (B) Lateral image acquired simultaneously. Images were collected in DMSO

under 70 nN and a speed of 22.54 pm/s. Scale bars = 1.0 pm.

In the case of organizational chirality from self-assembly, the area covered by chiral

features depended on the interplay between thermodynamics and kinetics. Often the region

8, 10, 13, 32-34

occupied by one type of chiral features is finite and the entire surface is covered by
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interspaced regions of various structures and chiralities.!® %33 353 Our approach, in principle,
could cover the entire surface with one type of chiral features by design, which brings
organizational chiral structures closer towards practical applications.*® Figure 4.5 demonstrates the
feasibility to produce arrays of chiral features by design on the designated locations on surfaces.
A 3 x 3 array of R-bladed fans was designed and produced, following the similar protocols to that
in Figures 4.3. The periodicity of the 3 x 3 array measured 1.69 £ 0.01 um. The individual feature
within the array were R-bladed fans. The parent circles D measured 0.90 &+ 0.03 um, with center-
center separation of d = 0.27 £ 0.02 um. The width of the blade lines at FWHM was 0.13 + 0.01
um. The lateral dimension of the central region was 0.28 + 0.01 pm.

The current AFM instrument used for this investigation has the capability to produce chiral
features covering an entire 100 um x 100 um in a single scan-frame. Then the probe could be
moved manually via a precision micrometer to the adjacent 100 um x 100 um area to repeat the

nanofabrication, until a millimeter sized surface regions are covered..

Figure 4.5. AFM topographic image of a 3 x 3 array of chiral structures produced following similar

protocols as that in Figure 4.3. Each chiral structure is a 6-bladed fan with R chirality. Dark
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features correspond to anthracene termini while the lighter features are the bromine 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 um.

4.3.3 Production of Hierarchical Chiral Features by Design.

Taking full advantages of this technology’s capability to make organizational chiral
structures by design, we attempted to produce highly complex designs, i.e., hierarchical chiral
structures where the individual structures and their arrangement are both chiral. Figure 4.6A
provides an example design of a hierarchical chiral structure where each element was an
Archimedean spiral with R chirality, and these spirals were arranged periodically along a
rectangular spiral, also with R chirality. This design is referred to as an RR structure, where R
represents the chirality of the individual elements and superscript R denotes the chirality of their
arrangement along the chiral feature.

Quantitatively, the designed Archimedean spirals have R-chirality, and followed Eq. 9:

r (nm) = —29.00 (nm) X 6 9)
with 0 ranging from 0 to 6.5n. This design is similar to the R spiral in Figure 4.1A. There are 35
Archimedean spirals in this design, whose centers were arranged following the trajectory of the
rectangular spiral with a periodicity of 1.30 pm. To facilitate understanding of the arrangement
and progression in this design, we started with the smallest rectangle with the side lengths of a;
and by (Fig. 6A). Starting at the corner, the spiral was placed as per the designed periodicity, then
the spiral adjacent to the upper left corner was removed, thus leading to a rectangular spiral instead
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of a simple rectangle. The 2" rectangle utilized three sides of the first rectangle, excluding the side
with a missing spiral, then expanded b; by two periods creating a>, and reassigned a; as bo. Next,
the spirals were again placed from the top left corner and along the top side with 1.00 um
separation to complete b,. Finally, the spiral adjacent to the top right corner of a» was removed.
This iteration or progression continued till the 5" cycle to complete our design shown in Figure
4.6A, following Egs. 10 and 11:

a, (um) = (n+ 2) X p (pm) (10)

b, (um) = (n + 1) X p (um) (11)

Where p is the periodicity; a, and b, are the long and short side of each rectangle,
respectively; and n = 1 to 5 represents the number of progression cycles.

Figure 4.6B shows the results of the AFM-directed nanolithography following the design
in Figure 4.6A, using the protocols similar to that described in Figure 4.1. The individual
Archimedean spirals follow the design faithfully, with the spirals defined by Eq. 12:

r = (—2825 + 1.24) x 6 (12)
with 0 ranging from 0 to 6.5 m. The width of the spiral line 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 um. The R-rectangular spiral expanded up to 5 progressions. The Archimedean
spiral lines correspond to the anthracene-terminated areas, which measured 5.21 + 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 4.6B, the bright contrast
corresponds to the anthracene functionality while the surrounding is bromine termini of the PGMA

chains.
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Figure 4.6. (A) A design of a R® hierarchical spiral. (B) A 11.4 um x 10.1 pm deflection image of
the RR hierarchical spiral produced following the design in (A). The image was acquired in DMSO
under an imaging force of 51 nN at 37.56 um/s. The lateral scale bar is 2.0 um.

Following the same procedure as the R® hierarchical spiral, three additional combinations
of hierarchical spirals were fabricated with the chirality combinations as follows: RR, RS, SR and

SS as shown in Figure 4.7 and Table 4.1.

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 4.6, i.e., RR, RS, S® and S5. The results of all four types of
hierarchical chiral structures are shown in Figure 4.7 and summarized in Table 4.1. The fidelity is
very high in this AFM-based nanolithography. The progression of each of the rectangular spiral is

n =5, and accurately following the design. Using the R® spiral was an example, the alignment of
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the spiral along the rectangle was within 16.7 + 48.7 nm precision of the intended rectangular
spiral line and the periodicity is preserved within tens of nanometers 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.

Table 4.1. Summary of hierarchical chiral spirals produced, representing all four possible
combinations of chirality. The measurements are taken from AFM topographic as well as

deflection images.

Hierarchical
Chirality

RR RS SR

Archimedean Spirals Produced

Equation form
Arc;:z;ean r=60x r=60x r=0x r=60x
- (—28.25+ 1.24) | (—26.90 + 1.98) | (29.60 + 0.58) | (25.54 + 0.74)
produced
6 Range Otob.5nt Otob.S5n Oto6.5Sm Otoeb5Sn
L'"(en'“r‘:)dth 96.07 + 13.58 88.05+15.45 | 98.64+17.33 | 91.58+12.91
Height
difference
after MA 521+0.78 6.10+0.78 5.26+1.46 6.33+1.11
activation
(nm)
Alignment of Archimedean Spirals Along the Rectangular Spiral
Progression n=1-5 n=1-5 n=1-5 n=1-5
range, n
Perl?;irl::;tv, P 1.33 £0.03 1.27 + 0.02 1.46 + 0.0.08 1.22 +0.02
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Figure 4.7. The four AFM deflection images of the hierarchical chiral spirals produced following
the designs. All four possible combinations of chirality were designed and produced, as indicated
in the images. All images were acquired in DMSO under the imaging force of 51, 13, 47 and 23
nN, with the scanning speed of 37.56, 31.30, 35.06 and 32.55 um/s, respectively, in the four

experiments. All lateral scale bars =2.0 um.

4.4 Conclusions

This work introduces our approach to create organizational chirality by design. Current
methods for production of organizational chirality are primarily based upon self-assembly of
molecules. While powerful, the chiral structures produced are restricted to those dictated by
reactions thermodynamics. Using atomic force microscopy in conjunction with one’s chosen
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surface reactions, our methodology enables production of various chiral structures by design 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 concept and methodology enabled researchers to carry out
organizational chiral chemistry, with the intrinsic advantages of chiral structures by design. The
individual chiral structures, their locations on surfaces, and total coverage by these organizational
chiral structures can all be controlled. Being able to selectively produce a single chiral form offers
the possibility to create enantioselectivity on the surface, which is critical for future
enantioselective applications of these structures. By employing parallel processing techniques,>”
the throughput of organizational chirality by design can be greatly increased, making large scale
array feasible in a reasonable amount of time. The results open new and promising applications
including organizational chiral sensors, 3D nanoprinting of chiral structures, enantiomeric

separation, and enantiomeric heterogeneous catalysis.
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CHAPTER 5

Controlled Molecular Assembly of Tetrazine Derivatives on Surfaces

5.1 Introduction

Assembly of molecules into micro- and nano-scale structures by design still poses a great
challenge.! Self-assembly (SA) of molecules provides one good means to assemble molecules
into mesoscale structures, such as self-assembled monolayers (SAMs),>* phase-separated
polymers,> ® molecular brushes’, block copolymers® and lipid bilayers.” ' While powerful, self-
assembly is limited to structures or molecular assemblies that are favored thermodynamically.!!> 12
This limitation makes it difficult to achieve molecular assembly by design using self-assembly
alone. Thus, new approaches need to be developed to reach “molecular assembly by design”,

thereby enabling production of a wider range of structures and materials with designed properties

and functions.

Controlled assembly to produce 0 dimensional (0D) assemblies has been demonstrated by
our team using macromolecules, including star polymers (M, of 383 kDa, hydrodynamic radius of
13.8 nm).'* The study indicated that factors governing the solute assembly in ultrasmall droplets
significantly differs from that of larger droplets, as ultrasmall droplets exhibit ultrafast evaporation,
and as such, the initial droplet geometry and concentration of the solute play dominant roles in
dictating the final assembly of solute molecules. The applicability of this methodology to the
assembly of low molecular weight molecules, such as small linear polymers, is becoming the new

task. The use of small molecules is appealing for several reasons, as they are generally easier to
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synthesize, less expensive, more stable, and more readily available than macromolecules that
require significant time, money, and research to fabricate. This work applies the concept of
controlled assembly to bis-tetrazine modified poly(ethylene glycol) (PEG-bisTz), with M, of 8.1
kDa, and dynamic radius near 1.5 nm.'* > Functionalized PEGs have been widely used for surface
modification and for the synthesis of complex molecules and networks.!®!” Moreover, the tetrazine
functionality within the molecule is known to participate in tetrazine-ligation with trans-
cyclooctene (TCO) derivatives.!> These bio-orthogonal inverse electron demand Diels—Alder
reactions occurred fast and required no additional additives.!®?* These reactions are also clean,
producing nitrogen gas as the only by product,'®-?? and thus are utilized as an important tool for
producing extracellular matrix mimetic hydrogels and polymers.!> ?*2* To further advance the
applications of PEG-bisTz and three-dimensional (3D) nanoprinting technology, this study
demonstrates the concept of controlled molecular assembly of PEG-bisTz from 0D - 3D,
combining our methodology of using ultrasmall droplets (sub-aL) and surface patterning. The level
of control reported in this work paves the way for future applications including 3D nanoprinting,
as well as programmable and engineered means to produce complex and hierarchical structures of

materials.>>’

Reprinted (adapted) with permission from {Wang, S.; Liu, S.; Sulkanen, A.; Fox, J.; Jia,
X.; Liu, G.-y., Controlled Molecular Assembly of Tetrazine Derivatives on Surfaces. CCS
Chemistry 2021, 1789-1799}. Copyright {2021} Chinese Chemical Society. All data was acquired

by Dr. Shuo Wang, but writing and significant data analysis was done by me.
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5.2 Experimental Methods

5.2.1 Materials.

Glass slides (22 mm X 22 mm x 0.25 mm) were purchased from Fisher Scientific
(Pittsburgh, PA). Sulfuric acid (H2SO4, 95.0—98.0%), hydrogen peroxide (H202, 30% aqueous
solution), ammonium hydroxide (NH4OH, 30% aqueous solution), tetrahydrofuran (THF) and
toluene (99.8%) were purchased from Sigma-Aldrich (St. Louis, MO). N-(6-aminohexyl)
aminopropyltrimethoxysilane (AAPTMS) was purchased from Gelest (Morrisville, PA). Ethanol
(99.5%) was purchased from KPTEC (King of Prussia, PA). Milli-Q water (MQ water, 18.2
MQ-cm at 25 °C) was produced by a Milli-Q water purification system (EMD Millipore, Billerica,
MA). Nitrogen gas (99.999%) was purchased from Praxair, Inc. (Danbury, CT, King of Prussia,

PA). Deuterated chloroform (CDCl3) was purchased from Cambridge Isotopes (Tewksbury, MA).

5.2.2 Synthesis of PEG-bisTz and C12-bisTCO.

PEG-bisTz and C12-bisTCO used in this study were synthesized following our previously
reported methods using PEG-diamine with a My of 7.5 kDa and 1,12-diaminododecane

respectively.'> 2% 2

5.2.3 Preparation of Surfaces as Support for Material Delivery.

Glass slide substrates were first cleaned following established protocols.*® Briefly, slides

were soaked in piranha solution for 1 h, rinsed with a copious amount of MQ water. Piranha
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solution contains H>SO4 and H>O» (v/v = 3:1), which should be handled with care for its high
corrosiveness. The slides were then treated with a basic bath (mixture of NH4OH, H>O», and H>O
at a ratio of 5:1:1 (v/v)) for 1 h at 70 °C and then rinsed with a copious amount of MQ water
followed by drying in nitrogen gas. Cleaned slides were modified using silane chemistry according
to an established protocol.’! SAM-modified glass slides were prepared as follows: slides were
heated at 70—80 °C in a sealed Teflon container (100 mL) containing 200 uL of AAPTMS for 2 h,
then rinsed with ethanol and MQ water, and dried again in nitrogen gas.’! PEG-bisTz coated glass
slides were prepared as follows: 20 puL of 2.5x10"* M PEG-bisTz aqueous solution was deposit by
100 uL Eppendorf pipette (Sigma-Aldrich, St. Louis, MO) on AAPTMS modified glass surfaces

and dried under ambient conditions for 30 minutes.

5.2.4 Contact Angle Measurement.

Contact angle data of water and PEG-bisTz solution were both collected for the modified
substrates with a VCA Optima Contact Angle Measurement system (AST Products, Billerica, MA)
according to standard protocols.*? For water contact angle measurement, typically, a 2 uL drop of
MQ water was placed on the substrate using a HPLC needle. At least three different positions per
sample were studied to confirm the surface wettability. For PEG-bisTz solution contact angle
measurement, an identical procedure was applied except that MQ water was replaced with 2.5x10"

4 M PEG-bisTz aqueous solution.
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5.2.5 Integrated Atomic Force Microscopy and Microfluidic Device.

A microfluidic system (FluidFM Bot, Cytosurge, Glattbrugg, Switzerland) was integrated
with an atomic force microscopy (AFM) assembly allowing precise position and movement
control, and an inverted optical microscope (IX73, Olympus America, Center Valley, PA).3 3
Solution delivery was carried out using a FluidFM Nanopipette (CYPR/001511, Cytosurge,
Glattbrugg, Switzerland) with a 300-nm opening. The cantilever was similar to typical AFM
silicon probes, 200 um long, 36 um wide, and 1.5 pm thick. The spring constant was 2 N/m. The
nanopipette was made with a microchannel connected to a reservoir and controlled by a precise
pressure controller. The pressure control system enables a pressure application range from —800
to +1000 mbar at a 1 mbar precision. Initially, 1 pL of PEG-bisTz solution was filled into the

probe’s 2 pL reservoir using a Hamilton 7000 series syringe (Hamilton, Reno, NV).

5.2.6 AFM Imaging.

PEG-bisTz structures deposited on the surface were allowed to dry at room temperature
for 30 min before being characterized by AFM (MFP-3D, Oxford Instrument, Santa Barbara, CA).
Silicon probes (AC 240-TS, Olympus America, Central Valley, PA) with a force constant of 1.7
N/m and resonant frequency of 70 kHz were used. Topography images were acquired using tapping
mode. The driving frequency and damping were set at 70 kHz and 40%, respectively. Images were
analyzed using Asylum MFP-3D software on an Igor Pro 6.12 platform. Particularly, the initial
volume of droplets deposited on AAPTMS surface was calculated based on the total number of

PEG-bisTz molecules in the spherical cap (total solid volume calculated based on the AFM
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measured height and diameter/individual PEG-bisTz volume) and the initial concentration in the

solution.

5. 3 Results and Discussion

5.3.1 Controlled Assembly of PEG-bisTz in Individual Ultrasmall Droplets.

The surfaces used were clean glass modified by SAMs of AAPTMS. The water contact
angles on this SAM measured 55 + 1.2°, which is consistent with known values for high quality
SAMs with amine-termini.* Using 2.5 x 10* M PEG-bisTz aqueous solution, the contact angle
measured 47 & 1.3°. Thus, the SAM surface is both hydrophilic and “solution-philic”. The structure
of PEG-bisTz (M, = 8.1 kDa) is depicted in Figure 5.1. The reduced contact angle of PEG-bisTz
solution compared with water is likely due to the stronger interaction of PEG-bisTz solution with
the AAPTMS SAMs than pure water. This strong attachment of PEG-bisTz to the AAPTMS
surface was also verified independently by subjecting a dried droplet of PEG-bisTz on AAPTMS
to a thorough rinsing with water. Despite the hydrophilic nature of PEG, a ~1 nm thick disk of
PEG-bisTz remained after the rinse (not shown), demonstrating the stability of the PEG-bisTz

assembly on the AAPTMS surface.

Delivery of an ultrasmall droplet was achieved with the microfluidic/AFM delivery system,
as illustrated schematically in Figure 5.1. The lateral position of delivery was precisely controlled
with a movement range of 240 mm X 74 mm, and precision of 100 nm. An inverted optical
microscope with a 10X objective was utilized to monitor the position of probe and the delivery.

The vertical or z-movement moves with 4 nm precision and is independent from lateral movement.
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The glass slides were placed on the sample stage, above which the probe was mounted to the
vertical assembly controlling z-movement. Typical probe-surface contact during delivery is also
shown in Figure 5.1, where the contact force was measured and controlled via similar means as
conventional AFM with a deflection configuration.'® 3% 3¢ The square pyramidal tip tilted 11° from
the surface normal. The nanopipette probe had a 300 nm diameter pore located at the probe apex,
connected to a microchannel within the probe body. The microchannel was connected to a small
reservoir where the PEG-bisTz aqueous solution was stored. This set-up enabled delivery of

aqueous droplets as small as 0.4 attoliter (aL).!?
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Figure 5.1. Schematic diagram of an integrated AFM with microfluidic delivery probe. An
enlarged view illustrates the probe—surface contact. The chemical structure of solute, PEG-bisTz,
is also shown. The inset at the lower left is a SEM image of the nanopipette apex with a 300 nm
aperture. Scale bar is 500 nm.

First, we have demonstrated that the geometry and size of the individual and concrete
assemblies can be controlled with PEG-bisTz molecules tightly packed within. Under a contact
force of 40 nN, delivery pressure of 200 mbar and contact time of 0.2 s, 250 aL droplets of PEG-
bisTz solution were delivered on the AAPTMS SAM surfaces, as shown in Figure 5.2A. A zoom-

in view of one feature is displayed in Figure 5.2B, where PEG-bisTz molecules assembled into a
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tiny spherical cap with height and base diameter of 73 nm and 860 nm, respectively. A further
zoom-in of a 500 nm x 500 nm area atop of the cap, Figure 5.2C shows a relatively smooth
morphology decorated by 16 bumps, ~1.8 nm in height with width ranging from 15-35 nm. These
bumps are likely due to clustering of PEG-bisTz molecules. This geometry and the packing can be
rationalized by the following: (a) the contact angle of the droplet, 47°, dictated the overall
geometry of the droplet and contact ‘footprint’, i.e. a short spherical hat (b) the solution-surface
interaction also determined the evaporation profile, in this case, fast constant area evaporation, due
to the quantity of tetrazine in the droplet exceed monolayer, the final feature is a short spherical
dome, closely packed, interdigitated within, as shown in Figure 5.2. This is consistent with prior

observation with macromolecules as well.!3

The 860 nm diameter base of the cap was dictated by
the initial spreading of the droplet, and the number of PEG-bisTz molecules within the mound was
determined by the concentration and volume. The intra-feature morphology is also consistent with
clustering of PEG-bisTz as a result of constant area evaporation,’”-3%?7_i.e. freezing of PEG-bisTz
in the dynamically confined space. These observations are highly reproducible, as we made 11x11
arrays of PEG-bisTz assemblies, shown in Figure 5.2A, where feature dimensions are within 2%,
all have spherical cap geometry, and their morphologies are similar to that shown in Figure 5.2C.
These observations indicate that using ultrasmall droplet and rapid evaporation, spherical cap
shaped assemblies were produced with PEG-bisTz molecules tightly packed within. In other
words, the initial droplet shape dictates the outcome of the individual and concrete assemblies of
molecules due to fast evaporation. The concept of controlled assembly using small liquid droplets

was first reported by our team using macromolecules, e.g. star polymers.'* This result extends the

concept to much smaller molecule, PEG-bisTz, which has a hydrodynamic radius of 1.5 nm.
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Figure 5.2. (A) An AFM topographic image of an array of PEG-bisTz spherical caps. (B) A zoom-
in view of a single feature as indicated in (A). The top inset is the corresponding cursor profile.

(C) A further zoom-in view from the region as indicated (B).

The robustness of our approach was demonstrated by forming PEG-bisTz spherical caps
with various sizes by varying delivery parameters such as contact time (t) and pressure (p). Results
shown in Figure 5.3 correlate the increase of base and height with the increasing contact time. At
contact force of 40 nN and delivery pressure of 200 mbar, a 5 x 6 array of PEG-bisTz droplets
with periodicity of 7 pm was delivered on an AAPTMS glass surface. From the bottom to the top
row in Figure 5.3A, the contact time increased during initial delivery, resulting in larger droplets,
thus larger spherical caps, as summarized in Table 5.1. The quantitative plot is shown in Figure
5.3B, where both the base and height increased with increasing contact time. These observations
indicate that the size of these individual and concrete OD structures of PEG-bisTz can be controlled

by varying the amount of materials delivery in our approach.

Table 5.1. The PEG-bisTz spherical caps formed via controlled assembly, in correlation with
contact time

Dwell Time

(s)

Pressure
(mbar)

Force
(nN)

Volume
(aL)

Height
(nm)

Base
diameter
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(pm)
0.10 200 40 82+5 5142 0.59 + 0.06
0.20 200 40 250 + 12 73 + 3 0.86 + 0.08
1.33 200 40 474 + 23 94 + 2 1.04 +0.05
2.56 200 40 1046 + 45 131+4 1.32+0.07
3.78 200 40 1241 + 58 139 + 3 1.41 +0.09
5.00 200 40 1633 + 69 157+5 1.49 +0.07
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Figure 5.3. (A) AFM topographic image of an array of PEG-bisTz spherical caps created with
various dwell times from 0.1 to 5 s under pressure of 200 mbar. (B) Plot showing the variation of

the dimensions of PEG-bisTz spherical caps with dwell time.

5.3.2 Controlled Assembly of PEG-bisTz During Continuous Delivery of Solution Along

Lines.

With knowledge of the OD delivery conditions and the corresponding geometry of the
resulting PEG-bisTz features, we moved one step further to delivering solutions while moving the
surface along a line, thereby creating a 1D trajectory of solute upon drying. One could conceptually
understand the 1D delivery as a delivery of droplets continuously, in contrast to delivery of discrete

droplets in 0D. Therefore, the OD delivery conditions were used as a guide for the desired cross-
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section and height of lines in the 1D delivery. As material was delivered along the 1D trajectory,
the printing speed, pressure and contact force were kept constant. Figure 5.4A shows an array of
four lines formed at 5 um/s, under a contact force of 40 nN, and delivery pressure of 200 mbar,
using a 2.5 x 10* M PEG-bisTz aqueous solution. These lines were 1.13 + 0.02 um wide and 45
+ 3 nm tall, with a fan-shaped cross section. In Figure 5.4B, the line arrays were produced under
identical condition as that in 4A, except we changed the delivery direction by 90°. Comparison of
the two arrays is further displayed in Figure 5.4C, where the geometry and intra-line morphology
are nearly identical. The base width and height of the lines printed at 0° and 90° were measured
tobe 45+ 3 nmand 1.13 £ 0.02 um, 46 = 3 nm and 1.15 £+ 0.03 pum, respectively. Therefore, the
delivery of PEG-bisTz solution showed little dependence of the printing directions, in contrast to
the printing of highly viscous materials such as photopolymers.>®> These results have been
reproduced 40 times along various printing directions. We attribute the independence on printing
directions to the low viscosity of PEG-bisTz solution, which is close to 1.0016 mPa-s, similar to
that of water.>>* The liquid geometry, upon delivery, is dictated primarily by the volume of liquid
and surface tensions at the printing sites, in contrast to in contrast to photopolymers, whose
viscosity measured 6,000—13,500 mPa-s, would depend on delivery geometry such as directions.>
In this low viscosity situation, the outcome of the molecular assembly could be understood as
equivalent to a two-step process: producing a liquid line with arched cross section, and rapid drying
of solvent to form final assembly. Therefore, the initial liquid line shape and geometry would

dictate the overall size and geometry of the final assembly of solid.

The control over 1D delivery of liquid was also demonstrated by producing lines with

various widths by tuning the delivery conditions. By decreasing movement speed, while keeping
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load and pressure constant, lines with increasing width and height were produced, as shown in
Figure 5.4D and quantified in Table 5.2. At contact force of 40 nN and delivery pressure of 200
mbar, 9 PEG-bisTz lines with spacing of 10 um were delivered on an AAPTMS glass surface.
From left to right in Figure 5.4D, the printing speed decreases, resulting in wider and taller lines,
from 1.58 um and 55.8 nm to 2.84 um and 100.8 nm for base width and height, respectively. This
dependence of line height and width on printing speed provides a means to control the size of the
1D assemblies and demonstrates the robustness of this technique. As printing speed decreases, the
contact time at each delivery point increases, which is equivalent to a larger droplet being delivered
at each point, and results in a larger cross-section collectively along the line. With rapid, constant
area evaporation at each point, a line of solute with uniform cross section is produced. In other
words, controlled assembly was successfully demonstrated for PEG-bisTz systems to form 1D

features: lines and line arrays along designed trajectories.
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Figure 5.4. (A) An AFM topographic image of 4 PEG-bisTz lines from an array of 20 lines with
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periodicity of 5 um. (B) An AFM topographic image of 4 PEG-bisTz lines from an array 20 lines
with periodicity of 5 um. The stage movement in (B) is perpendicular to that in (A). (C) Combined
cursor profiles from the lines indicated in (A) (red) and (B) (blue), and the schematic diagram
indicates the movement directions. (D) AFM topographic image of an array of 9 PEG-bisTz lines

formed with increasing speed, under the delivery pressure of 200 mbar.

Table 5.2. The PEG-bisTz nanolines formed via controlled assembly, in correlation with the

moving speed of the probe along the line.

Printing speed Pressure Contact Force Height Base diameter
(rm/s) (mbar) (nN) (nm) (pm)
2 200 40 100.8 + 0.6 2.84 £ 0.06
3 200 40 98.5+0.6 2.25+0.03
4 200 40 93.6+0.5 2.05+0.02
5 200 40 89.4+0.5 1.95+0.03
6 200 40 81.7+0.4 1.76 £0.03
7 200 40 76.6 £0.5 1.76 £ 0.02
8 200 40 71106 1.76 £0.03

5.3.3 The Impact of Surface Patterning on The Assembly of PEG-bisTz.

Given the significance of the initial liquid shape and geometry, we have attempted various
means to control the initial delivery, one of which is to use pre-patterned surfaces. To investigate
the effect of surface patterning on the controlled assembly of PEG-bisTz, two sets of perpendicular
line arrays were printed within the same area, resulting in a grid of intersecting lines. The first set
of lines were an array of 10 PEG-bisTz lines printed on an AAPTMS/glass surface, and then dried
under ambient conditions for 30 min. The delivery conditions were 200 mbar, 5 pm/s and 40 nN
contact force, which produced solid and homogeneous lines. Each line was 100 um long, 45 + 2

nm tall, 1.12 + 0.04 pm wide, with interline periodicity of 5 um. Under the same conditions and
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design, another array of PEG-bisTz lines was printed, perpendicular to the first set of lines. Figure
5.5A reveals a 25 x 25 pm? area of the final structure of intersecting line arrays. The first set of
lines contained continuous and homogeneous PEG-bisTz lines on an AAPTMS SAM, which was
expected, following the discussion in previous section. The second array, however, contained
broken lines, with a bulge at each intersection, despite the fact that both arrays were produced
under identical conditions. Cursor plots along the two primary directions are displayed in Figure
5.5B, where the differences were clearly revealed quantitatively. The first set of lines were
homogenous continuous lines with height and width of 45 + 2 nm and 1.12 + 0.04 um. The second
set of lines were broken lines with bulges, with a bulge-to-bulge distance of 1.72 £0.06 pm, where
there was no material deposition. Figure 5.5C shows an angled 3D AFM image of a representative
bulge at a cross-section. This bulge feature measured 117 nm high, with perpendicular short axis

and long axis widths of 1.82 um and 3.71 pum, respectively.

Since PEG-bisTz solutions were delivered under identical conditions in both line arrays,
the differences in the resulting structure were attributed to the pre-patterning of the surface. In the
case of the first array, the surface region had relatively uniform AAPTMS/glass SAM. In the case
of the second array, the surface contained solid line arrays of PEG-bisTz surrounded by the
AAPTMS SAM. Figures 5.5D-5.5F rationalize the impact of patterned surfaces on the resulting
line geometry of PEG-bisTz. In Figure 5.5D, the geometry of a droplet of PEG-bisTz solution on
an AAPTMS SAM is shown: a spherical cap with the contact angle of 47°. Rapid and constant
area evaporation led to assembly of PEG-bisTz molecules into a short spherical cap, as discussed
in Figure 5.2. Figure 5.5E illustrates the geometry of PEG-bisTz solution upon continuous

delivery along a straight line on the AAPTMS SAM surface, assuming no evaporation. This
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cylindrical cap can be conceptually considered as the merging of discrete droplets into a line. In
reality, evaporation occurred while delivering, but the end result is equivalent, i.e. constant area
evaporation at each point during delivery is equivalent to constant area evaporation from the liquid
line shown in Figure 5.5E, leading to a solid line with homogeneous height and width. Assuming
no interference from the PEG-bisTz lines underneath, delivery linearly along the perpendicular
direction should result in a liquid with the shape shown in Figure 5.5F (left). The assumption is
incorrect in practice, due to stronger affinity between PEG-bisTz solution and PEG-bisTz lines
than that with the AAPTMS surfaces. In fact, the PEG-bisTz solution exhibits a contact angle of
38.0 £ 1.2° atop of dried PEG-bisTz, smaller than that on AAPTMS SAM (47.0 £ 1.3°). Such
interactions led to accumulation of the solution at the cross-section region, as illustrated in Figure
5.5F (right), again assuming no evaporation. Finally, constant area evaporation led to the broken
line geometry of the second arrays of PEG-bisTz lines. Redistribution of liquid droplets due to
micropatterns on surfaces have been reported previously.*! Our results indicates that the impact of
surface patterns goes beyond 0D, e.g., surface patterns underneath directly impact the geometry of

lines.
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Figure 5.5. (A) AFM topographic image of a representative area of PEG-bisTz mesh. (B) Cursor
profile of two cursors in (A). (C) A 3D display of the zoom-in of the green square in (A). (D)
Schematic diagram of droplet delivery on SAM. (E) Schematic diagram of continuous line
delivery, (F) Schematic diagram illustrating the difference of hypothetical solution distribution and

actual distribution, with the darker color line representing the dried line from the first printed set.

The robustness of the aforementioned mechanism was also demonstrated experimentally,
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as shown in Figure 5.6. By changing the surface patterns, e.g., decreasing the inter-line spacing
or periodicity of the PEG-bisTz lines on AAPTMS surfaces, the geometry of the PEG-bisTz
solution delivered during printing of the second set of line arrays could change accordingly. With
the identical printing condition as that in Figure 5.5A, three sets of PEG-bisTz line arrays were
first produced with the inter-line spacing of 15, 10, and 5 pum, respectively. Each line measured
~100 um long, 45 + 2 nm tall, 1.12 + 0.04 um wide. The delivery of the second set of line arrays
above the three pre-patterned surfaces also followed the same conditions as those in Figure 5.5A.
The periodicity of the second set of line arrays matched that of the lines on surfaces, i.e. with the
inter-line spacing of 15, 10, and 5 um, respectively. As shown in Figure 5.6A-5.6C, the resulting
three grids reveal clear differences in material redistribution, i.e., the heterogeneity of the second
set of line arrays decreased. The cursor profiles in Figure 5.6D compare the heights of the peaks
along the lines: 278 + 10, 166 £+ 6, and 114 + 3 nm, with the decreasing of the periodicity of the
line patterns underneath. The short axis base widths also decreased, from 3.8, 3.01 £ 0.07 to 1.77
+ 0.04 um, while the long axis base widths also decreased from 4.61 = 0.03, 4.35+0.12 to 3.64 +
0.08 um. These trends are consistent with the concept of solution redistribution due to the surface
patterns underneath, i.e. less liquid accumulation at the cross-sectional region with decreasing of

the inter-line spacing underneath.
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Figure 5.6. AFM topographic images of a representative region of the three PEG-bisTz grids with
periodicity of (A) 15 um, (B) 10 um and (C) 5 um, respectively. Each line in the first array was
printed diagonally from top-left to bottom-right in each image. Each line in the second array was
produced from lower-left to upper-right in each frame. (D) Cursor profiles as indicated in images

(A), (B) and (C), respectively.

Further, we have demonstrated that our controlled delivery approach could be combined
with surface chemical reactions to produce designed functionalities. Following the same protocols
as that in Figure 5.6B, an array of 10 PEG-bisTz lines were produced on AAPTMS glass. Each
line was ~100 um long, 45 nm tall and 1.2 um wide, with inter-line spacing of 10 pm. Upon drying
for 30 minutes under ambient conditions, the surface was immersed into a toluene solution
containing 2.5x10* M dodecane bis trans-cyclooctene (C12-bisTCO) for 30 minutes, followed by
toluene rinsing. The lines measured 1.3 nm tall and 1.2 um wide, as shown in Figure 5.7A (line
features inside the red oval enclosure). These lines were shorter than the initial PEG-bisTz lines
deposited. The reduced height from 45 nm to 1.3 nm was due to the Tz-TCO ligation shown in
Figure 5.7B, that occurred at the interface of PEG-bisTz solid and C12-bisTCO solution. As a
result of the reaction, the products located at the outermost solid-solution interaction dissolved into
the toluene, exposing fresh PEG-bisTz solid to the C12-bisTCO solution above. The cycle of
reaction-dissolution perpetuated until reaching the PEG-bisTz attached to the glass surface, where
the product remained immobilized on the surface due to the strong attachment of PEG-bisTz to

the surface. The surrounding AAPTMS SAM region is known to exhibit little reactivity towards
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TCO, thus we anticipate only physisorbed C12-bisTCO molecules atop or interdigitated with the

AAPTMS molecules.?

Next, we created a second array of PEG-bisTz lines, perpendicular to the first, following
identical printing conditions as that in the first line array. The new lines, as indicated by the blue
arrows in Figure 5.7A, were continuous and relatively homogeneous crossing the un-patterned
surface region, with height and base width of 62 nm and 1.35 pum, respectively. Compared to the
first array of lines before the C12-bisTCO treatment (45 + 2 nm height, 1.12 £ 0.04 um width), the
second array of lines are taller and wider by 17 nm and 0.15 pm, respectively. This increase in
material deposition is mainly attributed to the changes in molecule-surface interactions: from PEG-
bisTz with AAPTMS to PEG-bisTz with mixed AAPTMS and C12-bisTCO. During the deposition
of the 2" line array, PEG-bisTz molecules reacted with the C12-bisTCO molecules immobilized
on the surface, thus remaining on site, and leading to structures shown in Figure 5.7A upon drying.
At the regions crossing the first set of lines bulges were seen, with a height of 98 nm and a base
width of 2.14 um. In comparison to the lines on the un-patterned region, the bulges at the cross-
sections are 0.79 um wider. This widening is significantly less than in the experiments shown in
Figure 5.6B (1.89 um), where all delivery conditions remained the same. This observation is again
attributed to the changes in molecule-surface interactions. In the delivery of PEG-bisTz in the
experiments shown in Figure 5.6B, the PEG-bisTz solution interact with AAPTMS surface at the
un-patterned area, and with the PEG-bisTz solid lines at the cross section. As such, the liquid
“redistributed”, leading to thin lines and wider bulges at the cross-sections. In the delivery of PEG-
bisTz in the experiments shown in Figure 5.7A, the PEG-bisTz solution interacted mainly with the

C12-bisTCO functionalities due to our treatments, though the density or coverage of C12-bisTCO
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functionality is higher at the cross sections. As such, the widening effect is less than that in Figure

5.6B.

Al 100nm B

Figure 5.7. (A) 20 x 20 um AFM topographic image from the printed area following the protocol
described above. (B) Ligation between surface bound PEG-bisTz and C12-bisTCO in toluene

solution form multiblock copolymers.!

5.4 Conclusions

Assembly of molecules into micro- and nano-scale structures by design has largely relied
on self-assembly of molecules. This work introduces a new means to address this challenge, i.e.,
controlled assembly of molecules. The principle of this approach is based on delivery of ultrasmall
volumes of solution on surfaces using combined AFM and microfluidic delivery. The solvent
evaporates rapidly due to the minute volume, thus forcing the assembly of solute, whose overall
size and dimension are dictated by the initial liquid geometry and size. Using pre-patterned
surfaces, this work revealed that the initial liquid shape can be further tuned, and as such we can
control the final assembly of the solute, such as PEG-bisTz molecules. Varieties of structures of
PEG-bisTz were produced from 0D to 3D, whose geometry and size could be controlled. Patterns
can also be transferred through chemical reaction with C12-bisTCO. This work introduces the

concept of controlled assembly of molecules, and as such paves the way to achieving 3D
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nanoprinting using materials in general. Work is in progress to produce functional 3D
nanostructures by design. Beyond the new scientific concept of controlled assembly, the results
shall impact technology development, including nanophotonics, nanoelectronics, nanocomposite

materials, and tissue engineering.
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CHAPTER 6
Conclusions, on-Going Work and Future Perspectives
6.1 Conclusions

The activation of a surface bound mechanophore can be achieved via scanning probe
microscopy.

We demonstrated 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 faithfully translated via spatially controlled
surface chemistry. 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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Organizational chiral features were fabricated by design using AFM-based nanolithography.
Using atomic force microscopy in conjunction with one’s chosen surface reactions, our
methodology enables production of various chiral structures by design 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 concept and methodology enabled researchers to carry out organizational chiral
chemistry, with the intrinsic advantages of chiral structures by design. The individual chiral
structures, their locations on surfaces, and total coverage by these organizational chiral structures
can all be controlled. Being able to selectively produce a single chiral form offers the possibility
to create enantioselectivity on the surface, which is critical for future enantioselective applications
of these structures. By employing parallel processing techniques, the throughput of organizational
chirality by design can be greatly increased, making large scale array feasible in a reasonable
amount of time. The results open new and promising applications including organizational chiral
sensors, 3D nanoprinting of chiral structures, enantiomeric separation, and enantiomeric
heterogeneous catalysis.
We Created Features by Design Using Controlled Assembly of Small Molecules.
Assembly of molecules into micro- and nanoscale structures by design has largely relied on SA of
molecules. This work introduces controlled assembly of molecules as a new means to address this
challenge. The principle of this approach is based on delivery of ultrasmall volumes of solution on
surfaces using combined AFM and microfluidic delivery. The solvent evaporates rapidly due to
the minute volume, thus forcing the assembly of solute, whose overall size and dimension are

dictated by the initial liquid geometry and size. Using prepatterned surfaces, this work revealed
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that the initial liquid shape can be further tuned, and as such, we can control the final assembly of
the solute, such as PEG-bisTz molecules. Varieties of structures of PEG-bisTz were produced from
0D to 3D, whose geometry and size could be controlled. Patterns can also be transferred through
chemical reaction with C12-bisTCO. This work introduces the concept of controlled assembly of
small molecules and paves the way to achieving 3D nanoprinting using materials in general. Work
is in progress to produce functional 3D nanostructures by design. Beyond the new scientific
concept of controlled assembly, the results shall impact technology development, including

nanophotonics, nanoelectronics, nanocomposite materials, and tissue engineering.

6.2 On-Going Work and Future Perspectives

6.2.1 Atomic Force Microscopy and Tip Enhanced Raman Spectroscopy Investigation of

Mithrene

To extended our concept of 3D printing to broader materials, we tested a organometallic material
referred to as mithrene that is known to be responsive to mechanical force.* Hybrid materials, specifically
crystalline metal-organic chalcogenolate assemblies (MOCHASs) have had an increase in recent years due
to their unique properties."> One such material is mithrene, which was developed by Hohman et al.®®
Mithrene is composed of discreate layers of silver benzeneselenolate, [AgSeC6HS5]., with the phenyl
groups acting as electronically isolating layers that ‘sandwich’ a conductive silver selenolate layer within.
Mithrene forms as a square, “stepped” crystalline structure, the layers running parallel to the (001) plane,
with only weak intermolecular forces holding the layers together, similar to other ‘2D materials such as
graphene and MoS,. Prior characterization of this material showed that mithrene crystals have edge lengths
1-4 um, and interlamellar spacing of 1.4 nm. Spectroscopic characterization revealed that mithrene exhibits

a robust blue luminescence at 467 nm upon excitation with a 405 nm laser, irrespective of the crystal size
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or morphology.® Though some of the properties of mithrene have already been uncovered, further study of
the material is required, including high resolution imaging of its (001) plane, as well as mechanostability

tests and localized spectroscopic investigations.

6.2.2 High Resolution Imaging of Mithrene.

High-resolution atomic force microscopy (AFM) of mithrene revealed the long-range order
of the mithrene (001) surface. Based on the lateral force image shown in Figure 6.1 (collected with
Dr. Shuo Wang’s assistance), the unit cell constants were determined to be a=4.0 = 0.8 A, b=4.0 +
1.1 A and =67 + 3°. From the X-ray diffraction data, the expected lattice constants and angle were
a=b=3.758A and 0=77.13°. arrangement of the phenyl groups within the (001) plane, which had
previously only been hypothesized from crystallographic calculations. Analysis of the image
revealed that the unit cell constants were a= 4.0 + 0.8 A, b=3.0 + 0.8 A and 6=66.6 + 2.6°, which
is similar to the expected (001) surface of mithrene. Given how well the measured constants match
the expected values, we can conclude that the surface imaged is an unreconstructed (001) surface.
This is the first time packing the (001) surface has been quantitatively measured, and it gives
valuable insight into the behavior of the material surface under ambient conditions, which is

critical for potential applications of this novel material.
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. L —
Figure 6.1. High resolution lateral AFM image of mithrene’s (001) plane. The lateral scale bar of

the AFM image is 1.0 nm.

6.2.3 High Force Shearing of Mithrene via AFM.

Force-dependent imaging of mithrene microcrystals in isopropyl alcohol revealed its
mechanostability. Low force (17 nN) imaging of the individual crystals reveal the stepped cubic
geometry in Figure 6.2A, similar to prior SEM investigations.***! In contrast to SEM, the 3D
information in the individual crystal flakes can be measured using AFM, revealing the crystal’s
height of 77.1 nm. Based on the expected step height of 1.4 nm, this crystal is composed of 55
layers. The friction coefficient between a silicon tip & mithrene is estimated to be 0.3 from the
literature value of a similar system, molybdenum-disulfide.!" This friction coefficient is used to
estimate the shear force applied from the normal force applied, which are listed in Table 6.1. At
shear forces of 5-51 nN (Figure 6.2B), the layered structure remained intact. Increasing the shear

force to 153 nN (Figure 6.2C), layers of the crystal started to exfoliate. This behavior is analogous
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to the layer-by-layer peeling of other 2D materials such as MoS: and graphite, whose layers are
held together by van der Waals interactions, while the atoms within each layer are held together
by covalent bonding. Further increasing of shear force to 255 nN (Figure 6.2D), a larger number
of layers (40 out 55) were exfoliated. Based on previously published work, mithrene is stable up
to 5 days at elevated temperatures (<90°C), or up to 1 hour for temperatures as high as 180°C.
Based on the high force AFM scans, mithrene is mechanically stable to at least 51 nN shear force,
maintaining its multilayered structure due to van der Waals interactions between the phenyl layers.
At shear forces of 153 nN and above, the van der Waals interactions between the phenyl layers is
overcome, resulting in the exfoliation of the over half of the layers (40 out of 55) subjected to the

high force scan.

. , = ; 1 =
Figure 6.2. Deflection AFM images of mithrene crystals in isopropyl alcohol. (A) Low force (5.1

-
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nN shearing) of a mithrene crystal before any high force scans. (B) After 51 nN shear force. (C)

After 153 nN shear force. (D) After 255 nN shear force. Lateral scale bars are 500 nm.

Table 6.1. Normal and shear forces for the AFM deflection images in Figure 6.2.

Figure Index A B C D
Normal Force (nN) 17 170 510 850
Shear Force (nN) 5.1 51 153 255

6.2.4 TERS and Far Field Raman Spectroscopy of Mithrene.

Tip Enhanced Raman spectroscopy enables collection of spectroscopic information with
nanoscale resolution. TERS is done by integrating a scanning probe microscope, an AFM in our
case, with a confocal Raman spectrometer. Upon illumination with a laser, localized surface
plasmons are excited near the apex of the tip, which leads to a substantial enhancement of the
electromagnetic field, which in turn increases the Raman scattering of materials in the vicinity of
the tip.!? TERS generally provides an enhancement of 103-10°, with a spatial resolution of 10-80
nm, enabling the collection of localized spectroscopic data, rather than average data of the bulk
material. By combining point-by-point scanning of the AFM tip with simultaneous spectrum
acquisition, near-field Raman mappings can be performed with lateral resolution down to ten
nanometers or less.” Applying this technique to mithrene, we can get spectroscopic information
for individual crystals, as well as nm sized regions within the crystals themselves. Additionally,
the resulting TERS spectra can be used to evaluate the crystallinity of the sample. From TERS,
several prominent peaks can be seen, as listed in Table 6.2. The normal mode assignments are
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based on previously published assignments for a similar compound, diphenyl diselenide.!® In
comparison to the far field Raman spectroscopy under the same setting, we identified 9 new peaks
on the TERS spectra (collected by Dr. Andrey Krayev), which are written in green in both Figure
6.3 as well as Table 6.2. The first new peak appeared at 465.533 cm!, which we assigned to out of
plane bending, vy (CCC). Several new peaks were also discernable on at 622.760 cm™, 668.712 cm’
"'and 695.137 ecm™!, which are assigned to B (CCC), p (CCC)/v (CSe) and y (CCC) respectively.
The B vibrational modes are in-plane bending modes of the C-C-C bonds within the phenyl rings,
while the stretching mode, v, seen at 668. 712 cm™ is the C-Se of the selenium bound phenyl rings.
Another new peak (y(CH)) is seen on TERS at 904.968 cm’!, which is the out-of-plane bending of
the C-H bonds of the phenyl rings. Two additional new peaks for  (CH) can be seen on TERS at
1161.070 cm™ and 1161.070 cm™'. And two final new peaks for v (CC) were also seen on the TERS
spectra at 1439.850 cm™ and 1477.650 cm'. The relative intensities of 1026.500 cm™' to 1003.750
cm™ and 1067.200 cm™ to 1003.750 cm'are comparable between far field and TERS, with both
ratios being approximately ~0.89 for TERS and ~0.98 for far field. These peaks primarily
correspond to bending modes of (CCC) or (CH), though the peak at 1067.222 cm™! is also attributed
to out of plane bending of C-Se (v (CSe)).

Comparing the TERS spectra to the bulk far field Raman, there are several differences as
well. The assignments for each of the peaks are labelled on their respective spectra. There is an
enhancement in the CH signal, specifically a new peak for y (CH) appeared at 904.968 cm™ on the
TERS spectra that does not appear on the far field bulk Raman. In the 1100-1200 cm™! region, we
see two small B (CH) peaks while far field sees a single B(CCC) peak. Additionally, the splitting

seen at the 1577.090 cm™ (v (CC)) peak on bulk Raman spectra shows as a single peak on the
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TERS spectra. The relative intensity of 1026.5 cm™ to 1003.75 cm™ (B (CCC)) increased from
0.49 (bulk far field) to 0.89 (TERS), as well as the relative intensity of 1067.200 cm™ to 1003.75
cm™ (B (CCCQ)) increased from 0.49 (bulk far field) to 0.89 (TERS).

The narrowness and lack of peak splitting in the spectra demonstrate the single crystallinity
of the area measured and validates the quality of the sample prep. TERS enhancement is observed
with a sample volume as small as 5-10 nm illumination is very strong, all major normal modes are
observed, include CH bonds that are not observed in the far field Raman.

The relative intensity enhancement that we see can be attributed to our near field
enhancement. Structurally, this is like because the Cse orientation is near to surface normal, so has
stronger enhancement with TERS. Additionally, the sample is very stable under laser illumination,

demonstrating its photostability.
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Figure 6.3. TERS and far field Raman spectra of gold coated mithrene crystals. The peak
assignments for all major peaks are labelled, with the green text representing new peaks on the

TERS spectra compared to far field.
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Table 6.2. Raman peak assignments for TERS of mithrene.

Raman Normal Mode
Shift (cm™®)  Assignment

306.876 B (CCC);
v (CSe)
465.533 y (CCC)
622.760 B (CCC)
668.712 B (CCC);
v (CSe)
695.137 y (CCC)
904.968 v (CH)

1003.750 B (CCC)
1026.500 B (CH)

1067.200 B (CCC)
v (CSe)

1161.070 B (CH)
1180.990 B (CH)
1439.850 v (CC)
1477.650 v (CC)

1577.090 v (CC)

6.2.5 Conclusions & Future Work

Mithrene is a new 2D material with promising applications. This work revealed more

physiochemical properties of this material, which shall provide important guide to develop future
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research and application efforts. Future work for this project includes doing force dependent
Raman measurements of mithrene, to see if the spectra changes with force applied, and STM
imaging of the (001) plane of mithrene using a conductive monolayer coating, either graphene or

boron nitride, to provide even higher resolution imaging of the (001) plane.

6.2.6 Functionalization of Cellulose Nanocrystals with Anthraquinone

To extend our concept of 3D printing to broader materials, we tested an important green material,
referred to as cellulose, whose nanocrystalline form was functionalized to imbue it with anti-microbial

properties.*>*> There has been a growing interest in antimicrobial materials recently due to an
increasing rate of pathogenic microbial contamination. One means of addressing this growing issue
is through self-cleaning surfaces, which could significantly reduce the possibility of
contamination, especially in environments where high sterility is crucial, such as hospitals. Along
this vein, materials functionalized with light reactive groups could help to combat microbial
contamination. One promising candidate to functionalize materials with is anthraquinone (AQ),
which produces reactive oxygen species (ROS) such as peroxides when exposed to UV light. '+ 13
Covalent linkage of this compound to fabrics allowed anthraquinone to retain its light reactive
properties while immobilizing it on the surface, preventing it from leaching away.!® Taking this
modification one step further, anthraquinone was incorporated onto the surfaces of cellulose
nanocrystals (CNCs). Cellulose nanocrystals can be derived from renewable and sustainable
materials such as cotton, making them an appealing substrate for functionalization with
anthraquinone.!” When CNCs are initially produced through acid hydrolysis of cotton fibers in
sulfuric acid, their surfaces contain a multitude of covalently bound sulfate ester groups. The

presence of these groups makes the addition of the anthraquinone moiety more challenging, so
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their removal is necessary for efficient functionalization of the CNCs with anthraquinone. No
previous work on the functionalization of CNCs has been previously published, so we utilized a
variety of techniques, including AFM to characterize the newly functionalized CNC and compare
it to both the sulfated and desulfated forms of the CNCs.

Reprinted (adapted) from { Zhu, Y. W.; Sulkanen, A.; Liu, G. Y.; Sun, G., Daylight-Active
Cellulose Nanocrystals Containing Anthraquinone Structures. Materials 2020, 13 (16)}, which

was originally published under an open access Creative Commons CC BY license.

6.2.7 AFM Characterization of Sulfated, Desulfated and AQ Functionalized CNCs

The individual cellulose nanocrystals were visualized via AFM imaging, as seen in Figure
6.4A-C Examples of the individual CNCs are indicated in the images by oval enclosures. The AFM
topographic images reveal that the individual crystals of each functionalization exhibit a rod-like
geometry. The diameter and length of each rod highlighted in Figure 6.4A-C are measured from
the topographic images and summarized in Table 6.3 below. The diameters of CNCs, DS-CNCs
and AQ-CNC:s fall within the range of 2.5-3.5 nm. Since individual CNCs maintain very similar
diameters upon treatments of desulfation followed by anthraquinone functionalization, we
anticipate little complication in subsequent applications.

The AFM topographic images also reveal the presence of bundles of rods for each sample.
Examples of these bundles are indicated by rectangular enclosures. In the two CNC bundles shown
in Figure 6.4A, one is a cross of 131.5 and 110.5 nm rods, and the other is a short rod (77.4 nm)
completely atop of a rod (173.8 nm), resulting in the bright contrast seen in the AFM topograph.
In the two DS-CNC bundles shown in Figure 6.4B, the topmost bundle is composed of three rods:

the bottom long rod (225.7 nm) supporting two short rods (51.7 and 70.5 nm, respectively),
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completely atop, appearing as two brighter contrasts. The top left bundle is composed of three
rods: tworods (219.1 and 169.1 nm) overlapped side-by-side, with the 3rd rod (167.6 nm) stacking
perpendicularly atop, leading to a cross shape. In the two AQ-CNC bundles, the bundle in the
upper right of Figure 6.4C consists of a 68.1 nm rod stacked atop of a 117.4 nm rod completely.
The bundle in the lower left of Figure 6.4C consists of three rods: a 91.9 nm long rod attached to
the surface, with a small 56.7 nm rod aligned next to the right end, and the third 134.5 nm rod
stacked at an angle on top of the end of the rod beneath it. In contrast to the CNCs and DS-CNCs
which exhibit branched bundles, the bundles in the AQ-CNC samples mostly consist of aligned
rods, which may be advantageous for subsequent fiber production

For all three types of CNCs, large aggregates were occasionally seen. In Figure 6.4D, the
AFM amplitude image clearly reveals the individual CNC rods within the “flake-shaped”
aggregate (maximum lateral dimension of 6.6 um wide), which are aligned in parallel with respect
to each other. Simultaneously, the topographic image (not shown) reveals the height of the
aggregate as 226.7 nm, which is equivalent to 86 layers of individual crystals. In Figure 6.4E, the
AFM amplitude image shows the individual rods within the “haystack’ aggregate of the DS-CNCs
(with a maximum lateral dimension of 3.1 pum), adopting random orientations. The AFM
topographic image (not shown) reveals the height of the aggregate is 67.8 nm, which is equivalent
to 21 layers of individual crystals. In Figure 6.4F, the AFM amplitude image reveals the
“interwoven” arrangement of the individual AQ-CNC rods within the “tadpole-shaped” aggregate
(maximum lateral dimension of 2.8 um). The AFM topographic image (not shown) shows the
aggregate’s height as 206.7 nm, which is equivalent to 75 layers of individual crystals. Even though

the aggregates are a minority population, from this AFM investigation we recommend caution to
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prevent them when processing AQ-CNCs, as the AQ-CNC aggregates would be more difficult to

disperse due to the interwoven packing.

Anthraquinone-
Sulfated Desulfated functionalized

Figure 6.4. AFM topographic images (1.2 um x 1.2 um) of (A) CNCs, (B) DS-CNCs, and (C)
AQ-CNCs. All images were acquired using tapping mode in ambient. Scale bars = 0.2 pm. AFM
amplitude images of aggregates are shown for (D) CNCs, (E) DS-CNCs and (F) AQ-CNCs
samples

Table 6.3. Dimensions of individual CNCs measured from Figure 6.4 images A-C.

Samples Diameter (nm) / Length (nm)

CNC 2.8/ 115.6 2.5/ 80.6 2.6/72.9

113



DS-CNC 3.0/ 89.7 3.5/73.4 3.1/ 118.6

AQ-CNC 3.0/99.1 2.8/61.6 2.5/132.1

6.2.8 Conclusions & Future Work for AQ-CNCs

Functionalization of CNCs with anthraquinone was successfully achieved, creating a
promised nanomaterial with antimicrobial applications. This work revealed the morphological
changes brought on by the incorporation of the anthraquinone moiety. Despite these changes, AFM
revealed that the CNCs retain their structural integrity, an advantage for subsequent production of
composite materials. Future work for this project includes the utilization of these AQ-CNCs as
“nanoscale build blocks” for the production of 3D printed functionalized nanostructures on
surfaces. The antimicrobial and self-cleaning properties of such structures could prove invaluable

in combating contamination issues faced when producing 3D nanoscale structures.
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