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Nanometer-scale patterning of hard
and soft interfaces: from photolithography
to molecular-scale design
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Many areas of modern materials chemistry, from nanoscale electronics to regenerative medicine, require
design of precisely-controlled chemical environments at near-molecular scales. Most work on high-
resolution interface patterning to date has focused on hard surfaces, such as those for electronics.
However, design of interfaces for biological environments increasingly requires precise control over
interfaces of soft materials, which is in many cases complicated by nano-to-microscale heterogeneity in
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the substrate material. In this Feature Article, we describe historical approaches to nanoscale patterning
on hard surfaces, challenges in extension to soft interfaces, and an approach to molecular-scale hard
DOI: 10.1039/d2cc05221k and soft interface design based on self-assembled molecular networks, which can be assembled

noncovalently on hard surfaces to generate nanometer-scale patterns, then covalently transferred to
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Introduction

Hierarchical chemical patterning of materials at scales ranging
from the molecular scale to the macroscale is important for a
wide range of materials, from fabrication of integrated circuits®
to cell-instructive surfaces for biomedical applications.>
Despite unprecedented success of lithographic techniques in
the mass production of semiconductors, electronics and
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soft materials including PDMS and hydrogels.

integrated circuits, their use in high-resolution patterning of
soft materials, such as those for biomedical applications, has
been more limited. This is in part due to the high cost and
complexity of operation, as well as the incompatibility of soft
polymeric materials with harsh processing steps including
high-intensity UV irradiation and the use of etchants. The
heterogenous structures of many soft materials, which may
include pores with diameters from <10 nm to >1000 nm,*"
also contributes to challenges in chemical patterning. Overall,
inexpensive, scalable methods for nanometer-resolution pat-
terning of soft materials remain a significant challenge.
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Here, we briefly outline several of the commonly used
methods for patterning of hard and soft surfaces to provide a
broad context for existing capabilities in nanoscale surface
patterning, contrasting typical feature resolutions achieved on
hard and soft materials. In-depth discussions of specific tech-
niques can be found in other previous reviews."*™'* We then
describe surface patterning strategies based on noncovalent
molecular network assembly on hard 2D materials, which can
be used to produce nanometer-resolution chemical patterns,
with a particular focus on striped phases of photopolymerizable
functional alkanes. Recently, we have observed that chemical
patterns embedded in these molecular layers can be transferred
to the surfaces of soft materials including PDMS and
hydrogels,’>"® so we additionally discuss the outcomes of
transferring high-resolution functionality to pattern amor-
phous materials below the length scale of their structural
heterogeneity, and applications of this approach.

Lithographic patterning of hard surfaces at sub-100 nm scales

Surface patterning, frequently referred to as lithography, is
often performed using patterns generated by light or beams
of charged particles, but can also be achieved using block
copolymers, through localized deposition of a molecular ink,
or in some cases through mechanical manipulation of the
surface (e.g. by rastering a nanometer-scale probe across the
substrate).

Photolithography. Photolithography, arguably the most
common surface patterning technique, uses light and a photo-
mask to pattern a photosensitive resist layer, typically on
inorganic substrates such as Si, Ga or As."* Resolution is
limited by the wavelength of light, which led to early restric-
tions in features that could be achieved using standard optics
suited for the visible wavelength range (400-800 nm). Over
time, development of short-wavelength optics and other tech-
nologies have meant that smaller features can be generated"’
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Fig. 1 Overview of a selection of high-resolution interface patterning
methods: (a) extreme UV photolithography, (b) block copolymer lithogra-
phy, (c) electron-beam lithography, and (d) scanning probe lithography.
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[e.g. extreme ultraviolet (EUV), / = 13.5 nm, Fig. 1a], poten-
tially in combination with other resolution enhancing
techniques (off-axis illumination,'® phase-shifting masking,"’
immersion lithography)."® Such processes are commercially
viable;'” semiconductor fabrication facilities integrate 13 nm
resolution features into circuits using EUV lithography. How-
ever, fabrication facilities associated with EUV photolithogra-
phy are extremely expensive; thus, other techniques which can
provide similar resolution at much lower cost, albeit with other
constraints (e.g. lower throughput, less arbitrary pattern geo-
metry) have emerged in parallel.

Electron-beam lithography (EBL) and focused ion beam
lithography (FIB). Some lithographic processes take advantage
of a beam of high-energy electrons or ions (electron-beam
writing,?>*! ion-beam lithography”), which can be focused to
produce extremely small spot sizes, to generate nanometer-
scale surface features through spatially localized reactions. For
instance, electron beam lithography (EBL) uses beam of high-
energy electrons to generate arbitrary patterns on electron-
sensitive resists (e.g., polymethylmethacrylate (PMMA)) with
sub-10 nm resolution.>* Patterns in the resist can be transferred
to the underlying substrate through wet or dry etching, or
through lift-off. The resolution of EBL is limited by electron
backscattering, which causes scattered electron to interact with
unexposed areas. Focused ion beam (FIB) lithography uses
heavier ions (e.g. He, Ga, Ne), reducing long-range proximity
effects observed in EBL due to the lower backscattering of
ions.”® Most sub-10 nm pattering based on FIB is achieved
using He ions, due to sub-nm spot sizes. Costs associated with
EBL and FIB are lower than for photolithographic patterning at
similar resolution; however serial patterning techniques have
much lower throughput than photolithography. For example, it

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cc05221k

Open Access Article. Published on 14 November 2022. Downloaded on 10/19/2025 5:11:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

can take more than 24 hours to pattern 1 cm® by EBL.>* Thus,
direct-write systems are primarily used for the fabrication of
photomasks for optical lithography and research and development.

Block copolymer (BCP) lithography. In comparison to serial
techniques, block copolymers (BCPs) provide cost effective,
scalable patterning®>® which in some cases can produce reso-
lution similar to EBL and EUV,**® albeit with less arbitrary
feature geometries (Fig. 1b). BCPs consist of two or more
blocks of chemically distinct polymer repeat units; incompat-
ibility between blocks can generate phase separation, produ-
cing periodic structures (sphere, cylinder, gyroid, lamellae) with
tunable periodicity typically in the range of 5-100 nm.>>?°
In 1997, Adamson et al. first demonstrated that BCP nanopat-
terns can be transferred to silicon nitride with sub-30 nm
resolution.”® However, spontaneous ordering typically gener-
ates short range patterns. Ordering has been improved via pre-
defined physical chemical patterns [directed self-assembly
(DSA)],*" yielding repeating patterns in the range from 5 to
100 nm, depending on polymer block sizes. Introducing new
functionalities in BCPs is another way of reducing feature size,
and generating utility for a variety of applications.?

Soft lithography. Soft lithography,'®**3* often referred to as
microcontact printing (uCP), was introduced by Whitesides and
coworkers in 1993. This method enables micro- and in some
cases nanoscale geometric patterning of molecular inks to
control local surface chemistry. Relatively rapid and inexpen-
sive patterning is achieved by replicating a master Si mold,
typically created by photolithography. An elastomeric stamp
(e.g., polydimethylsiloxane (PDMS)) is then cast as a negative
replica of the Si master. The elastomeric stamp can be inked
with desired material to transfer patterns onto a variety of
substrates, generally relatively hard surfaces that withstand
pressures required for molecular ink transfer.” Feature resolu-
tion is usually on the order of pm, but can be reduced through
the use of specialized transfer conditions. For instance, one
significant challenge in regards to pattern resolution is the
diffusion of molecular ink around the edge of the stamp
pattern; the use of high-molecular-weight inks (e.g. 20-carbon
alkanethiol,?® or dendrimeric polymer®”’) has produce features
~80 nm and ~40 nm in size, respectively. Additionally, the
‘printing’ process can be reversed, using an activated PDMS
stamp to remove sections of a monolayer, a process referred to
as chemical lift-off lithography.*®*™*° Through the use of multi-
ple lift-off steps, features <50 nm can be achieved.

Nanoimprint lithography (NIL). In 1995, Chou and cow-
orkers first used NIL to pattern metals (Au and Ti) on a Si
wafer with sub-25 nm resolution.** NIL is performed by press-
ing a rigid mold (typically Si) with a nanoscale pattern into a
thermoplastic film (e.g., PMMA) heated above its glass transi-
tion temperature (100-200 °C). Subsequent cooling (to 20-
80 °C) results in transfer of the mold pattern to the polymer
film. Set-and-flash lithography (S-FIL) extends this technique,
using UV transparent quartz molds to pattern photo-curable
polymer films, avoiding the use of high temperature. NIL
resolution is dependent on mold feature size; high resolution
molds (sub-10 nm) are typically prepared by EBL (Fig. 1c).

This journal is © The Royal Society of Chemistry 2022
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Scanning probe lithography (SPL), including dip-pen nano-
lithography (DPN). Scanning probe lithographic methods****
rely on sharp probes (tip radii usually <10 nm) to fabricate
nanoscale features (Fig. 1d). One increasingly common SPL
approach is DPN,* introduced by Mirkin and coworkers in
1999,*> which was initially used to pattern alkanethiols on gold
substrates with sub-50 nm resolution. In general, DPN uses an
atomic force microscope (AFM) probe “pen” coated with a
molecule- or materials-based “ink.” The ink is deposited onto
the substrate via diffusion through a meniscus that forms
between the tip and substrate under ambient conditions.
Although AFM tips often have a radius of curvature ~10 nm,
pattern resolution is also determined by the physics and
morphology of the meniscus, and potentially (as for pCP)
further diffusion of molecular ink at the interface.**™*® Over time,
DPN has evolved to template many types of materials (e.g;, poly-
mers, colloidal nanoparticles, sol-gel precursors, biomolecules
including proteins and oligonucleotides, and single virus particles
and bacteria) on a variety of surfaces (including metals, semicon-
ductors, and insulators). Initially a low-throughput serial technique,
DPN throughput has been increased by parallelizing the deposition
process,*® using large arrays of tips (in some cases >50000) for
parallel printing.>® In even more highly parallelized approaches (in
some cases >10 million tips) softer polymer tips are often utilized
to allow for simultaneous contact with hard substrates that exhibit
imperfect surface topographies.>

Patterning of soft surfaces

Several of the methods discussed above have also been used to
chemically pattern soft surfaces (e.g. hydrogels) including
photo-immobilization, inkjet printing, microfluidics, and
uCP;' in some cases, physical patterning (e.g. based on wrink-
ling instabilities) is also possible.”>>* While techniques such as
inkjet printing that operate in the 20-50 pm size regime can
produce similar feature sizes for both hard and soft surfaces,
for high-resolution techniques, typical feature sizes on soft sub-
strates are substantially larger than for the same technique
applied on flat crystalline surfaces. In part, this is due to topo-
graphical and chemical heterogeneity of the substrate. Many soft
materials based on polymers (e.g. PDMS, hydrogels) have pores,
which may range in size from less than 10 nm to greater than
1000 nm, depending on the material. Thus, patterning below the
length scale of heterogeneity in the material is often challenging.

Electron-beam lithography. For instance, EBL has been used
to pattern soft materials®* including polyethylene glycol (PEG)*’
and poly(N-isopropylacrylamide) (PNIPAM),>® typically by using
the electron beam to induce local cross-linking of the polymer
in a dry, spin-coated film; subsequent swelling of the patterned
polymeric material can display patterned functional groups for
interactions with biomolecules (Fig. 2a). While EBL routinely
generates 1 nm feature sizes on hard materials, typical mini-
mum reported linewidths for soft material patterning are on
the order of 100 nm.

Photolithography. Photochemistry is commonly utilized in
the curing of hydrogels, and one- and two-photon photopattern-
ing have been used to localize crosslinking of small molecules and

Chem. Commun., 2022, 58,13059-13070 | 13061
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Fig. 2 Typical feature sizes on soft substrates (a) nanoscale patterns of
maleimide-PEG and biotin—-PEG. (b) ACRL-PEG-RGDS patterns on
PEGDA hydrogels (c) fibronectin (20 um in width) patterned on gelatin
hydrogels. Adapted from ref. 54, 57, and 35, with permission. Copyright
2009 American Chemical Society, 2006 Elsevier, and 2011 Royal Society of
Chemistry, respectively.

biomolecules in and on the hydrogel (Fig. 2b).>” ® Early examples
of this approach by West and others used PEG diacrylate (PEGDA)
hydrogels as a base material, then applied radiation (from the
illumination laser of a confocal microscope, or illumination
through a patterned transparency) to additionally crosslink a thin
layer of acryloyl-PEG-peptide, producing feature widths ~5 pm.
Additional work by Anseth and others has demonstrated photo-
initiated thiol-ene click reactions to locally append peptides and
other molecules to hydrogels.®' Later, refinement of the process
using multiphoton patterning strategies decreased feature sizes to
1 pm x-y, 3-5 pm 2.°”%* Typical conditions used for this approach
result in 0.1-1.0 mM labeling with peptide,*® corresponding to
volumetric densities as high as 1 peptide per 1600 nm> (for 1 mM
labeling).

Soft lithography. nCP has also been used to pattern biologi-
cal molecules on soft surfaces (e.g. PDMS, hydrogels, Fig. 2c).
For instance, shaped PDMS stamps inked with fibronectin (FN)
or other extracellular matrix (ECM) proteins have been used to
pattern flat PDMS,**® typically in islands designed to control
adsorption, spreading, and differentiation of individual cells
(e.g. 25 pm x 25 pm or 50 um x 50 um).®® However, pCP of
hydrogels is often problematic, in part due to lower Young’s
modulus and higher surface energies of such materials in
comparison with PDMS. Chemical modification of the PDMS
stamp or hydrogel surface may be used to promote transfer; for
instance, disulfide-linked polyacrylamide gels have been used
as substrates for pCP with biotin derivatives (2 pm patterned
line widths), which were subsequently used to pattern further
adsorption of proteins.®” In some cases, hydrogels can also be
lyophilized to stabilize the material for uCP transfer of mole-
cules. For instance, Castafio and coworkers lyophilized Matrigel
and gelatin substrates, and used PDMS to print FN lines with
widths 2-20 pm on the lyophilized gels, which were then
rehydrated and used to direct growth of NIH-3T3 cells.*

Chemical patterning of hard materials with self-assembled
molecular networks: 1 nm features with diverse chemistry

Most broadly utilized molecule-based patterning approaches
for hard materials use standing phases of alkanethiols on gold

13062 | Chem. Commun., 2022, 58, 13059-13070
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or glass substrates; however, self-assembled molecular net-
works (common on 2D materials) represent an underutilized
and potentially transformative means to generate useful
sub-10 nm chemical patterns on both hard and soft materials.
Molecular network assembly on highly oriented pyrolytic gra-
phite (HOPG), and in some cases on other 2D materials
(e.g- graphene, MoS,, WS,, black phosphorus), takes advantage
of weaker molecule-substrate interactions and directional
molecule-molecule interactions which allow for long-range
molecular ordering based on the local flatness of the
substrate.’®® Together, these aspects of assembly enable
diverse chemistries and symmetries to be designed into mole-
cular patterns with 1 nm-resolution features, well below scales
that can be easily achieved in conventional standing phase
monolayer chemistries on gold. Here, we discuss this chemical
patterning strategy, with a focus on patterning using striped
phases of polymerizable alkyldiacetylenes, since this strategy
has proven extensible to high-resolution patterning of soft
surfaces.

High-resolution chemical patterning based on molecular
assembly on HOPG has its roots in early experimental observa-
tions in the lubrication community, which showed long-chain
hydrocarbons have large enthalpies of adsorption on cast iron
(containing as little as 1% carbon impurities), as well as on
graphite, MoS,, and WS,.”%”" Models developed by 1970 sug-
gested that, in the case of graphite, this might be in part due to
lattice matching between the hexagonal graphite lattice (center-
to-center distance 2.46 A) and the zig-zag structure of the alkyl
backbone (2.56 A).”? With the development of scanning probe
microscopy, Rabe”® and others’*”” began to observe that long-
chain alkanes not only adsorbed with their chains parallel to
the interface, but could form ordered linear patterns (also
referred to as lamellar or striped phases) oriented in epitaxy
with the HOPG lattice (Fig. 3).

Striped phase assembly of functional alkanes results in
ordering of the functional headgroups into 1 nm-resolution

striped phase polydiacetylenes create
1-nm functional patterns, sub-10-nm pitch

liheadgroups
—alkyl chains
e=—= 4

striped phases on HOPG

side
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top o= diacetylene
——==—— o~
—
Jr
—
——
— 1nm

l UV polymerization
— 00, ==poly-
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Fig. 3 Schematic of striped-phase assembly on HOPG to generate 1 nm-
resolution chemical patterns with sub-10 nm pitch, and PDA polymeriza-
tion to set the chemical pattern. Adapted from ref. 121 with permission.
Copyright 2021 John Wiley and Sons.
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patterns with a pitch (ca. 5-10 nm) determined by the length of
the alkyl chain.”*’> Many types of functional headgroups can
be embedded in such monolayers to act as nanometer-scale
patterning elements, and can contribute to molecular ordering
and pattern symmetry. For instance, H-bonding headgroups
(e.g. carboxylic acids, amines, alcohols)’*”® can induce direc-
tional pairing at the lamellar periphery, reorienting alkyl chains
relative to the lamellar axis. Conversely, molecules with func-
tional headgroups that are wider than the alkyl backbone can
locally alter lateral alkyl chain packing distances, in some cases
leading to interdigitated alkyl chain structures that halve the
lamellar width.

Pattern symmetry can be modified in a number of ways,
including by appending functional moieties and/or alkyl chains
to an aromatic core, diversifying the functional patterns that
can be installed at the interface.®®”°®® Directional interactions
can be achieved through H-bonding,*' halogen bonding,***?
dipole-dipole interactions,®"* as well as metal coordination.
Binary and in some cases higher-order molecular patterns can
also be used to establish additional pattern complexity.!

Functional patterns established through self-assembled
molecular networks are typically non-covalently adsorbed to
the substrate. In some cases, pattern stability can be increased
using reactions that introduce covalent bonds between pattern
elements (e.g. polydiacetylene photopolymerization,**®” thio-
phene polymerization,®® Ullman coupling,®*°° boronic acid
polycondensation®~°*). For instance, functional alkanes with
embedded diacetylene groups can undergo topochemical
photopolymerization to generate a conjugated polydiacetylene
(PDA) backbone®® that links molecules over tens to hundreds of
nanometers. Attractive aspects of this reaction include the
photoactivation, which enables it to be carried out without
the introduction of additional solvents or reactions following
pattern formation. Additionally, the polymerization reactions
have been well-studied in 3D crystals and in Langmuir
films,”> % with the result that a small range of appropriate
monomers are commercially available. Of these, 10,12-diynoic
acids such as 10,12-pentacosadiynoic acid (PCDA) have been
the most broadly studied using scanning tunneling microscopy
(STM), by the groups of Okawa and others.’””'*"'%* In the
context of STM studies, polymerization can be carried out not
only with UV irradiation, but also by using tunneling electrons
from the STM tip, generating individual conjugated PDAs that
have been studied with an interest in molecular electronics.

Influence of lying-down monolayer structure on chemical
properties. The nm-scale chemical environments generated in
such patterned interfaces represent highly unusual surface
chemistry, with tightly confined polar environments sur-
rounded by nonpolar environments, somewhat analogous to
environments in protein binding pockets. The highly confined
dielectric environment is an important contributor to function-
ality due to the very small scales of polar and nonpolar
environments in these layers—for instance, some of the earliest
work from our group'®>'°® showed that while carboxylic acids
in aqueous solution have a pK, ~ 5, COOH groups in these
monolayers have a pKjj, of 9-10 (Fig. 4f), due to the limited

or
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Fig. 4 (a) Molecular model and (b) AFM image of PCDA/HOPG striped
phase, and (c) model and (d) AFM image of diyne PC/HOPG striped phase.
(e—g) Contact angle titrations for (e) pentacosane, (f) PCDA, and (g) diyne
PC and diyne PE. Adapted from ref. 105 with permission. Copyright 2016
American Chemical Society.

ability of the surrounding interface to stabilize the charged
form of the COOH group. From a functional perspective, this
means that COOH striped phases on HOPG would be expected
to be predominantly neutral under physiological conditions.
When phosphoethanolamine is assembled into striped phases,
the phosphate group undergoes a similar (~5 unit) shift in
PK;, (Fig. 4g), meaning that it absorbs the chemical impacts of
the nonpolar interface. In contrast, the terminal primary amine
retains its standard solution ionization behavior. Overall, this
suggests that the phospholipid headgroup represents an atom-
efficient means to control weak acid and base chemistry in
confined 1D dielectric environments at interfaces.'®® Striped
phases also impact nanoscale wettability, creating directional
wetting effects for ultrathin films of liquid,'® meaning that
chemical effects of the interface extend several nm into the
solvent environment.

Long-range molecular ordering in lying-down monolayers.
Many applications based on chemical patterning of interfaces
require control over substrate chemistry not just at the mole-
cular scale, but up to scales of um, cm, or even larger. However,
most previous work on striped phases aimed at molecular
electronics had been carried out with STM as the primary
characterization technique, meaning that typical image sizes
were <100 nm edge length. To use the striped phase chemistry
for larger-scale applications, our group has developed protocols
and devices that extend ordering to pm and larger scales,'**'°
with some protocols routinely generating ordered molecular
domains >100 um?®, relevant to controlling interactions with
cells. Long-range molecular ordering is typically achieved

Chem. Commun., 2022, 58,13059-13070 | 13063
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Fig. 5 (a) Schematic of microcontact printing of striped phases on HOPG
with geometric control. (b) SEM image of microcontact printed patterns of
striped PDAs (sPDAs) on HOPG. Adapted from ref. 113 with permission.
Copyright 2020 American Chemical Society.

through a process we term Langmuir-Schaefer (LS) conversion,
assembling a standing phase monolayer of amphiphiles on an
aqueous subphase, and lowering an HOPG substrate onto the
standing phase, allowing for molecular transfer to the 2D material
surface. A significant finding in relation to LS conversion was that
controlled elevation of the HOPG temperature during transfer
greatly enhances molecular ordering.'® A more recent version of
this process incorporates a thermally-controlled rotary transfer
stage, prototyping roll-to-roll transfer.™**

We have also found that it is possible to use microcontact
printing (LCP) to generate microscale geometric patterns (e.g.
squares, Fig. 5) comprised of nm-wide chemical stripes,"*>
including amphiphiles with complex headgroup chemistries
(e.g., phosphoinositol, a phospholipid that incorporates an
inositol carbohydrate in the headgroup). To generate additional
chemical complexity, striped patterns of amphiphiles can also
act as displaceable templates, controlling assembly of complex
molecules (e.g., end-functionalized diphenylalanine (FF) pep-
tides) by controlling access to the aromatic substrate on the
scale of the assembling molecule footprint."*?

Chemical impacts of nm-resolution chemical templates:
directing assembly of gold nanowires (AuNWs). Patterned
interfacial functional groups can also direct assembly of
meso-to-microscale objects (e.g. inorganic nanowires), lever-
aging the anisotropy of the chemical template to orient aniso-
tropic nanostructures at the interface (Fig. 6). Previously,
studies by Chi, Perepichka, and others had observed that it
was possible to use noncovalent molecular template layers to
control adsorption of isotropic inorganic clusters (e.g
Au55).114’115

We observed that striped molecular patterns with strong
dipoles in the headgroups (e.g. phosphoethanolamine) were
capable of orienting and ordering ultranarrow gold nanowires
(AuNWs), pointing to the importance of specific chemistries
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Fig. 6 (a) AFM phase image of AuNWs adsorbed to a phospholipid sPDA
with small domains, illustrating differences in wire assembly when mis-
aligned vs. aligned with the sPDA lamellar axis. (b) SEM images of AUNWSs
assembled on dPE sPDA with long-range order. Adapted from ref. 116 with
permission. Copyright 2019 Cell Press.

embedded in these functional patterns.''® High-resolution
AFM images illustrate that when wires are aligned with the
striped template, they separate to distances up to 30 nm
(Fig. 6a), with highly aligned arrays of AuNWs achieved over
areas of many um? (Fig. 6b).""” "' Overall, these findings point
to a potentially broad-impact design principle: polar functional
groups common in biology can impact their environment over
much greater distances in nonpolar solvents common in syn-
thetic materials.

Chemical patterning of soft surfaces with lying-down
monolayers

Most classical surface science approaches to achieving precise
molecular order and functionalization rely on atomic order in
the substrate lattice to achieve ordering of molecules that
adsorb to the surface. However, many emerging materials
applications, particularly those that interface with biology,
utilize amorphous soft materials with heterogeneous surfaces.
This raises significant challenges in precise control of surfaces
for wearable electronics and cell culture, for example, to control
ligand clustering for interactions with cells; as mentioned
earlier, most patterning methods (e.g., EBL, photolithography)
that are useful on hard surfaces provide decreased resolution
on soft materials.

Recently, we have found that it is possible to assemble
molecular networks with embedded 1 nm-resolution functional
patterns on HOPG, polymerize to set the functional pattern,

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) Schematic of sPDA transfer from HOPG to PDMS. (b,c) AFM
images of (b) unfunctionalized PDMS, and (c) PDMS with transferred dPE
sPDA layer. (d) Fluorescence micrograph of dPE transferred to PDMS. (e)
Fluorescence emission spectrum of dPE/PDMS. (f) Fluorescence micro-
graphs of PCD-NH, sPDAs on PDMS as-transferred (left) and after reaction
with derivatized rhodamine red (right). (g) AuNWSs adsorb only in sPDA-
functionalized regions of PDMS, recapitulating assembly behavior on
sPDAs on HOPG. Adapted from ref. 12 with permission. Copyright 2021
American Chemical Society.

then transfer polymerized striped phases from HOPG to other
materials (Fig. 7), taking advantage of the sSPDA backbone as a
scaffold to stabilize the nm-scale chemical patterns during
transfer.">'® Transfer is achieved using reactions (e.g. hydro-
silylation or acrylate radical-mediated polymerization) that
form covalent links to the sPDA polymer backbones in the
monolayer molecular network.

This journal is © The Royal Society of Chemistry 2022
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Transfer of sSPDAs to PDMS (Fig. 7a), takes advantage of the
PDMS crosslinking reaction, which is carried out in situ, with
the liquid PDMS reaction mixture in contact with the sPDA.
PDMS crosslinking typically involves covalent bond formation
between Si-H groups in the PDMS crosslinker and vinyl groups
in the PDMS base polymer, in the presence of a transition metal
catalyst. When carried out in contact with an SPDA monolayer,
crosslinks are also formed with the PDA backbone. After curing,
exfoliation of the PDMS from the HOPG also removes sPDAs
covalently linked to the PDMS surface. After transfer, the
monolayer is visible at small scales in AFM images. Fig. 7b
shows unfunctionalized SYLGARD 184 PDMS, with a mesh size
of approximately 10 nm. Fig. 7c shows the same PDMS blend
cured in contact with dPE/HOPG as shown in Fig. 7a; here,
linear features are visible along the PDMS surface. At larger
scales, transfer can be characterized based on fluorescence
emission from the sPDA backbones (Fig. 7d and e). Following
transfer, the monolayer headgroup chemistry can be utilized
for post-functionalization or further assembly (e.g. with rhoda-
mine derivatives, Fig. 7f, assembly of AuNWs, Fig. 7g, or
controlled adsorption of oppositely-charged electrolytes).'?'2°

Characterizing chemistry at soft, porous interfaces is an
ongoing challenge; however, the sPDA transfer approach ben-
efits from the ability to readily extract information regarding
nm-scale interface structure on HOPG prior to transfer, and
correlate with interface properties on the soft material after
transfer.">"'>*> For instance, individual polymerization events
on HOPG can be characterized by AFM, based on A-scale
topographical protrusion of the sPDA backbone following
polymerization. Correlating nanoscale extent of polymerization
on HOPG (Fig. 8a, main images) with microscale sPDA transfer
(quantified through sPDA fluorescence emission, Fig. 8a,
insets) enables a multiscale view of the polymerization process.
Already, this approach has allowed us to identify a large and
previously unreported difference in polymerization efficiency
between the two most common commercially available mono-
mers for striped phases, PCDA (referred to here as PCD-COOH
for clear comparison with PCD-NH,) and tricosadiynoic acid
(TCD-COOH) (Fig. 8b, dotted grey lines), enabling design new
high-efficiency monomers for polymerization and surface func-
tionalization of PDMS.

More recently, we have extended this understanding to the
transfer of molecules with different headgroup chemistries,
such as amines (Fig. 8b, blue and gold lines). The ability to
quantify lengths of large populations of individual polymers on
HOPG has allowed us to develop models of sPDA transfer to
PDMS that relate the degree of polymerization (DP), probability
of crosslinking per PDA unit (pxn), and the number of cross-
links required for sPDA exfoliation (n), as illustrated in Fig. 8c.
Overall, these models point to the likelihood that at least 2
crosslinks are required for PDA exfoliation, with p., in the
range of 1-3% per PDA unit (Fig. 8e).

While PDMS is broadly used for many applications includ-
ing microfluidics, other classes of more hydrophilic polymers
(e.g. hydrogels) are more commonly used in applications that
require direct contact with biological environments. We have
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Fig. 8 (a) AFM and fluorescence characterization of PCD-COOH poly-

merization at 0 min, 60 min, and 90 min, illustrating that fluorescence
intensity of material transferred to PDMS increases with the extent of
polymerization on HOPG. (b) Fluorescence of TCD-NH, (left) and PCD-
NH; (right) transferred to PDMS after different periods of UV polymeriza-
tion on HOPG. Dotted lines illustrate comparison with structurally analo-
gous carboxylic acids. (c) Probabilistic model describing sPDA transfer to
PDMS. (d) Histogram of weight average degree of polymerization for TCD-
NH, and PCD-NH, on HOPG. (e) Calculated fractional transfer for TCD-
NH, and PCD-NH,, based on model and on experimentally observed
populations of polymer lengths. Adapted from ref. 121 and 122 with
permission. Copyright 2021 John Wiley and Sons, and 2022 American
Chemical Society, respectively.

discovered that a similar in situ polymerization process enables
SPDA transfer to acrylate hydrogels (Fig. 9a),"* with transfer
dependent upon gel composition (Fig. 9b). The transferred PDA
layer is also visible in cryoelectron microscopy, altering surface
pore structure (Fig. 9c¢, main image) in comparison with
unfunctionalized polyacrylamide (PAAm, Fig. 9c, inset). When
amine PDA layers are transferred to the hydrogel surface, they
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Fig. 9 (a) Schematic of sPDA transfer from HOPG to PAAmM. (b) sPDA
fluorescence emission with varying PAAm composition. (c) Cryoelectron
microscopy of functionalized and unfunctionalized PAAm, illustrating
difference in pore structure. (d) Molecular model of dsDNA and TCD-
NHo,, illustrating relative size scales of functional patterns. (e) Microcontact
patterned TCD-NH,/PAAm without (top) and with (bottom) exposure to
EtBr-labeled dsDNA. (f) Fluorescence emission from amine, hydroxyl, and
carboxylic-acid functionalized PAAm surfaces after exposure to EtBr-—
DNA, illustrating impact of amine functional group on dsDNA adsorption.
Adapted from ref. 13 with permission. Copyright 2022 American Chemical
Society.

template adsorption of charged electrolytes such as DNA
(molecular model, Fig. 9d, experimental data, Fig. 9e and f).
More broadly, these findings may point to utility of sPDA
monolayers in structuring multivalent binding interactions
with analytes in the environment.

Outlook

While much of the work on high-resolution surface patterning
to date has focused on hard, often crystalline, surfaces, there is
a growing need for methods that enable scalable, high-
resolution patterning of soft materials for interfaces with
biology. A number of studies have illustrated that direct

This journal is © The Royal Society of Chemistry 2022
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translation of methods that are effective in patterning hard
materials produce much larger feature sizes in soft materials.

We suggest that self-assembled molecular networks and
other similar chemical patterning strategies represent a power-
ful and underutilized toolkit for high-resolution chemical con-
trol of soft interfaces. In particular, molecular networks that
allow for on-surface reactivity enable patterns to be assembled
on hard, crystalline materials, covalently locked, and then
transferred to soft materials, as long as the polymerized pattern
has total dimensions that exceed the scale of surface defects
(e.g. pores) in the soft material. Here, we have focused on a
class of chemical patterns based on polydiacetylenes, in which
the polydiacetylene backbone itself acts as a structural integrity
element, and as an optical readout of transfer. More broadly,
given the resurgence of interest in on-surface reactions in
relation to catalysis and other applications, there are likely to
be a wide range of structural motifs that exhibit similar
behavior.

We note that integration of high-resolution patterning stra-
tegies with soft materials creates a parallel need for high-
resolution interfacial characterization strategies that work well
at such material interfaces. Many high-resolution interfacial
characterization methods to date depend on an intersection of
material properties (e.g. conductivity) that exclude soft materi-
als such as hydrogels. Techniques such as super-resolution
optical microscopy that operate on soft materials typically
require complex fluorescent labels, complicating interface
design. Again, because on-surface molecular assembly and
reaction pathways have often focused on materials that embed
conjugated bond networks, for molecular electronics and other
applications, there are likely to be many classes of materials
that provide useful optical readouts of transfer.
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