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Material Interfaces

A striking number of problems in modern materials chemistry relate to controlling structure at scales 5-10 nm, important

in applications ranging from nanoscale electronics to organic materials for energy conversion. Interfacial patterning is

potentially valuable in establishing and stabilizing high-resolution structural features. While chemical patterning at such

short length scales is unusually difficult using many traditional top-down approaches, it has been achieved with

remarkable efficiency and chemical diversity in two seemingly unrelated areas: in the lipid bilayers that make up cell

membranes, and in the noncovalent functionalization of 2D materials such as graphene. At the intersection of these two

areas are lessons of significant utility for controlling synthetic material interface chemistry across a range of length scales.

Introduction. Controlling structure at 5-10 nm scales is central
to many emerging areas of materials chemistry (Figure 1a),
including nanoscale electronic devices'? and organic materials
for energy conversion.>* High-resolution interfacial patterning
(e.g. utilizing monolayer chemistry to create lines of functional
groups), has the potential to create surfaces that would grow
structural elements of organic and inorganic materials for
these applications. However, techniques such as microcontact
printing5 that have been very successful in patterning
monolayers at larger scales have not been straightforward to
apply. In part, this is due to challenges in creating well-defined
patterns in standing-phase monolayers at few-nm scales.

At the same time, high-resolution chemical patterns are
central to biology, suggesting sets of design principles that can
be translated to synthetic materials. For instance, the
structure of the DNA double helix (diameter 2 nm, length 0.34
nm x # of bases), has been broadly leveraged to create discrete
nanoscale structures in the form of DNA origami,6 and as a
recognition element to control crystallization of inorganic
nanocrystals.7 Likewise, peptides form structures (e.g. a
helices and B sheets) with nm-scale chemical features that can
template interactions with inorganic materials.?

Phospholipids, the primary constituents of the cell
membrane (Figure 1b), typically contain two alkyl chains and
four or more polar functional groups that control at sub-nm
scales both the dielectric environment and chemical
functionality available at the membrane periphery.9 In contrast
with DNA and peptides, which utilize a relatively limited set of
building blocks (4 DNA bases, 20 amino acids), hundreds of
structurally distinct lipids tailor the interfacial structure of the
cell membrane using variations in headgroup chemistry and
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alkyl chains. The membrane leverages the structural
complexity and controlled flexibility of lipids to control
interactions between the cell and its environment at scales
from <10 nm to multiple um, suggesting the design of similarly
sophisticated functionality for synthetic nanomaterials.
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Figure 1. (a) Applications for controlled interface structure at
sub-10-nm scales in synthetic materials. (b) Sub-10-nm
chemical patterns in the cell membrane. (c) Striped phases of
amphiphiles create 1D chemical patterns on synthetic
materials. (d) Striped phospholipid ‘sitting’ phases leverage
useful elements of biological flexibility and functionality. (e)
Conversion of standing phase amphiphiles into striped
interfacial templates.
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Many emerging synthetic material applications require
ultranarrow (few-nm) 1D structures (e.g. circuit elements,
Figure 1a), which would not be straightforward to create
based on the 2D structure of the cell membrane. However,
molecules similar to amphiphiles in the cell membrane can
also form noncovalently adsorbed 'lying-down' phases on
graphite, graphene, and other 2D materials'®™® (Figure 1c,d).
Such interfaces display, in essence, a repeating cross-section of
a lipid bilayer; stripes of alkyl chains and functional
headgroups alternate with a pitch 5-10 nm dictated by chain
length, creating an 1D analog of the flexible molecular
ordering in the cell membrane.

Studies of lying-down phases on 2D materials have been
performed for many years at the solid—liquid interface with an
organic solvent, or at the solid—gas interface.™*™  The
phenomenal resolution of scanning probe microscopy is
leveraged to resolve molecular or sub-molecular details of
both ordering and electronic structure.***®

More recently, a growing body of work has begun to
examine strategies for controlling interactions between the
monolayer and its environment, including host-guest
interactions and the growth of multilayer films,”'21 as well as
controlling wetting of 2D materials.”>® These goals require
initial ordering to establish the monolayer structure, but often
also a degree of controlled disordering, enabling functional
groups in the monolayer to interact with their environment. In
balancing order and flexibility, and in designing chemical
structures that mediate transitions between two different
chemical environments (e.g. a nonpolar 2D substrate and a
polar solvent environment), there is much to be learned from
biology. At the same time, the 1D structures in striped phases
represent a fundamental departure from the chemistry of the
cell membrane. Here, we provide a perspective bridging the
literature on standing and lying-down phases of amphiphiles,
and describing recent work in understanding the relationship
between a noncovalently adsorbed striped monolayer and its
environment.

Lying-down phases on 2D materials. Molecules with long alkyl
chains have been known to selectively adsorb to carbon
surfaces since at least the early 1950s.2° Lying-down
orientations for the chains were postulated as early as 1957,27
based on the similarity between the C—C—C distance along the
alkyl backbone (2.56 A) and the distance between hexagonal
centers in the graphite lattice (2.46 A), as shown in Figure 2a.
In the context of understanding lubrication, early calorimetry
experiments established that not only graphite,28 but also
MoS, and WS, were capable of strongly adsorbing long
hydrocarbons,29 suggesting the likelihood of similar adsorbed
structures, although epitaxial matching with the substrate
lattice would be weaker (Figure 2b). Later, with the
development of scanning tunneling microscopy (STM),30 it
became possible to directly observe the structures of lying-
down phases,31'32 and to elucidate differences in ordering
based on the introduction of specific functional groups.32'33
Early observations found that alkanes form striped lamellar
phases, with stripe widths dependent on chain length. For
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alkanes with a functional headgroup, intermolecular distances
along the lamellae depend on the relative size of the head and
chain: for very small functional groups (e.g. —OH), chains can
orient with the alkyl zig-zag perpendicular to the substrate,
leading to interchain distances ~0.43 nm; for slightly larger
headgroups (e.g. -COOH), the alkyl chain zig-zag lies parallel to
the surface, leading to interchain distances ~0.47 nm.*
Hydrogen bonding
headgroups can also cause the alkyl chain to adopt different
angles relative to the lamellar axis and/or change domain
structure. Thus, similar to the cell membrane, a delicate
balance of interactions between chains and headgroups
determines layer structure.

and other interactions between

Diynes as reactive building blocks for self-assembly. Many
classes of lying-down molecular layers have been developed,“"
13,3337 using structural motifs that encourage strong van der
Waals interactions with the substrate (e.g. long alkyl chains, 1t
systems) and/or stabilizing interactions with other molecules
(e.g. H-bonding, covalent frameworks). Throughout this
feature article, we will focus on noncovalent monolayers
based on long-chain diynes,gs'40 which  can be
photopolymerized. Polymerization couples molecules within
the noncovalent monolayer in ways that change electronic
properties, stability, and perhaps more surprisingly,
interactions with the environment. We start with a brief
examination of the assembly of diynes in standing phases,
highlighting the balance between order and disorder in
determining reactivity and environmental interactions.

Like lying-down phases, reactivity of diynes in 3D crystals
has been known since at least the 1950s.**? The mechanism
of polymerization of ordered diynes was studied in the 1970s
by Wegner“'44 and others,”™ leading to the understanding
that the molecules can react to heat*® or Iight,“’47 forming a
conjugated ene-yne polymer backbone through a diradical
intermediate (Figure 3).

Both order and flexibility integral to the
polymerization. An increase of as little as 1 A in the distance
between bond-forming carbons can decrease polymerization
rates by a factor of 2,45'48 with the consequence that
disordered molecules do not polymerize readily. At the same
time, a small amount of flexibility is key — the diyne in the
monomer must rehybridize to join the ene-yne polymer
backbone, typically reorienting the flanking sections of the
molecule and altering lattice structure.**4>*°

are

(b) HOPG and MoS, lattices
3.16A

(a) alkyl chain matching
with HOPG

HOPG :2.46 A =
alkyl C=C: 2.56 A

[1010]
f1120]

Figure 2. lllustrations of (a) structural matching between alkyl
chain and highly oriented pyrolytic graphite (HOPG) lattice that
leads to formation of lying-down phases, and (b) lattice
structures of HOPG and MoS,.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 14



Page 3 of 14

Chem€omm

Structural flexibility also impacts physical properties after
polymerization. Electronic delocalization along the ene-yne
changes optical absorption and emission spectra vs those of
the monomer.>**! Initially, polymerization produces a slightly
strained form of the ene-yne with an absorbance maximum
around 640 nm, which appears blue. In response to heat, the
polymer can undergo a thermochromic transition, relaxing into
a form in which periodic twisting of the polymer backbone
reduces conjugation length; this form has an absorbance
maximum near 500 nm, and appears red.

As understanding of the polymerization process increased,
further studies by Ringsdorf and others demonstrated that it
was feasible to polymerize diynes ordered in Langmuir films,
445253 \Where again the degree of ordering played a significant
role in polymerization. In this way, it was possible both to
stabilize thin molecular layers, and to use the thermochromic
transition as a basis for sensing environmental stimuli that
change headgroup orientation (e.g. binding of metal ions or
other charged species).54

In the early 1980s, multiple reports of diyne phospholipids

emerged.ss'57 These aimed at stabilizing biocompatible
surfaces and Iiposomes,‘r’g"r"r"56 but also at creating
57-58

photographic emulsions at Eastman Kodak, hinting at the
broad utility of these molecules in material design.

Lying-down phases of diynes. As lying-down phases were
studied at molecular scales by STM, monolayers of diynes
began to draw significant interest.>®4%% | lying-down phases,
aligned diynes can still be polymerized by UV irradiation, but
can also be polymerized by tunneling electrons from an STM
tip. Electronic delocalization in the resulting ene-yne facilitates
tunneling, making it possible to observe formation of
individual polymers in the STM. Individual polymers can
extend the entire length of a molecular domain (> 100 nm);
however, both inelastic electron tunneling spectroscopy and
theory suggest the HOMO-LUMO gap for oligomers with
lengths 210 nm are essentially the same.®®

Even in 2D lying-down phases, structural flexibility is
important in the polymerization process. In order for the ene-
yne to remain in the plane of the monolayer, the flanking alkyl
chain segments must tilt relative to the lamellar axis (Figure 3).
Molecular models suggest that steric clashes between tilted
and untilted chain segments become significant for segmental
lengths >8 carbons.®’ If tilting of the alkyl chains is
unfavorable, lifting the ene-yne and adjacent methylene
groups ~1.4 A above the plane of the monolayer satisfies bond
angle requirements. For 10,12-PCDA, the most widely used

diradical intermediate

small distance
betweenbond- ,/
forming carbons 4

N

/ ¢
7 conformational
§ change during

polymerization
Figure 3. Order and flexibility in diyne polymerization.
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commercially available diynoic fatty acid, long alkyl chain
segments lead to a lifted configuration for the polymer
backbone.***° Rates of polymerization for surface templated
diacetylene monolayers are typically substantially lower than
for solid-state polymerization.sz'63

Interactions with the substrate are also important in
polymerization and subsequent use. For monolayers of diynoic
acids on MoS,, epitaxy with the substrate is weaker than for
monolayers on HOPG, with higher rates of diyne
polymerization.sz'64 Adsorbates alter the electronic structure
of the substrate to varying degrees, and striped patterns of
specific functional groups (e.g. amines) have been used to
modulate charge carrier density in graphene and MOSZ.B'I‘("16

When monolayers are assembled from nonpolar solvents,
interactions between polar headgroups are frequently strong
enough to retain the headgroup in the plane of the monolayer
(~15 kcal/mol for COOH dimers, based on formic acides).
However, use of headgroups as functional patterns at the
interface would require that they be accessible to the
environment, implying some range of motion of the functional
head. This flexibility of the headgroup may determine not only
where it can interact with the environment (e.g. to capture an
analyte from solution), but also its chemistry, based on the
local dielectric environment near the interface.

Previous work by Whitesides and others found pronounced
differences in the behaviour of functional groups at polar—
nonpolar boundaries at the periphery of standing phase self-
assembled monolayers (SAMs).GG'68 For instance, the pK,,
values (the point at which half the functional groups are
ionized) for carboxylic acids varied from 8 (for 100% COOH-
terminated monolayers) to 11 (for monolayers with only 15%
COOH termination). This behaviour was rationalized in terms
of the limited ability of the nonpolar monolayer interior to
stabilize the charged form of the functional group.
Measurements by Latour and coworkers showed that while
the pK,/, of COOH groups shifts up, the value for NH, groups
shifts down,68 reflecting a similar restriction in the ability to
ionize in the dielectric environment at the interface.

In contrast with the 2D assembly of functional groups at
the periphery of a standing phase SAM, headgroups in lying-
down phases form 1D assemblies within the predominantly
nonpolar monolayer, potentially further restricting the ability
to ionize. At the same time, the noncovalent molecule—
interaction suggests the possibility of flexible
positioning of functional groups to adjust local dielectric.

Below, we will discuss experimental and theoretical
findings relating to and
characteristics of lying-down phases impacted by flexibility and
the positioning of polar functional groups at polar—nonpolar
boundary. First we provide brief context for these questions,
based on the structure and function of the phospholipid
architecture at a biological polar—nonpolar interface.

substrate

ionization other chemical

A Dbiological approach to structuring interfaces. The
phospholipid structure provides a remarkable means of
establishing distinct chemical environments in the membrane

periphery (Figure 4a). For single-chain amphiphiles, the
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footprint of the alkyl chain (~20-25 AZ) restricts the range of
headgroups that can be attached without impacting chain
packing; this is true for both standing and lying-down phases
(Figure 4b, top left). In contrast, the larger footprint of the two
phospholipid alkyl chains (~40-50 ;&2) establishes additional
space for bulky functional groups (e.g. phosphate, choline) in
the polar membrane periphery, and to provide conformational
These
properties are important in directing interactions with the

flexibility to smaller ones (e.g. primary amines).

environment, both in multivalent binding, and in reorienting
headgroup dipoles (Figure 4b, bottom Ieft).69

As discussed above, ionizable functional groups (e.g. weak
acids and bases) at a nonpolar interface experience restrictions
in their ability to ionize. Managing the transition from
nonpolar to polar periphery, the
phospholipid headgroup (Figure 4a) utilizes polar ester
linkages, a phosphate group (which has a very low native pK,),
and typically a short, flexible alkyl linkage to an amine. The

membrane interior

phosphate is asymmetrically mounted on a 3-carbon glycerol
backbone (highlighted in yellow); shifts in positions of the
nonpolar alkyl chains connected to the other two glycerol
carbons can thus reorient the phosphate and other functional
groups in the head. Overall, the headgroup architecture
enables a broad range of chemistry to occur directly adjacent
to the nonpolar membrane interior, suggesting the possibility
of similar impacts at nonpolar 2D material interfaces.

that
transect the bilayer are strikingly sensitive to its hydrophobic
cross-sectional width.””°
atomic diameters between the local hydrophobic cross-section

Transmembrane proteins and other structures

A mismatch of as little as a few

of the membrane and an embedded structure (Figure 4b, top
right) is enough to cause a preference for another section of
the membrane.”* More specific chemical interactions with lipid
headgroups and alkyl chains also stabilize some membrane
proteins.72
illustrates this principle (Figure 4b, bottom right). The lysine

. .73
A phenomenon known as lysine snorkelling

amino acid side chain comprises a four-carbon flexible alkyl
chain terminating in a primary amine. Structures such as
apolipoprotein that thread the polar—nonpolar
boundary of the membrane position the peptide backbone of a

helices

lysine residue in the nonpolar membrane interior; the amine,
on its flexible alkyl linker, ‘snorkels’ up to dock next to

(a) . (b) phospholipid headgroup hydrophobic mismatch
terminal spacing permits larger localizes proteins based on
functionality —> NH;* functional groups membrane thickness

H —
alkyl linker —> g
e
phosphate >0=R~¢
[¢]
glycerol H
backbone —> 7, headgroup dipole
acyl 0\:0 inﬂuen:gs interactions
i o/ group
linkages 5 oy t
alkyl chains g ‘

with
Figure 4. (a) Structural elements of a phospholipid, and (b)

membrane-embedded
peptides dock with lipid

their roles in a cell membrane, supporting structures of
complex molecules such as transmembrane proteins.

4 | J. Name., 2012, 00, 1-3

negatively charged phosphates in the membrane periphery,
setting the height of the helix in the membrane, much like
floating a boat. Similar flexibility could be envisioned to be
useful in docking structures to a 2D material surface.

Taken together, these ideas illustrate ways in which cells
use the difference between hydrophilic and hydrophobic
sections of amphiphiles, controlled structural flexibility, and
the specific structures of phospholipid heads and tails to
control interactions with their environment. Below, we discuss
ways
between synthetic 2D materials and their environment.

in which these principles can control interactions

Using phospholipids to functionalize 2D materials. Like long-
chain carboxylic acids (Figure 5a,b), phospholipids can also
assemble into striped phases on 2D materials (Figure 5c,d)

when deposited from organic solvents or by Langmuir-
Schaefer transfer.?? Figure 5 illustrates the monolayer
structure formed by a commercially available diyne

phospholipid, 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-
phosphocholine (diyne PC). Energy-minimized molecular
models (Figure 5c) suggest that phospholipids adsorb with the
phosphate adjacent to the HOPG, and the terminal amine
projecting at the environmental interface. We refer to the
resulting monolayer structure as a ‘sitting’ phase, in contrast
with a true ‘lying-down’ phase, highlighting the difference in
headgroup orientation. Monolayers of diyne phospholipids can
be photopolymerized by UV irradiation, similar to diynoic
acids. Because the monomer has two alkyl chains per

P W g

] PCDA

(e) pentacosane (g) diyne PCand PE
€ & %
110 N T "
adv| [PKz(coOH)=95 PKy2 (H(Po.n,} =56
e Y K2 (RNH,) = 12
e : (1 PKyp2 2
LaS 9 grec adv
90
(C] hyt!ro!)hobic, };};ia:’; g T
(0) noionizable groups ey o=y Ld *
70
pec L= rec
50 f—f‘-\ = ; I_i
1 oy
1174
30

2 6 10 14 2 6 10 14 2 6 10 14
pH pH pH

Figure 5. Molecular models and AFM images of of (a,b) lying-
down phase of 10,12-PCDA and (c,d) sitting phase of diyne PC
on HOPG. Advancing (adv) and receding (rec) contact angle
titrations for lying-down phases of (e) pentacosane, (f) 10,12-
PCDA, and (g) sitting phases of diyne PC and diyne PE.
Adapted from Ref 22 with permission.
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headgroup, lateral spacing between amines is ~1 nm; the
lamellar pitch is ~6 nm, similar to 10,12-PCDA.

Interactions between a noncovalent monolayer and its
environment. Although only 10-15% of the surface of such
lamellar phases is comprised of polar headgroups, they exert a
substantial influence on interfacial wetting, an ensemble
measurement of interactions between the monolayer and the
environment. Contact angle titrations using droplets of
aqueous buffers enable measurement of the ionization
behaviour of functional groups in the monolayers. For
molecules lacking ionizable functional groups (e.g.
pentacosane, Figure 5e), the angle between the substrate and
the line tangent to a buffer droplet remain similar for droplets
of acidic and basic buffers. As carboxylic acid groups in
monolayers of 10,12-PCDA are ionized (Figure 5f), the surface
becomes more hydrophilic, and the contact angle decreases.
Based on the midpoint of the contact angle titration curve, the
pKy/, of COOH groups in lying-down phases of 10,12-PCDA is
~9.5, a shift of ~5 units in comparison with ionization of acetic
acid in dilute aqueous solution.

Sitting phases exhibit related but different wetting
behavior (Figure 5g). The phosphate, positioned next to the
nonpolar interface, undergoes a pK;,, shift similar to that
experienced by the COOH group in lying-down phases of
10,12-PCDA. In contrast, the terminal primary amine in
monolayers of diyne phosphoethanolamine (diyne PE) retains
its solution ionization behavior, which is reasonable given its
access to the polar solvent environment. Additionally, the
phosphate retains a charge across much of the tested pH
range, and lies between the amine and the nonpolar HOPG.

While the sitting phase geometry in phospholipids directly
elevates the terminal functional group above the interface, the
noncovalent molecule—substrate interaction in a lying-down
phase also allows headgroups on single-chain amphiphiles to
undergo excursions into the solvent. Even small changes in
monolayer structure can alter this behaviour in useful ways.

For instance, conformational changes during
polymerization can be exploited to make headgroups more
available to the environment, based on the position of the
polymerizable group (Figure 6). Lying-down monolayers of
10,12- and 4,6-PCDA (Figure 6a,b) exhibit similar contact angle
curves prior to polymerization (Figure 6c, empty blue squares
(10,12-PCDA) and empty gold squares (4,6-PCDA)), which is
reasonable given their identical fractions of hydrophilic (fcoon)
and hydrophobic (f,,) chemistry; calculated contact angles
using the Young-Dupré equation for heterogeneous surfaces’
(here, comprising alkyl and COOH components):

2
(14 cos Opcpa)? = falkyl(l + cos galkyl)
+ feoon (1 + cos Ocoon)?

should produce similar values for 819 15-pcpa, ©4,6-pca, Opoly-10,12-
pcoas and B,qy.46.pcoa, if all monolayers adopt a similar lying-
down structure. In contrast, after polymerization, both
monolayers become somewhat more hydrophilic, but the
increase in hydrophilicity (decrease in contact angle) is

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Models of polymerized monolayers of (a) 10,12-
PCDA, and (b) 4,6-PCDA. (c) Advancing (adv) and receding (rec)
contact angle titrations for 10,12-PCDA (blue) and 4,6-PCDA
(gold) monolayers on HOPG, before (empty symbols) and after
(filled) polymerization. Adapted from Ref 23 with permission.

substantially more pronounced for 4,6-PCDA.

These increases in hydrophilicity appear to arise from
breakage of COOH headgroup dimers during polymerization
(Figure 6a,b). Rehybridization of the diyne to form the ene-yne
polymer backbone slightly narrows lamellae, requiring one of
the conjoined alkyl chain segments to shift relative to the
graphite lattice. Shifts in the segment bound to the COOH
group can break COOH dimers,
available to the solvent. Calculations suggest that in the case

making headgroups more

of 4,6-PCDA, relatively weak intermolecular interactions for
the very short alkyl chain segment between the diyne and the
COOH headgroupss’75
the much longer 18-carbon terminal alkyl chain (Figure 6b). In

cause this segment to shift, rather than

10,12-PCDA, segmental interaction strengths are more similar
(Figure 6a), suggesting either end of the molecule may shift.
These relationships are consistent with molecular dynamics
simulations in which polymerization breaks the large majority
of COOH dimers for 4,6-PCDA, while the majority of COOH
dimers for 10,12-PCDA remain intact.

Striped wetting of striped monolayers. The striped
amphiphilic structure of the surface suggests the possibility of
generating wetting anisotropy at near-molecular scales,
prototyping the ability to pattern interfaces at sub-10-nm
work by Whitesides’® and others”’ 72

demonstrated that striped functional patterns on surfaces (e.g.

scales. Earlier
patterns of COOH-terminated molecules in CHs-terminated
standing phase SAMs) generates wetting anisotropy at larger
scales, producing rodlike liquid droplets. At the same time,
generating additional free surface area on a liquid droplet is
energetically unfavorable, suggesting the need for strongly
wetting chemistry (e.g. protruding ridges of charged diyne PC
headgroups) to create directionality at very small scales.

The difference in headgroup chemistry between lying-
down phases of 10,12-PCDA and sitting phases of diyne PC
produces substantial

. - . .24
differences in nanoscopic wetting.

J. Name., 2013, 00, 1-3 | 5§
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Figure 7 illustrates results of spraying nanoscale liquid droplets
(1% glycerol in deionized water) at template surfaces of 10,12-
PCDA (Figure 7a) and diyne PC (Figure 7b—e). On 10,12-PCDA
templates, droplets localize predominantly at step edges in the
HOPG (Figure 7a), suggesting weak interactions with the
dimerized COOH headgroups on the timescale of droplet
impact with the surface. In contrast, droplets sprayed at diyne
PC surfaces adhere across the entire surface (Figure 7b),
consistent with the electrostatic polarization and topographic
protrusion of diyne PC headgroups (Figure 7b, inset).

Under normal laboratory environments, both headgroup
chemistries produce spherical cap droplets. However,
increasing environmental humidity in the spray chamber
decreases droplet viscosity on impact, which can begin to
induce nanoscopic directional wetting. At relative humidity
(r.h.) levels >80%, droplets adopt a thin film morphology on
impact (thickness ~5 nm, Figure 7c), and above 90% r.h., linear
edges appear (Figure 7d,e). In some cases (e.g. Figure 7e), the
liquid resolves into a series of rodlike features around the edge
of the impact site, reflecting the stripe direction of the
template (highlighted with arrows in Figure 7e). Populations of
narrow rods with widths of ~6 and ~12 nm (Figure 7f) suggest
liquid spreading along stripes of headgroups, pointing to the

(b) diyne PC |»

500nm | @

(d) 95%r.h.
monolayer
V* amphiphilic
/ axis

500 nm

r

024

0.0

0 6 12 18 24 20 36

FWHM (nm)
Figure 7. AFM images of nanoscale droplet adhesion to
monolayers of (a) 10,12-PCDA, and (b-e) diyne PC
(electrostatic surface maps of monolayers, insets a-b), at (b)
65% r.h., (c) 85% r.h., (d,e) 95% r.h. (f) Liquid rod widths and
heights in areas similar to (e) illustrating that rod widths reflect
template pitch. Adapted from Ref 24 with permission.
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capability to use rows of phospholipid headgroups for
interfacial patterning.

Controlling long-range ordering in noncovalent monolayers
through Langmuir-Schaefer Controlling long-
range ordering, either to create very large molecular domains,
or to create specific patterns of functionality, represents a
significant goal in noncovalent functionalization using striped
phases. For standing phase SAMs, thermal annealing is
commonly utilized to increase ordered domain size,79 and
microcontact printing facilitates generation of microscale
functional patterns.‘:"80 For lying-down phases, approaches
based on flow and/or solvent annealing can enable long-range
alignment.sl'82 Ordered molecular films can also be created on
an aqueous subphase and transferred to a solid support by
either vertical dipping (Langmuir-Blodgett, LB, transfer83) or
horizontal dipping (Langmuir-Schaefer, LS, transfer84), as
shown in Figure 8. Under appropriate transfer conditions,
molecules retain their original orientation and ordering,85
enabling molecular pattern transfer for standing phases.86

LS transfer also potentially represents a means of pre-
assembling microscale patterns on an aqueous subphase and
converting them into striped phases on a 2D material (Figure
8b). Early STM studies demonstrated nanoscale domain
assembly on HOPG by LS transfer, with edge lengths up to
~100 nm. 2243839 Creating multi-um domains or patterns via LS
transfer is also possible, but requires increased control.

Again, water plays an important role. While HOPG is not
typically considered to be especially hydrophilic, a growing
body of work indicates that freshly cleaved graphite (or freshly
synthesized graphene) has a relatively low water contact angle
(~64° for freshly cleaved HOPG), which rises rapidly (~91° for
HOPG aged 24 hours), due to adsorption of atmospheric
contaminants.®” Condensation of water on HOPG prior to the
contact with the Langmuir film appears to decrease transfer
efficiency (Figure 8c). A custom-built heated dipper (Figure 8d)
enables substrate temperature control to limit condensation.®

Pre-heating the substrate and allowing it to cool rapidly on
the subphase increases transfer ratios in comparison with
room-temperature transfer, but also results in significant
transfer of (typically unwanted) standing phases. In contrast,
transfer with the HOPG maintained at 50-70 °C for 1-5
minutes routinely produces domains with edge lengths >10 um
for diyne PE (Figure 8e). At such scales, molecular alignment is
visible based on small cracks that form in the monolayer as the
lamellae narrow during polymerization (inset). Domain sizes
for drop-casting with thermal annealing for the same molecule
can be on the order of 1 um, but variations in solute
concentration as the solvent front recedes across the substrate
typically produce uncontrolled vacancies and multilayers.

Large domains appear to increase stability toward solvents.
Figure 8f and g illustrate the results of washing monolayers
transferred at room temperature (Figure 8f) or 70 °C (Figure
8g). After vigorous washing with ethanol for 30 s, >98% of the
monolayer remains intact on the annealed surface. This
increased stability toward washing is consistent across

conversion.

This journal is © The Royal Society of Chemistry 20xx
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alignment, visualized by polymerization-induced cracking
defects (inset). Diyne PE films prepared through (f) room
temperature and (g) annealed LS transfer, after washing with
ethanol. (h) Surface coverage in polymerized diyne PE films
after washing. Adapted from Ref. 88 with permission.

solvents with a range of polarities (Figure 8h), suggesting that
subjecting such films to solution processing is reasonable.

Transferring molecular patterns via LS conversion.
Creating specific patterns of molecules in noncovalent
functionalization is also an important goal, enabling structured
interactions with the environment. Conventional LS transfer
lifts molecules from the interface in their original orientation
(Figure 8a), and benefits from tightly-packed monolayers.ss In
contrast, conversion of a standing phase to a lying-down phase
(Figure 8b) requires molecules to reorient substantially. Thus,
parameters that optimize conversion to lying-down phases
differ from those for direct transfer of standing phases.

In transfer from a standing phase environment in the
Langmuir film to form a lying-down phase on HOPG, molecules
that are strongly stabilized in the Langmuir film experience a
greater energetic barrier to transfer. When Langmuir films of
PCDA with both ordered (condensed) domains and disordered
(expanded) domains are assembled on water, and molecules
are then transferred to HOPG, SEM images of the transferred
PCDA (Figure 9a) exhibit arrays of dark circular features on a
bright background. These circular features are consistent with

This journal is © The Royal Society of Chemistry 20xx
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domains (dark area near top of image), with small domains
assembled over expanded phase regions in the Langmuir film.
SEM images of diyne PC (e,g) and diyne PE (f) transferred to
HOPG. Adapted from Ref. 89 and 90 with permission.

SEM images acquired at the boundaries of such vacancies
(Figure 9b) show limited transfer from condensed phase. Local
differences in mean domain sizes (i.e. large ordered domains
near boundary vs smaller domains near bottom of image) are
likely influenced by local differences in transfer rates. Based
on previous studies of submonolayer island nucleation and
growth,91 the number density of domains, N, varies with the
molecular adsorption rate (F), and the rate of molecular
diffusion across the substrate (D), with
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In relation to this model, a fourfold difference in domain
number density could indicate up to a 64-fold difference in
local molecular transfer rates near the expanded—-condensed
boundary and in the bulk expanded phase, in the SEM image
shown in Figure 9b. Overall, transfer of molecules that order
into lamellar domains decreases for Langmuir films
compressed to lower mean molecular areas (mma) (Figure
9c,d) or lower subphase temperatures (20 °C vs. 30 °C).
Comparing transfer characteristics of structurally different
single-chain amphiphiles and phospholipids (Figure 9e-g)
reveals that molecules such as diyne PE or single-chain amides
that can form stable hydrogen-bonding networks in the
Lanmguir film undergo less facile transfer.”

A nondestructive spectroscopic probe of ordering in lying-
down noncovalent monolayers. While SEM imaging is useful
for visualizing domain structure, molecular orientation, and
spatial patterning, in some applications, a nondestructive
means of probing monolayer ordering over large areas is also
useful. Polarization-modulated infrared reflection absorption
spectroscopy (PM-IRRAS) has been used previously to examine
ordering in standing phase monolayers (e.g. alkanethiols on
Au(111)).92 The technique proves to be useful in distinguishing
alkyl chain ordering for lying-down monolayers as well (Figure
10).”®

The PM-IRRAS measurement compares relative absorbance
of components of an IR beam parallel and perpendicular to the
plane of incidence, and therefore can be sensitive to the
orientation of functional groups at an interface.”® For lying-
down alkyl chains with the zig-zag carbon backbone oriented
parallel to the surface, the CH, asymmetric stretch dipole
orients approximately normal to the interface (Figure 10a),
leading to a strong peak in the PM-IRRAS spectrum (Figure
10c); a broader distribution of orientations for disordered
chains (Figure 10b) leads to a weaker signal (Figure 10d).
Correlating PM-IRRAS signal intensity with SEM imaging
enables assessment of the overall degree of order (Figure 10e)
or disorder (Figure 10f) of monolayers on graphene. The ratio
between CH, asymmetric stretch intensity, I(CH,,), and the CH;
asymmetric stretch intensity, |(CHs3,), provides a useful
discriminator between monolayers that exhibit predominantly
ordered and disordered coverage (Figure 10g).

Conclusions

Many years of work have elucidated molecular design
principles for inducing and characterizing order in
noncovalently adsorbed monolayers on 2D materials.'*™?
Molecule—substrate interactions have been examined in detail,
to understand Moire patterns and other features observed in
STM images,32 and to modulate 2D material electronic
structure.’® Likewise, molecule—molecule interactions ranging
from hydrogen bonding%95 to the formation of covalent
structures®”*® have been examined for applications such as
molecular electronics.
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Figure 10. Molecular models of (a) ordered and (b) disordered
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highlighted in red in side views). (c-f) Representative PM-IRRAS
spectra (c,d) and SEM images (e,f) for ordered and disordered
monolayers on graphene. (g) Ratio of [(CH,,)/I(CHs,)
discriminates between high (green) and low (gold) degrees of
order. (h) CH, symmetric stretch does not predict ordering.
Adapted from Ref. 25 with permission.

An equally strong understanding of the interactions
between the monolayer and its environment can ultimately
transform the 2D monolayer into a molecular foundation for
3D nanoscopic design. Developing this understanding presents
significant, though tractable, challenges.

One such challenge involves understanding and controlling
the positions of functional groups that are not tightly packed
against the substrate basal plane. Part of the reason that so
much is known about the structure of noncovalent monolayers
is that it is often possible to resolve positions of individual
methylene groups and other functional groups by sTm.M! Using
functional groups in the monolayer to pattern interactions
with the environment implies the need for flexibility; as a
consequence, such monolayers are often more difficult to
image using scanning probes. While techniques such as SEM
imaging,89 PM-IRRAS spectroscopy,25 contact angle titrations?
% and frictional measurements®* provide insight into certain
aspects of the interface structure and chemistry, more
structural information would clearly be useful.

Theoretical calculations can provide significant insights, but
require the use of explicit solvents and other computationally

This journal is © The Royal Society of Chemistry 20xx
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expensive elements, since hydrogen-bonding and other
interactions with solvents are almost certain to be important.96
In our own calculations, we find that the presence of even a
small amount of explicit water in the region around the
headgroups impacts interfacial behavior, suggesting the
important role environmental humidity is likely to play at such
interfaces.

Much as membrane, exact positioning of
functional groups next to a nonpolar interface changes their
chemistry.zz'23 Oriented dipoles are known to be important in
further self-assembly at the interface,97'98 which is likely to be
especially important for polyfunctional headgroups such as
those of phospholipids.69 More broadly, this raises questions
about designing interfaces that create 1D polar—nonpolar
boundaries. To what extent do the phospholipid headgroup
architectures that produce 2D polar—nonpolar boundaries
create useful 1D dielectric environments? Are they equally
useful in nonpolar solvent environments?

While the majority of the literature on 2D monolayers to
date has focused on relatively small areas of the surface,
controlling and patterning larger areas of the surface would
also be essential for most practical applications. A number of
approaches, such as those based on solvent flow, have been
successful in this regard.82 Langmuir-Schaefer protocols can
further be utilized to create either large ordered domains or
molecular patterns including vacancies.?#® Importantly, large
ordered domains increase solvent stability, relevant to solution
processing. Ultimately, such molecular patterns, perhaps
consisting of many different types of molecules, can be
designed and used across a range of scales. Specific
nanoscopic patterns can be designed with resists that are
removed to reveal areas of a surface on which molecules can
assemble;99 transfer from multi-component Langmuir films
may ultimately enable spatial control over complementary
length scales.

Such approaches set the stage for controlling interactions
between a substrate and its environment across scales from
<10 nm to mm. Stable lying-down phases such as polymerized
phospholipids have broad potential to act as scaffolds for
growing 3D nanostructures; the phospholipid headgroup in
particular suggests design principles for creating distinct
chemical environments over extremely short length scales for
controlling structural growth exhibiting chemical diversity
mirroring that observed in the cell membrane.

in the cell
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Lessons can be drawn from cell membranes in controlling noncovalent functionalization of 2D materials
to optimize interactions with the environment.
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