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ABSTRACT

Russell, Shane R. Ph.D., Purdue University, December 2018. Controlling and Char-
acterizing Molecular Ordering of Noncovalently Functionalized Graphene via PM-
IRRAS: Toward Templated Crystallization of Complex Organic Molecules. Major
Professor: Shelley A. Claridge.

The fabrication and functionalization of layered materials is a key feature in the

development of high performance, next generation devices [1–11]. Device applications,

such as nanoscale electronics, biosensing, energy conversion, drug delivery and study

of proteopathic diseases require interfacial structures that express chemically orthog-

onal patterns at sub-10-nm scales. For instance, in many semiconducting polymer

materials for organic photovoltaics (OPVs), the exciton diffusion length is approxi-

mately 5-10 nm [12], meaning that poor pattern resolution between n-type and p-type

semiconductors in a bulk heterojunction can substantially reduce charge transfer.

Conversely, n-type and p-type domains assembled with a high resolution, sub-10-nm

periodicity would produce relatively greater charge transfer. Therefore, the ability to

generate alternating patterns at the sub-10-nm scale with high fidelity is crucial in

optimizing device performance, and scalability requires that the process be low-cost,

highly reproducible and easily screened.

Many techniques have been developed to generate high resolution patterns at the

nanoscale. Photolithography [13–15] is a commonly employed process for fabricating

conductive/nonconductive semiconductor patterns at the nanoscale, but experiences

poor cost effectiveness for sub-10-nm nodes. Soft lithography [16,17], such as micro-

contact printing with PDMS stamps, and mechanical lithography, such as dip-pen

nanolithography] [18], are more cost effective than photolithography at small scales,
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and can apply high fidelity patterns at the sub-µm scale, but often must compromise

between high resolution patterns and scalability. Bottom-up assembly strategies,

such as block copolymers [19, 20], have been employed as highly modifiable building

blocks for generating chemically distinct regions, though often lack the spatial con-

trol and pattern resolution required for next generation devices. In other studies,

self-assembled monolayers (SAMs) of alkanethiols on Au(111) have been employed as

a facile, low-cost way to control interfacial assembly of diverse structures including

mineral crystals as well as soft matter at the sub µm scale [21,22]. However, express-

ing sub-10-nm pattern resolution of chemical functionality at the fidelity and scale

required for next generation nanoelectronic and OPV devices remains challenging.

Graphene has been studied extensively as a 2D material template for device fab-

rication [2, 3, 8, 9, 23]. This is primarily due to graphene’s technologically attractive

properties, such as its high surface area, tensile strength [24], exceptional electronic

conductivity [25] and biocompatibility [26]. Graphene can also be readily function-

alized both covalently and noncovalently to dramatically modulate its physical and

chemical properties [1–3,6]. Modified graphene has been explored as a drug delivery

platform for aromatic anti-tumor agents [27], highly selective sensors [28] and as a

model platform for interfacial self-assembly of peptide nanostructures [6,29–31]. The

noncovalent modifications to graphene are especially useful, as they preserve most

of the intrinsic properties of the interface, while providing a route towards spatial

modulation of surface chemistry [1].

Monolayers of diynoic fatty acids, such as 10-12 pentacosadiynoic acid (PCDA),

self-assemble noncovalently in a head-to-head lying-down phase on graphene, sta-

bilized both by the epitaxial match between the alkyl zig-zag and the hexagonal

graphene lattice, as well the formation of hydrogen bonded dimers between adjacent

rows of head groups [7, 32–34]. In this manner, stripes of polar head groups are ar-

ranged in a lamellar pattern with a 6 nm pitch. The diyne moiety can be polymerized

in these ordered monolayers to form an ene-yne polymer backbone [32,33], providing

a means to stabilize the interface towards solvothermal processing steps [35].
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In a similar manner, diyne phospholipids can be used to template surfaces with

ordered patterns [7,36]. The phospholipid bilayer of the cell membrane coordinates a

wide array of noncovalent self-assembly as well as charge transfer phenomena. Lying-

down phases of phospholipids, essentially a repeating cross section of the lipid bi-

layer [7, 33, 34], therefore produce sub-10 nm chemical patterns with potential for

directing further self-assembly in a biomimetic fashion. Modifications to properties

such as head group size and charge, as well as tail length and diyne position can

generate high fidelity striped interfaces with various pitches, stability and chemical

functionality. In fact, recent work has shown that the nanoscale wettability of these

lying-down monolayers, a critical property for bottom up device fabrication, can be

substantially modulated by structure of the constituent lipid [36, 37]. However, scal-

able device fabrication utilizing high resolution templates of noncovalent monolayers

requires a screening process to determine if the initial templates are suitably well or-

dered for further processing steps. Furthermore, many steps may include solvothermal

conditions, which can disrupt the order of the monolayer. A means to screen mono-

layer order in a manner that is fast, inexpensive, and non-destructive is therefore

highly desirable.

Scanning probe microscopy techniques such as atomic force microscopy (AFM)

are routinely employed to assess the interfacial order of lying-down phase lipid mono-

layers. AFM allows for resolution of domain edges at scales up to 50 µm under ideal

conditions on atomically flat substrates such as highly oriented pyrolytic graphite

(HOPG), and can resolve lamellar structure of domains at scales of ∼1 µm [7, 36].

However, more technologically relevant surfaces, such as chemical vapor deposited

(CVD) graphene on nickel are often much topographically rougher, limiting the re-

solving power of AFM at micron and nanometer scales.

Scanning electron microscopy (SEM) can resolve domains of lying-down monolay-

ers up to the millimeter scale [38]. Disordered monolayer domains are characterized

by their amorphous appearance, and lamellar structure of ordered monolayers can be

inferred out to 50 µm by the appearance of lamellar cracks, due to structural shifts
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from polymerization induced by the electron beam. Additionally, SEM can charac-

terize rougher substrates with greater ease than AFM, though is more destructive

towards adsorbed noncovalent monolayers. Further, both AFM and SEM provide no

information on bond molecular orientation, a critical property for inferring template

functionality.

Polarization modulated infrared reflection absorption spectroscopy (PM-IRRAS),

is routinely employed to detect both covalent and noncovalent changes in monolayer

structure at interfaces [39–41]. By rapidly alternating the polarization of IR light

between s- and p-planes relative to the substrate, PM-IRRAS characterizes the ori-

entation and order of sub-monolayer amounts of material, while being insensitive to

isotropically adsorbing bulk and gas phase species [42, 43]. PM-IRRAS is also rela-

tively inexpensive, requires no sample preparation, and is fast and non-destructive,

making it suitable as a screening technique for the order of noncovalent lipid mono-

layers at graphitic interfaces.

In this work, I demonstrate the utility of PM-IRRAS as a screening process for

alkyl chain ordering of PCDA monolayers self-assembled on CVD graphene on nickel

substrates. Due to the selection rules of metallic CVD graphene on nickel [44, 45],

the intensity of the C-H stretch response produced by the alkyl methylenes is pro-

portional to the order of the monolayer. This relationship is confirmed by comparing

the spectral response of substrates to corresponding SEM images, confirming that

greater C-H stretch intensity is correlated with higher monolayer order. Further-

more, the spectral ratio I(CH2a)/I(CH3a) accurately distinguishes between substrates

functionalized with ordered and disordered monolayers of PCDA, irrespective of to-

tal coverage. Spectral metrics are also capable of screening monolayers on HOPG.

Therefore, PM-IRRAS is a fast, non-destructive method for screening alkyl chain or-

der in noncovalent monolayers of lying down phases on 2D materials, as precursors

for further device fabrication steps.

Once a monolayer has been screened for order, the next step is to determine

the appropriate conditions for further device fabrication steps. For OPVs, bottom-
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up self-assembly strategies that can reduce the required number of processing steps

and occur under mild conditions are highly desirable. Both n- and p-type organic

semiconductors exploit aromatic structural elements that generate excited states via

photoexcitation, followed by charge transfer to produce current [46]. Peptides rep-

resent a class of biomolecules with well characterized self-assembly properties that

incorporate a variety of chemical motifs in their side chains, including aromatic moi-

eties. Additionally, peptides are intrinsically biocompatible, easy to fabricate and

environmentally friendly compared to typical organic semiconductor species. Due

to these advantages, a great deal of recent interest has developed in understand-

ing how interfacial processes can be used to regulate the self-assembly of peptides

into hierarchical structures [6, 10, 11, 47–49]. Numerous experimental and theoretical

studies have examined the interplay between peptide-peptide, peptide-solvent, and

peptide-substrate interactions in regulating the interfacial self-assembly process [6].

This includes approaches ranging from combinatorial phage display libraries for opti-

mizing peptide binding to graphene [50,51], as well as increasingly accurate ab initio

and semi-empirical in silico methodologies for predicting and monitoring peptide-

substrate interactions [52–54].

Diphenylalanine (FF), the aromatic dipeptide core of the Aβ1-42 amyloid polypep-

tide, rapidly self-assembles into complex, robust structures under mild aqueous con-

ditions [55, 56]. Modifications to the termini and side chains of FF produce varia-

tions in the final structures, such as nanospheres, nanorods and hydrogels [56–58].

Further, self-assembled structures of FF and similar peptides demonstrate semicon-

ducting properties [59–61] that have been exploited for applications including power

generation [62] and biosensing [63]. Co-incubation of FF and FFF has been shown

to modulate the electronic properties of the resulting nanostructures, demonstrat-

ing the potential for regulating the band gap, a critical property for OPV device

efficiency [64]. However, for aromatic peptides to be effectively exploited for OPV

applications, their self-assembly must be templated such that not only do they express
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domains at the 10 nm scale, but also in a way that directs their aromatic ineractions

for tuning the band gap.

Here, I present a strategy towards templating epitaxially aligned nanostructures of

fluorenyl-9-methoxycarbonyl-diphenylalanine (Fmoc-FF) on noncovalently function-

alized HOPG. Peptide structures are often coordinated by noncovalent interactions

with the cell membrane [65, 66]. Therefore, monolayers composed of lipid molecules

are candidates for directing the interfacial self-assembly of peptides with similar

effectiveness as the cell membrane. HOPG passivated with monolayers of PCDA

and 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (diyne PE) tem-

plates the nucleation and growth of Fmoc-FF nanostructures. The nucleation and

growth of Fmoc-FF is consistent with the displacement of the lipid monolayers by the

peptides, with widths commensurate with the removal of integer units of lipids. Ad-

ditionally, monolayer head group chemistry, order and stability are all shown to mod-

ulate the self-assembly of the tapes, highlighting the utility of noncovalent strategies

for spatially regulated bottom-up synthesis of organic semiconductors for potential

OPV applications.
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1. SPECTROSCOPIC METRICS FOR ALKYL CHAIN ORDERING IN

LYING-DOWN NONCOVALENT MONOLAYERS OF DIYNOIC ACIDS ON

GRAPHENE

A version of this chapter was previously published in Chemistry of Materials.

DOI: 10.1021/acs.chemmater.7b04434

1.1 Introduction

As 2D materials are integrated into hybrid architectures [1–9,67], controlling their

surface chemistry at large scales and throughout solution and thermal processing be-

comes increasingly important [7, 36, 68, 69]. Layered materials such as graphene are

frequently functionalized noncovalently (e.g., with lying-down phases of long-chain

alkanes or polycyclic aromatic molecules) to preserve electronic conjugation within

the basal plane [1,2,70,71]. However, relatively weak noncovalent interactions within

the monolayer [1, 2, 6] increase the probability of molecular disorder, during either

assembly or subsequent processing. Noncovalent monolayers have been imaged down

to sub-nanometer scales using scanning probe microscopy [32, 33, 72–75]; however,

heterogeneity is also common at micrometer and larger scales, necessitating appro-

priate characterization methods. Spectroscopic metrics have been developed to assess

large-scale ordering in standing phase monolayers (e.g., alkanethiols on coinage met-

als) [42, 76, 77]. Equivalent metrics for 2D materials noncovalently functionalized

with lying-down phases would have potentially broad utility, but must account for

differences in molecular orientation and in some cases substrate selection rules. Here,

we develop spectroscopic metrics for ordering in noncovalent monolayers of diynoic



2

acids on graphene and graphite, using polarization-modulated IR reflection adsorp-

tion spectroscopy (PM-IRRAS) correlated with scanning electron microscopy (SEM).

Figure 1.1.: (a) Chemical structure of unpolymerized (left) and polymerized (right)
PCDA. Molecular models of (b) unpolymerized PCDA and (c) polymerized PCDA on
HOPG, illustrating lamellar width, H-bonded COOH dimers along lamellar median,
and polymerization of diyne to form eneyne.

Diynoic amphiphiles, including long-chain carboxylic acids (e.g., 10,12-pentacosa-

diynoic acid, PCDA, Figure 1.1a), are prevalent in noncovalent functionalization of

graphene [72,78,79], highly ordered pyrolytic graphite (HOPG) [2,32,33,80,81], and

other 2D materials [82]. Lying-down lamellar phases assemble due to epitaxy be-

tween the zigzag carbon skeleton of the alkyl chain and the <1120> axis of the

basal plane [32, 83, 84], ordering domains at ∼120◦ angles [2, 85]. Molecules orient

head-to-head, forming carboxylic acid dimers that stabilize the lamellar median (Fig-

ure 1.1b). Topochemical photopolymerization of aligned diynes produces an ene-yne

polymer backbone (Figure 1.1a,c), which has been examined for molecular electron-

ics applications [72, 85]. Polymerization also increases monolayer robustness toward

solvent exchanges or other processing [7].

The degree of alkyl chain ordering governs many chemical properties of the as-

sembled interface. For example, topochemical polymerization efficiency for diynes

varies strongly with the distance between bond-forming carbons [33, 82], in addition

to details of chain structure and packing [86–89]. We have also found that long-range

ordering of diyne monolayers impacts interfacial stability after polymerization in the

context of solution processing [35], and that structure-specific headgroup dynamics
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(a form of controlled disordering) modulate interfacial wettability [37]. Conversely,

monolayer defects can promote undesirable interfacial processes such as nonspecific

adsorption and charge carrier trapping [78,90–92]. Thus, evaluating molecular order-

ing is central in screening for interfaces that will exhibit desired physical properties

in subsequent use.

In principle, atomic force microscopy (AFM) can be used to characterize surface

structure at lateral scales up to 100 µm. However, our experience suggests the upper

limit for useful AFM topographic imaging of noncovalent lying-down monolayers of

diynoic acids on HOPG is 10 µm; beyond this scale, contributions from the substrate

itself typically dominate contrast [7, 36]. Characterization of monolayers on more

technologically interesting 2D materials such as chemical vapor deposited (CVD)

graphene is further complicated by increased surface roughness (e.g., wrinkling) and

the topography of the underlying support. Together, these factors make high resolu-

tion AFM imaging of PCDA monolayers on CVD graphene at scales significantly >1

µm challenging.

We have recently observed that SEM mitigates these issues, enabling noncovalent

monolayer structure on HOPG to be characterized at scales as large as millimeters and

as small as tens of nanometers [38]. In the present work, we find that domain struc-

tures can be imaged on rougher CVD graphene, at scales up to 30-50 µm, enabling

correlation of interfacial structure with functionalization conditions and spectral fea-

tures. We have also observed previously that the SEM electron beam induces cracking

in ordered, but not disordered, PCDA domains, due to conformational changes that

occur when rows of ordered molecules polymerize under the electron beam. Poly-

merization induced cracking can thus be used to distinguish between ordered and

disordered areas in molecular films (discussed in more detail below), with implica-

tions for film quality in electronic or other applications. Repeated imaging of the

same area shows that, during high-resolution SEM imaging, the electron beam also

degrades the monolayers, impeding subsequent use of areas of the surface screened in

this way.
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Addressing this issue, we also develop a nondestructive spectroscopic probe for

alkyl chain ordering in noncovalently adsorbed lying-down monolayers on graphene

and HOPG. Correlating PM-IRRAS data with subsequently acquired SEM images of

the same samples enables us to establish the relationship between spectral character-

istics and surface structure. Surface selection rules for metallic substrates emphasize

dipole components oriented in the plane of incidence (the plane defined by the surface

normal and the incoming beam path) [44,45]; this provides a basis for analyzing the

average degree of alkyl chain ordering in monolayers of PCDA on CVD graphene on

nickel substrates. Applicable to broad classes of functional molecules used in nonco-

valent modification of 2D materials, this approach enables nondestructive screening

of interfacial ordering at scales relevant for many applications.

1.2 Results and Discussion

1.2.1 Monolayer Preparation by Langmuir-Schaefer Conversion

To create surfaces with varying degrees of order, PCDA monolayers on graphene

were prepared by Langmuir- Schaefer (LS) conversion of standing phase Langmuir

films on an aqueous subphase (Figure 1.2a). Although this approach levies additional

requirements on sample preparation in comparison with the more expedient drop-

casting approach, we find that LS transfer improves uniformity across the entire 1 cm

1 cm substrate (Figure A.2).

Moving barriers compress the Langmuir film to a desired mean area available per

molecule (mma). Changes in surface pressure during compression (Figure 1.2b,c)

reveal phase transitions in the Langmuir film with increasing order, which impact

molecular transfer to the graphene or HOPG. Controlling the temperature of the

subphase (Tsp) also provides a means of modulating ordering of the Langmuir film

(Figure 1.2b vs Figure 1.2c). Here, performing transfers at 20 and 30 ◦C facilitated

comparisons with SEM data we have collected previously for transfers to HOPG under

similar conditions (see Appendix A).
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Figure 1.2.: (a) Schematic of LS conversion of PCDA to form lying-down phase
monolayers on CVD graphene or HOPG. (b, c) Surface pressure isotherms for PCDA
with subphase temperatures (Tsp’s) of (b) 20 and (c) 30 ◦C.

1.2.2 AFM and SEM Evaluation of Monolayer Ordering

AFM imaging is frequently used to evaluate ordering and domain structure in

lying-down monolayers. AFM images of ordered regions of unpolymerized monolayers

on HOPG and CVD graphene prepared at Tsp = 30 ◦C and mma = 30 Å2/molecule are

shown in Figure 1.3. For comparison, similar images from samples prepared by drop-

casting are included in Appendix A. Larger flat terraces in an HOPG substrate (Figure

1.3a) contribute to clearer molecular rows than in monolayers on CVD graphene

(Figure 1.3b). In both cases, however, lamellar domains with edge lengths >100

nm are visible, assembled in epitaxy with the graphitic basal plane with domains

oriented at 120◦ angles. Already at sub-µm scales, heterogeneities in the graphene

surface reduce scanning probe image quality in comparison with HOPG.

In order to examine monolayer structure over larger areas to make useful com-

parisons with spectroscopic data, we utilized SEM (Figures 1.4 and 1.5). Figure

1.4 compares SEM images of ordered PCDA monolayers on CVD graphene (Figure

1.4a,b) and HOPG (Figure 1.4c,d). In each pair of images, the inset is the original

image, and the larger image is the highlighted region, cropped and enlarged to show
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Figure 1.3.: AFM images of PCDA assembled on (a) HOPG and (b) CVD graphene.

detail. Monolayers exhibit cracking defects characteristic of Angstrom-scale decreases

in lamellar width as the diyne rehybridizes to form the ene-yne. This behavior is con-

sistent with previous results indicating that ordered regions of such monolayers can

be polymerized by electrons in an SEM [38] or STM [93]. AFM imaging of domains

of this type next to vacancies on the substrate indicate topographic protrusions of

∼0.5 nm, consistent with lying-down monolayers (see the Supporting Information).

In contrast, disordered molecular domains transferred from Langmuir films at

larger mma values (Figure 1.5) exhibit fewer geometric edges, and instead of cracks

evolve rounded vacancies under the electron beam; ordered and disordered domains

may coexist, as shown in Figure 1.5d. SEM imaging is also possible for monolayers

of nondiyne molecules (Figure A.12), though evaluating order is more challenging,

suggesting broader applications of this approach.

1.2.3 Evaluation of Monolayer Ordering via PM-IRRAS

PM-IRRAS can detect differences in monolayer ordering that impact alignment of

alkyl C-H stretch dipoles [76]. Figure 1.6 illustrates the relationship between molecu-

lar ordering and PM-IRRAS signal strength in the C-H stretching region. For previ-

ous studies of 2D and 3D crystals of long-chain alkanes, the CH2 asymmetric stretch

(Figure 1.6a right inset, (CH2a) ∼2925 cm−1) and the orthogonal CH2 symmetric

stretch ((CH2s) ∼2850 cm−1) have been used to assess alkyl chain orientation and
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ordering. [76, 94, 95] At the bottom of each panel in Figure 1.6a,b, CH2a dipoles are

highlighted in red in a side view. In a highly ordered PCDA monolayer, the dipoles

are aligned predominantly parallel to the plane of incidence (defined by the surface

normal and the beam path, 70◦ relative to the surface normal for the experiments

presented here).

The vector diagram in Figure 1.6a illustrates the distribution of CH2a dipoles for

the well-ordered model; vectors deviate from the surface normal by 4◦ ± 4◦. Con-

versely, dipoles in disordered monolayers have a low degree of alignment in the plane

of incidence. For the disordered model shown in Figure 1.6b, vectors deviate from

the surface normal by 42◦ ± 29◦. PM-IRRAS peak intensities can be approximated

as proportional to the cosine squared of the average dipole angle relative to the p-

polarized component of the IR beam. For a beam with an angle of incidence of 70◦

(i.e., p-polarized component 20◦ relative to surface normal), this suggests an approx-

imately 2 fold difference in peak intensities for the highly ordered and disordered

cases shown in the models. Overall, greater integrated C2a peak intensities, I(CH2a),

should be correlated with local alkyl chain order. Figure 1.6c,d shows representative

spectra acquired from monolayers under conditions that lead to high and low degrees

of molecular ordering, similar to the SEM images in Figures 1.4 and 1.5.
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Figure 1.4.: (a) SEM image of ordered PCDA on CVD graphene. (b) Enlargement
of highlighted region of part a showing detail in original image with 30 µm edge
length. (c) SEM image of PCDA on HOPG, showing ordered regions of lying-down
monolayers. (d) Enlargement of highlighted region of part c.
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Figure 1.5.: (a) SEM image of disordered PCDA on CVD graphene. (b) Enlarge-
ment of highlighted region in part a showing detail. (c) Higher resolution image of
region labeled disordered molecules in part b. (d) SEM image of PCDA on HOPG,
illustrating coexistence of ordered and disordered regions.

Figure 1.7 compares molecular domain structure observed in SEM images (Fig-

ure 1.7e-l, Appendix A, Figures A.8 and A.8, for larger-scale original images) with
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I(CH2a). Spectral trace colors match dashed lines in the isotherm that indicate the

mma at transfer. Domain structure in films transferred to CVD graphene varies with

transfer conditions, similar to our previous observations for transfer to HOPG [38].

Figure 1.6.: Molecular models for (a) ordered and (b) disordered PCDA (top), and
side view of a PCDA monomer with CH2a dipoles highlighted with red arrows (bot-
tom). Insets illustrate CH2a dipole vector distributions. PM-IRRAS spectra for (c)
ordered and (d) disordered PCDA.

Interestingly, we find that intermediate values of I(CH2a) correspond to transferred

film structures consisting of lying-down lamellar domains (Figure 1.7i,j). Amorphous

domains transferred at large mma (40-50 Å2/molecule) exhibit low PM-IRRAS signal

intensities (Figure 1.7c,d, orange and red traces). At 20 ◦C, transferred films remain

poorly ordered at mma values as low as 30 Å2/molecule, and I(CH2a) remains low

(Figure 1.7c, green trace).

In contrast, at 30 ◦C, surface pressure begins to increase prior to 30 Å2/molecule;

transferred monolayers then exhibit higher coverage and order (Figure 1.7j), pro-

ducing intermediate values of I(CH2a) (Figure 1.7d, green trace). Ordered domains

also transfer from highly compressed Langmuir films (20 Å2/molecule, Figure 1.7e,i).



11

However, rod-like structures (presumably small 3D crystals of PCDA) appear in SEM

images (Figure 1.7e) for Tsp = 20 ◦C. The presence of these structures is correlated

with much larger values of I(CH2a) (Figure 1.7c, blue trace) and would be undesirable

for many applications. Thus, it is not feasible to screen for noncovalent monolayer

ordering solely by maximizing I(CH2a).

1.2.4 I(CH2a)/I(CH3a) as a Metric of Monolayer Ordering

Ideally, spectral metrics should distinguish between increases in signal intensity

due to increased surface coverage and increased monolayer ordering. The total in-

tensity (Itotal) of peaks in the C-H stretching region is a convolution of molecular

coverage and interfacial order. However, CH2a and CH2s are orthogonal stretches;

CH2a aligns strongly in the plane of incidence for ordered monolayers (Figure 1.6a).

Thus, for lying-down phases of PCDA, ordering of the zigzag alkyl backbone parallel

to the substrate should increase I(CH2a) and decrease I(CH2a). In contrast, the CH3

asymmetric stretch ((CH3a) 2960 cm−1) is less sensitive to monolayer ordering [96].

To distinguish between surface coverage and the degree of alkyl chain ordering,

we examined ratios of I(CH2a), I(CH2s), and I(CH3a). Itotal and I(CH2a)/I(CH2s)

(Figure 1.8) have been employed previously to assess coverage and degree of order-

ing, respectively, of standing phase monolayers and bulk crystals [76, 95]. Both Itotal

(Figure 1.8c,d) and I(CH2a)/I(CH2s) (Figure 1.8e,f) increase for transfers at smaller

mma, consistent with increased coverage of ordered domains (SEM images, Figure

1.7). However, Itotal and I(CH2a)/I(CH2s) both vary strongly with coverage of 3D

PCDA rods at 20 Å2/molecule, leading to much larger mean values at 20 ◦C than

30 ◦C, even though samples prepared at 30 ◦C exhibit similar fractions of desirable

ordered lamellar coverage. Further, lamellar coverage varies significantly for transfers

at Tsp = 30 ◦C and mma >30 Å2/molecule (discussed in more detail below); this

variability is not captured by either metric.
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Figure 1.7.: (a, b) Surface pressure isotherms for PCDA with subphase tempera-
tures of (a) 20 and (b) 30 ◦C; dotted lines indicate mma values at which films were
transferred. Representative PM-IRRAS spectra for PCDA transferred to graphene
at (c) 20 and (d) 30 ◦C, showing increased signal intensity for samples transferred at
lower values of mma. (e-l) Representative SEM images of samples transferred at the
indicated temperature and mma. (See Figures A.8 and A.9 for larger-scale original
images.)

Peak frequency shifts are also used to assess ordering in standing phase mono-

layers of alkanethiols [97]; however, we have not found strong correlations between

peak frequencies and degree of ordering observed in SEM and AFM images for the

monolayers examined here (A.10). Likely, this is because greater steric freedom af-

forded to alkyl chains in lying-down monolayers broadens peaks and results in Fermi

resonances [95] in the C-H stretching region due to coupling with C-H rocking and

wagging motions.

In contrast, transferred films with similar values of I(CH2a)/ I(CH3a) exhibit simi-

lar interfacial structure in SEM images, enabling ordering to be screened independent
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from surface coverage. Plots of I(CH2a)/I(CH3a) vs mma (Figure 1.8g,h) are qualita-

tively similar to plots of Itotal (Figure 1.8c,d).

However, I(CH2a)/I(CH3a) better accounts for the large variation in signal metrics

at 40 and 50 Å2/molecule at 30 ◦C (due to large variations in ordered surface coverage

under these conditions). Additionally, I(CH2a)/I(CH3a) exhibits a large standard

deviation at 25 Å2/molecule and 20 ◦C, coinciding with the variable populations of

PCDA rods that contribute to signal intensity for transfers under these conditions.

Interpreting I(CH3a) as a metric of surface coverage that is approximately inde-

pendent of monolayer ordering, the ratio I(CH2a)/I(CH3a) measures the degree of

monolayer ordering normalized against surface coverage. Therefore, it would be rea-

sonable to expect substrates with high values of I(CH2a)/ I(CH3a) to exhibit a high

degree of ordering. Figure 1.9a plots I(CH2a) vs I(CH3a) for a representative distribu-

tion of substrates prepared under the range of tested transfer conditions; substrates

with values of I(CH2a) near the green fit line (high ratio, 3.2 ± 0.1) are characterized

by a high degree of order (SEM images in Figure 1.9c-e), with domains exhibiting

polymerization-induced cracks visible across large areas of the substrate. In con-

trast, samples with values of I(CH2a) near the gold line (low ratio, 1.6 ± 0.1) exhibit

primarily amorphous domains (SEM images in Figure 1.9f-h). The percentage of

lamellar surface coverage for PCDA on HOPG was quantified across a range of trans-

fer parameters by SEM and also correlates well with I(CH2a)/I(CH3a) (Figure A.13).

Thus, PM-IRRAS can be used to rapidly and nondestructively screen for order in

lying-down monolayers on 2D materials.

Although the CH2s peak intensity could also, in principle, serve as a metric of

ordering, in practice, the symmetric stretch intensity does not appear to vary system-

atically with molecular ordering (Figure 1.9b). As described above, I(CH2a)/I(CH3a)

increases linearly with spectral response per molecule, Itotal/I(CH3a); this relationship

is graphed in Figure 1.9b as red and blue circles, with a value of R2 = 0.96 for the

linear fit. In contrast, there is not an equivalent increase in I(CH2s)/I(CH3a) (Figure

1.9b, red and blue diamonds, R2= 0.04).
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Figure 1.8.: Surface pressure isotherms for PCDA at (a) Tsp = 20 ◦C and (b) Tsp = 30
◦C. (c, d) Total intensity (Itotal), (e, f) I(CH2a)/I(CH2s), and (g, h) I(CH2a)/I(CH3a)
of the CH stretching region for films transferred at given values of Tsp and mma.

1.2.5 Comparison of PCDA Ordering on Graphene and HOPG

PM-IRRAS can also be used to screen noncovalent molecular ordering on HOPG.

Raw signal intensities are overall lower for monolayers on HOPG than for those on

CVD graphene. However, the selection rules for semimetallic HOPG are similar

to those of nickel, with peak asymmetry introduced by dielectric properties [98].

Figure 1.10 shows PM-IRRAS peak ratios (Figure 1.10a,b) and SEM images (Figure

1.10c-f) comparing molecular transfer on HOPG and CVD graphene at 30 and 50

Å2/molecule with Tsp = 30 ◦C. HOPG and CVD graphene exhibit a nearly identical
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Figure 1.9.: (a) I(CH2a)/I(CH3a). (b) Peak intensity vs inverse CH3a intensity frac-
tion. Circles represent I(CH2a)/I(CH3a) while diamonds represent I(CH2s)/I(CH3a),
with Tsp = 20 ◦C (blue) and Tsp = 30 ◦C (red). (ce, green frames; fh, yellow frames)
Representative SEM images from samples with values of I(CH2a) near green and
yellow fit lines.

ordering/coverage relationship (Figure 1.10a). For both substrates, ordered films

transferred at 30 Å2/molecule have high values of I(CH2a)/I(CH3a) (Figure 1.10b,

upper oval; SEM images in Figure 1.10c,d); less ordered films (Figure 1.10e,f; for larger

versions of images, see the Supporting Information) transferred at 50 Å2/molecule

have low values (Figure 1.10b, lower oval). HOPG substrates typically exhibit higher

values of I(CH3a), likely due to a combination of the flatter surface resulting in greater

extent of transfer during LS conversion and the asymmetric PM-IRRAS peak shapes.
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Figure 1.10.: (a) I(CH2a)/I(CH3a) vs inverse CH3a intensity fraction for HOPG and
graphene. (b) I(CH2a) vs I(CH3a) for the same substrates. (cf) Representative SEM
images of samples from part b with insets illustrating overall surface topography.

1.3 Conclusion

We utilized a combination of PM-IRRAS spectra and SEM imaging to assess

the degree of ordering in noncovalently adsorbed PCDA monolayers assembled on

graphene and HOPG. Monolayers that exhibit a high degree of order in SEM im-

ages (e.g., large areas with polymerization-induced cracking) exhibit larger values of

I(CH2a)/I(CH3a) than less ordered monolayers. In contrast, spectral metrics com-
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monly used to assess ordering in standing phase monolayers and bulk crystals are less

straightforward to correlate with ordering in the lying-down monolayers probed here.

Broadly, PM-IRRAS provides a nondestructive means for examining the degree

of local alkyl chain ordering over large areas in 2D materials noncovalently modified

with lying-down phases of functional molecules. Other technologically relevant 2D

materials exhibit different surface selection rules [99–101] that may ultimately enable

more detailed assessment of monolayer structure. Analogous metrics can also be

developed for other classes of molecules utilized for noncovalent functionalization

of 2D materials by connecting PM-IRRAS spectra with imaging techniques such as

SEM and AFM. For applications in which large domain sizes or specific geometries

are desirable, SEM also provides a straightforward method to develop relationships

between surface preparation conditions and long-range ordering.

1.4 Experimental Methods

1.4.1 Materials

The 10,12-pentacosadiynoic acid (≥97.0% purity) was purchased from Sigma-

Aldrich (St. Louis, MO), and used as received. Chloroform (ChromAR grade)

was purchased from Macron Fine Chemicals (Center Valley, PA) and used as re-

ceived. Self-assembled monolayers of diynoic acids were deposited on either 1 cm ×

1 cm CVD graphene on nickel substrates (Graphene Supermarket, Calverton, NY)

or highly oriented pyrolytic graphite (HOPG, SPI Supplies, West Chester, PA) sub-

strates; HOPG was freshly cleaved immediately prior to sample deposition. All initial

steps in the deposition process were carried out under UV-filtered light to prevent

premature polymerization.
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1.4.2 Langmuir-Schaefer Conversion

LS conversion was performed using a KSV-NIMA Langmuir-Blodgett trough (Bi-

olin Scientific, Stockholm, Sweden). In a typical transfer, 12 µL of a 0.75 mg/mL

solution of PCDA in chloroform was deposited on a subphase of deionized water (∼18

MΩ cm). After the small amount of chloroform used for amphiphile transfer was al-

lowed to evaporate, trough barriers were slowly moved inward to adjust the mean

molecular area.

During trough equilibration and compression, the CVD graphene substrates were

heated on a hot plate at 300 ◦C for 10 min to drive off surface contaminants, as the

surface cannot be cleaved. The hot plate temperature was subsequently lowered to

120 ◦C; following removal from the hot plate, substrates underwent additional cooling

as they were loaded on the dipper and lowered to the subphase. Typical final substrate

temperatures prior to contact with the subphase were ∼30 ◦C. HOPG substrates were

subjected to the same treatment for consistency, but were cleaved immediately prior

to being loaded on the dipper.

When the Langmuir film was compressed to the desired mean molecular area

(e.g., 30 Å2/molecule), the CVD graphene or HOPG substrate was slowly lowered

onto the subphase with the cleaved surface facing down, nearly parallel to the liquid

interface. Sample translation was performed using an automated dipper that suspends

the sample on a hanging wire, to maximize stability of the substrate-subphase contact.

After 4 min in contact with the liquid interface, the substrate was gently lifted out of

contact with the liquid using the automated dipper. Samples prepared in this manner

were immediately blown dry with N2 and scanned in the PM-IRRAS. Three substrates

were spectroscopically analyzed for each temperature/mma data point, except for

values of mma that produced a large variation of monolayer order in transferred films

(i.e., at 40 and 50 Å2/molecule for 30 ◦C). In these cases, either six or nine substrates

were analyzed.
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1.4.3 PM-IRRAS

Spectra were acquired using a custom-built PM-IRRAS spectrophotometer. The

infrared light source, interferometer, data collection, and processing were provided

by a Nicolet iS50R spectrometer (Thermo, Waltham, MA). All optical components

were purchased from Thorlabs (Newton, NJ) unless otherwise specified. The infrared

beam was passed from the spectrometer exit port into a polycarbonate enclosure

and directed through an f/8 BaF2 lens (Infrared Optical Products, Farmingdale,

NY) at a 70◦ incidence angle using gold mirrors with a protective coating. The

beam then passed through a holographic BaF2 linear polarizer set at an angle of 45◦

relative to the optical axis of a Hinds Series II ZNS50 photoelastic modulator (Hinds

Instruments, Portland, OR), which modulated the beam at a 50 kHz frequency and

a half wave retardation of 2500 cm−1. The beam was then focused onto the sample

and reflected through a second BaF2 linear polarizer which was adjusted to minimize

the polarization effects of the substrate. Finally, the light was focused through a

BaF2 lens onto a HgCdTe high D* detector (Thermo, Waltham, MA). Spectra were

acquired at 8 cm−1 resolution and 1024 scans (CVD graphene) or 4096 scans (HOPG).

1.4.4 Spectral Analysis

All PM-IRRAS spectra were processed using Origin Pro software. Baseline sub-

traction was performed using a least squares asymmetric smoothing fit, and peak

areas were calculated using the ProFit package to solve for the individual peak areas.

1.4.5 SEM Imaging

All SEM images were acquired using a Nova NanoSEM instrument in immersion

imaging mode with a Through-the-Lens detector. Imaging was performed with dwell

times of 48 µs under a 5 kV electron beam and working distance of 3 mm, with

magnifications ranging from 16 000× to 70 000×
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1.4.6 AFM Imaging

All AFM measurements were performed in tapping mode under ambient condi-

tions (in air) using a Bruker (Bruker Instruments, Billerica, MA) MultiMode AFM

instrument equipped with an E scanner with 0.01-0.025 Ohm cm antimony (n)-doped

Si Bruker RFESP-75 tips (nominal force constant 3 N/m and radius of curvature <12

nm).

1.4.7 Image Analysis

Images were processed using Gwyddion [102] scanning probe microscopy data vi-

sualization and analysis software to perform median line corrections, plane flattening,

scar artifact removal, and contrast adjustment.

1.4.8 Energy Minimization

Software packages Maestro [103] and Macromodel [104] were used, respectively,

to visualize molecular structures and to perform force field minimizations. Models

were minimized using the OPLS 2005 force field [105], with normal cutoffs for van

der Waals, electrostatic, and hydrogen bonding interactions. PCDA monolayers were

assembled by organizing 32 molecules on top of a bilayer of graphene. The PCDA

monomers were arranged into 2 columns of 16 molecules each, forming hydrogen-

bonded dimers between each pair of molecules. To simulate a randomly disordered

monolayer, the PCDA monolayer was subjected to molecular dynamics for 1 ns at

300 ◦C. All calculations were executed in the presence of explicit water molecules and

with the graphene bilayer frozen. Minimizations were performed using the Polak-

Ribiere conjugate gradient (PRCG) algorithm and gradient method with 50 000 runs

and a convergence threshold of 0.05 kJ/(mol Å). Dynamics were run with 10 ps of

pre-equilibration time and a 1.5 fs step time, using SHAKE for bonded hydrogens.

The distribution of CH2a dipole stretch vectors was determined by exporting the atom
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coordinates and calculating their angles with respect to the graphene surface normal

vector.
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2. PEPTIDE INTERFACES WITH GRAPHENE: AN EMERGING

INTERSECTION OF ANALYTICAL CHEMISTRY, THEORY, AND

MATERIALS

A version of this chapter was previously published in Analytical and Bioanalytical

Chemistry.

DOI: 10.1007/s00216-015-9262-5

2.1 Introduction

Since its discovery in 2004 [23], graphene has been studied extensively because

of its exceptional properties [70, 106, 107], including high room temperature conduc-

tivity [23], impressive mechanical strength [24], half-integer quantum Hall effect [71],

and massless Dirac fermion transport capabilities [108]. Strategic functionalization

of the graphene surface can modulate its interactions with analytes, [109] its solubil-

ity [110, 111], and its local band gap [4]; functionalization is particularly critical for

biological applications, because the hydrophobic graphene surface can otherwise cause

proteins to denature [26]. Many applications take advantage of noncovalent modifi-

cation strategies [112–114] to preserve the high conductivity and intrinsic strength of

the graphene sheet [115–124].

Interfaces between graphene and polypeptides or proteins have been of particular

interest because of the chemical diversity that can be engineered into the interface,

mirroring the diversity of biological structure and function. Even fairly simple inter-

faces can be useful: graphene and its derivatives have catalyzed hydrolysis of pro-

teins [125], formed nanowire hybrids with polyalanine [126], and acted as templates
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for protein and peptide organization via noncovalent binding motifs [26,127]. Taking

advantage of graphenes electron transport properties and susceptibility to molecular

doping [128] also permits detection of analyte binding from solution, even at extremely

low concentrations [129]. The ability to arbitrarily design peptide- graphene inter-

faces with molecular precision would open further possibilities ranging from molecular

logic devices [130] to biocatalytic reactor surfaces similar to enzymes [131].

However, the structural and chemical diversity of the interface also creates a set of

critical analytical and predictive challenges (Figure 2.1). When a peptide adsorbs to

graphene, one face interacts with the graphene substrate (important for adsorption

stability and/or electronic doping) and one face is exposed to the solvent (important

for analyte binding, solubilization, or coupling to create extended materials). Be-

cause noncovalent adsorption depends on a delicate balance of molecule-substrate,

molecule-molecule, and molecule-solvent interactions [2], a single peptide can have

many binding modes. Creation of well-defined interfaces requires the ability to predict

peptide adsorption geometries on graphene and to analyze details of peptide binding,

including ordering and orientation. The analytical challenges here also mirror those

in biologythose related to protein folding [132]. Just as with protein folding, assembly

involves hydrophilic-hydrophobic interfaces, a vast conformational space, and many

local energy minima. At the same time, graphene also makes fundamental changes

to the characterization problem, because of its 2D structure, conductivity, and strong

optical absorbance.

The ability to achieve both predictive and analytical goals lies near the current

limits of theory and experiment. This article first discusses selected examples of

bioanalytical applications to provide context for the utility and general structures

of peptide-graphene interfaces. Next, we discuss analytical techniques, first those

used predominantly to characterize the graphene component of the interface, then we

highlight a subset of techniques that provide more detailed information about peptide

adsorption and ordering. Recent advances in modeling peptide-graphene interfaces

are also examined, with discussion of the trade-offs that are frequently required in
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approximating the behavior of the peptide, the solvent, and the substrate. Finally,

we provide a brief forward-looking perspective on opportunities for development of

experimental and theoretical methods in this area. Although both graphene and

graphene oxide have been widely used as substrates for the assembly of peptides, here

we largely focus on pristine graphene and graphitic (e.g., highly oriented pyrolytic

graphite, HOPG) interfaces, which are more straightforward substrates for detailed

characterization and modeling of the molecule-substrate and molecule-molecule inter-

actions that drive assembly. Insights from pristine graphitic materials can ultimately

be used to improve understanding of other graphene derivatives.

Figure 2.1.: The development, characterization, and utilization of peptide- graphene
interfaces represents an emerging frontier for analytical chemistry and theory. (AFM )
atomic force microscopy, (FTIR) Fourier transform IR, (PEM ) photoelastic modu-
lator, (QCM ) quartz crystal microgravimetry, (SEM ) scanning electron microscopy,
(STM ) scanning tunneling microscopy, (TEM ) transmission electron microscopy
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2.2 Context: Applications of Peptide-Graphene Interfaces

Applications of peptide-graphene interfaces may utilize the electronic, optical,

and/or mechanical properties of the graphene substrate, which arise from its regu-

lar lattice structure. These are combined with the diverse and powerful chemical

specificity available from peptides to afford molecular recognition, solubility, spatial

ordering, or other properties [113].

For instance, graphene-based sensing applications frequently leverage either con-

ductivity changes produced when an analyte binds to the interface and creates local

electronic doping, or fluorescence quenching effects. Early sensors based on nanowires

and nanotubes exhibited excellent sensitivity but limited specificity [133]; engineer-

ing a peptide monolayer substantially increases the analytical discriminating power

of graphene interfaces for sensing. Mannoor et al. designed a wireless bio-interfaced

sensor [134], based on bifunctional peptides designed to both bind graphene and

specifically detect desired bacterial species (Figure 2.2a). On changes in electronic

conductivity (e.g., through a binding event), an electromagnetic signal would be in-

duced and wirelessly transmitted by a gold coil patterned on the graphene. To specif-

ically detect bacteria, a graphene-binding peptide (GBP) was covalently linked via

a triglycine sequence to antimicrobial peptide odorranin-HP, which shows specificity

toward diseaserelevant bacteria: Escherichia coli, Helicobacter pylori, and Staphylo-

coccus aureus [135]. The device operated successfully in complex mixtures, detecting

S. aureus content as low as one bacterium per microliter of blood in an intravenous

bag, and H. pylori binding to a bovine tooth, with a lower detection limit of about

100 cells [136].

Graphenes fluorescence quenching properties can also be utilized in the design of

biosensing devices. Frequently such applications use graphene oxide, because of its

increased solubility [133]. For example, Zhang et al. designed a protease monitoring

device utilizing fluorescence resonance energy transfer with a graphene oxide-peptide

interface (Figure 2.2b) [137]. When a fluorescein isothiocyanate (FITC)-labeled
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thrombin recognizing peptide (sequence KCALNNGSGdFPRGRAK) was mixed with

graphene oxide, the FITC fluorescence was quenched as the fluorophore was brought

near the graphene surface. Thrombin, a serine protease important in platelet activa-

tion, works by cleaving the Arg-Gly bond, which in this case released the FITC tag,

restoring its fluorescence. Here, the sensor was able to detect thrombin activity at

peptide concentrations as low as 2 nM.

Thus, both the electronic and the optical properties of biomolecule- graphene

interfaces can be used in biochemical assays. However, these applications require

specific adsorption configurations to ensure the availability of one segment of the

peptide to a solvated binding partner (e.g., thrombin), and simultaneously, the strong

binding of another segment to the graphene interface. Similar requirements are levied

in other applications, such as the development of hybrid materials, in which the

peptide must either passivate or electronically modulate the substrate, while also

providing solubility and/or molecular recognition to couple elements of the material

[138].

2.3 Analytical Techniques Applied to Peptide-Graphene Interfaces

Continued development of peptide-graphene interfaces [119–121] will benefit from

detailed analysis of interface structure. This is analogous to the impact interface-

sensitive analytical techniques have had on progress in the field of alkanethiol self-

assembled monolayers on coinage metal and other surfaces [139–141]. Surface IR

spectroscopy [77], X-ray photoelectron spectroscopy [142], and scanning probes—

for example, atomic force microscopy (AFM) and scanning tunneling microscopy

(STM) [143–145]—have elucidated molecular tilt angles, binding energies, and lattice

structures of such self-assembled monolayers. A detailed understanding of structural

aspects of self-assembled monolayers has opened up new applications in the field

of nanoscience [101, 139], ranging from bio-inspired mineralization [146] to molecu-

lar electronics [147]. The noncovalent monolayer structures formed by peptides on
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Figure 2.2.: Analytical devices based on biomolecule-graphene interfaces. (a) Func-
tionalized graphene interface conductivity changes in response to bacterial binding.
(b) A graphene oxide (GO)-peptide sensor monitors protease activity on the basis of
an increase in fluorescence as fluorescein isothiocyanate (FITC ) is released after pep-
tide cleavage by thrombin. (CFU ) colony-forming units, (Fl) fluorescence, (FRET )
fluorescence resonance energy transfer, (IV ) intravenous. (Adapted with permission
from [134,137].)

graphene necessitate certain differences in characterization methods to establish or-

dering and orientation. For instance, whereas X-ray photoelectron spectroscopy is

routinely used to establish Au-S bond formation in alkanethiol monolayers [139] (a

starting point for understanding molecular orientation), peptide-graphene interfaces

lack this type of spectroscopic signature.

A number of interface-sensitive techniques are useful for the characterization of

peptide-graphene assemblies at the material scale (e.g., structure of a graphene sheet

or morphology of a peptide aggregate on the sheet). For instance, Raman spec-
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troscopy is routinely used to analyze both the number of graphene layers (on the

basis of the intensity ratio between the G band peak at approximately 1586 cm−1

and the 2D peak at approximately 2695 cm−1) and the presence of graphene defects

(on the basis of the intensity of the D band peak at approximately 1350 cm−1) [148].

For instance, in preparing peptide-graphene hybrid materials, Lerner et al. [149] used

Raman spectroscopy to evaluate changes in the graphene sheet structure after treat-

ment with diazonium salts and before mixing with peptides (Figure 2.3a). Although

the technique is informative in analysis of graphene structure, low Raman scattering

cross sections of most organic molecules typically preclude spectroscopy of peptide

monolayers. Scanning electron microscopy, with a typical spatial resolution of 5-

10 nm [150], is useful in assessing the 3D morphologies of graphene sheets; Figure

2.3b shows the technique used to visualize the rolled geometry of a graphene sheet

enveloping a peptide fibril [126]. Transmission electron microscopy (TEM) has spa-

tial resolving power adequate to image sub-nanometer atomic lattices in nanoscopic

metals and semiconductors [151] and to observe morphologies of large supramolecular

organic structures such as amyloid fibrils interfaced with graphene (Figure 2.3c) [152].

Visualizing organic materials frequently requires staining with contrast agents such

as uranyl acetate, since electron scattering is proportional to atomic number. This

raises challenges in detecting structure in heterogeneous monolayers of organic mate-

rial (e.g., peptides), although the more regular structures of graphene and graphene

oxide can be resolved with aberration-corrected high-resolution instrumentation. For

instance, Figure 2.3d shows high-resolution TEM images of a graphene oxide sub-

strate in which the lattice is visible in parts of the layer. To the right in Figure

2.3d, a model and simulated image show a ferritin protein with a nanocrystalline

ferrihydrite core. The core and its lattice structure are visible in the high-resolution

TEM image (bottom of Figure 2.3d), whereas the lower-contrast organic protein ma-

terial is not easily resolved [153]. Continued advances in this instrumentation (e.g.,

aberration-corrected lenses [151] and graphene liquid cells [154,155]) may ultimately
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make such characterization more feasible for thin, heterogeneous organic structures

such as peptide monolayers as well [156].

Figure 2.3.: Analytical techniques applied to graphitic interfaces with biomolecules.
(a) Raman spectroscopy used to characterize formation of defects in graphene during
preparation of peptide-graphene hybrid materials. (b) Scanning electron microscopy
(SEM ) used to characterize graphene sheet morphology following exposure to peptide
nanotubes. (c) Transmission electron microscopy (TEM ) used to visualize peptide
fibril morphology on a graphene support. (d) High-resolution (HR) TEM used first to
visualize local lattice structure in graphene oxide (GO) support, and ferritin proteins,
including ferrihydrite nanocrystal core. (Adapted with permission from [126,149,152,
153].)

Certain surface analysis techniques, including scanning probes [68], surface IR

spectroscopy, and quartz crystal microgravimetry (QCM), have been successfully ap-

plied to analyze details of monolayer structure and assembly dynamics in peptide

interfaces with layered materials.
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Both AFM [51, 157, 158] and STM [159, 160] have proven useful in this regard,

because of their extremely high spatial resolution (typically 1 nm lateral and 0.1 nm

vertical for AFM; less than 0.1 nm lateral and vertical for STM). For instance, Clar-

idge et al. [160] used a combination of AFM and STM to observe structures of small

model amyloid peptides forming β sheets at graphitic interfaces. Figure 4a shows

AFM images of peptide lamellar structures with a periodicity of approximately 5 nm

formed in epitaxy with the hexagonal graphite lattice. STM images (Figure 2.4b)

resolved individual peptides with a lateral spacing of approximately 0.45 nm charac-

teristic of a β sheet, and textural differences corresponding to repeats of histidine and

alanine residues. However, the relatively weak noncovalent adsorption mechanism-

raises challenges for scanning probes, evident in the ultrahigh vacuum STM image

(Figure 2.4c), in which the motion of the probe sweeping across the surface results in

streaking as some peptides in the β sheet become dislodged. Although scanning probe

techniques cannot typically probe fast interfacial dynamic events, AFM imaging has

frequently been used to observe self-assembly dynamics of peptide-graphite interfaces

in liquids on timescales of minutes to hours, as in the earlier work of Kowalewski

and Holtzman [161]. AFM tips can also be functionalized with a molecule of interest

(e.g., a biotin tether) and brought in and out of contact with a functional surface

(e.g., streptavidin modified) to measure the strength of a binding interaction [162],

suggesting the possibility of the use of peptidemodified AFM tips to measure the

strength of interactions with a graphene surface.

The kinetics of early binding events during monolayer formation can be probed

by means of QCM [163], which detects mass changes as small as 1 ng associated with

analytes (including biomolecules) binding at an interface. The typical monolayer mass

for an area the size of a commercial QCM sensor (e.g., circular film 2 mm in diameter)

is on the order of 10-100 ng, making it possible to probe monolayer assembly with

time resolution of approximately 1 s. Kim et al. [164] used this approach to analyze

the amount of a GBP that adsorbed on a set of graphene interfaces on the basis of

the number of layers (zero to eight) and the support substrate (SiO2, TiO2, or Cu)
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(Figure 2.4d). For thicker films of soft materials (e.g., those using antibodies and other

large biomolecules, which may have diameters greater than 10 nm), dissipative losses

must be accounted for [165], although for nanometer-thick layers such as lying-down

monolayers of peptides this is less of an issue.

The chemical environment (and in some cases orientation) of functional groups

at a graphene interface can be assessed by use of IR reflection techniques, including

attenuated total reflection spectroscopy and IR reflection-absorption spectroscopy

(IRRAS) [160, 166]. These techniques can be used to analyze hydrogen bonding and

other noncovalent interactions within a monolayer, to monitor the assembly process.

Shifts in the amide I band in an IR reflection absorption spectrum provide a readout

of peptide secondary structure, with peak positional differences corresponding to α

helices, β sheets, and disordered structures (Figure 2.4e) [167]. For detailed charac-

terization of monolayer structure, it is also useful to examine the orientation of func-

tional groups relative to the substrate, which can be achieved by use of the subset of

polarization modulation approaches such as polarization modulation IRRAS. Because

ordered bond dipoles preferentially absorb either s- or p-polarized light depending on

their orientation (and surface selection rules), the difference spectrum can be used to

assess orientational ordering in nanometer-thick films at interfaces. Although these

techniques do not provide spatially resolved chemical information (typical spot sizes

may be up to 1 cm2), they are useful for analyzing monolayers with long-range order

to understand which chemical functional groups will be displayed at the solvent and

substrate interfaces.

2.4 Theory and Experiment Used in Tandem to Predict Interface Char-

acteristics

Whereas analytical techniques such as AFM, STM, and surface IR spectroscopy

typically characterize high-coverage (complete or nearly complete) peptide monolay-

ers on graphene, theoretical simulations shed light on early adsorption events during



32

Figure 2.4.: Analytical techniques applied to graphitic interfaces with biomolecules.
(a) Atomic force microscopy (AFM ) resolves peptide β sheets on highly oriented
pyrolytic graphite (HOPG). (b) Scanning tunneling microscopy (STM ) resolves sub-
molecular structure in individual peptides (c) Tip dragging effects are problematic
for scanning probes in low-coverage monolayers (d) Quartz crystal microgravime-
try (QCM ) resolves sub-nanogram changes in interfacial mass as molecules adsorb
during monolayer formation. (e) Polarization modulation IR reflection absorption
spectroscopy (PM-IRRAS) detects bond vibration shifts due to hydrogen bonding
in peptide monolayers. Carbon nanotube binding peptide (CBP) . (Adapted with
permission from [160,164].)

interface assembly. Fast, accurate modeling would streamline predictive design of

surfaces to bind arbitrary analytes, or materials with tailored optical or electronic

properties. However, because of the complexity of the interface (i.e., large flexible ad-

sorbates, hydrogen-bonding solvent, electronically polarizable substrate), molecular

dynamics methods still require various amounts of approximation to reduce compu-

tational burden and run time.
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Here, we discuss a set of recent theoretical approaches that incorporate different

sets of approximations in order to simulate the adsorption of peptides at a solvated

graphene interface. For instance, to model the binding of multiple peptides (impor-

tant in building up a monolayer structure), one approach parameterizes a peptide as

a series of residues rather than incorporating the contributions of each atom (which

would be more accurate, but also more computationally costly) [168]. Some calcula-

tions use explicit water molecules to understand the role water plays in determining

which amino acid residues bind most strongly (e.g., due to ordering of water at the

hydrophobic interface, or hydrogen bonding to the peptide) [54, 168]. Other calcu-

lations use a force field to represent the solvent (less accurate, but also less costly),

meaning that the peptide and graphene contributions can then be modeled in more

detail. Finally, the electronic polarizability of the graphene substrate almost certainly

plays an important role [52,54]. A number of force fields have been developed to rep-

resent graphene with differing levels of accuracy (and expense): AMOEBAPRO is

a fairly widely used option that is both accurate and computationally costly; other

alternatives such as GRAPPA are more approximate, but also less computationally

costly in cases where solvent or adsorbate contributions are of primary importance.

Peptide binding affinities for graphene are important determinants of peptide-

graphene interface behavior; calculated values differ depending on how the contri-

butions of the solvent and the substrate are approximated. For instance, Camden

et al. [168] used a computationally efficient ”four-box” method (Figure 2.5a) to cal-

culate binding enthalpies for peptides binding to graphene [169]; the computational

efficiency of the approach allowed the inclusion of explicit water molecules. Sur-

prisingly, in these simulations many residues with hydrophilic side chains exhibited

greater binding enthalpies than aromatic residues, because of interactions with the

relatively dense first hydration layer at the graphene surface. These calculations

were performed with the TEAM force field [170], which parameterizes molecules on

the basis of molecular fragments rather than atoms to facilitate model construction.

Other computational studies using force fields such as AMOEBAPRO in combina-



34

tion with implicit solvent predict that aromatic residues such as tryptophan should

exhibit the strongest binding because of π-π stacking [171]. This divergence raises

important questions regarding the relative importance of the contributions of solvent

and substrate in the assembly process, in particular the role of water ordering at the

hydrophobic interface.

Figure 2.5.: Modeling of early binding events. (a) Four-box model quantifies solvent,
substrate, and peptide contributions to binding enthalpy (BE ). (b) Replica exchange
allows broad conformational sampling to ensure the lowest energy structure is found.
(c) Peptides can be engineered to bind either graphene step edges or graphene basal
plane. (d) Theory can be used to predict graphene electronic doping by peptides.
Graphene binding peptide (GBP). (Adapted with permission from [50,52,168,172].)

The extensive conformational space for complex peptides requires broad sampling

to ensure the lowest-energy conformer is found [173]. Parallel tempering (also known

as replica exchange) allows multiple conformations to be sampled simultaneously at

different temperatures and interchanged to improve the dynamic properties of the
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simulation [174]. However, the sheer scale of the conformational space of a pep-

tide means that parallel tempering often requires excessive computational resources.

Replica exchange with solute tempering reduces the number of replicas required by

varying the temperature of only the solute (as opposed to the solute and solvent)

between replicas [175]. Hughes and Walsh [54] used this approach in tandem with

the relatively inexpensive GRAPPA force field (which models graphene polarization

using a rigid rod dipole, and is less rigorous and expensive than multipole AMOE-

BAPRO), allowing the use of explicit solvent (Figure 2.5b). Again in this approach, a

new possible driving principle for self-assembly of peptides on graphene emerges with

the use of explicit solvent molecules. In addition to large, planar side groups (e.g.,

arginine, tryptophan, and tyrosine) typically used in graphene-binding motifs, small

compact groups (e.g., glycine) also displayed high binding affinity; adsorption brings

the functional groups out of dense hydration layers approximately 3 and 6 Åfrom the

surface. Again, this suggests that a detailed understanding of solvent behavior may

be important in the prediction of noncovalent interface structures

In graphene, the sheet edges and basal plane have different chemical characteris-

tics, which can be exploited in the development of peptide-graphene interfaces, mak-

ing it important to accurately model the substrate. This possibility has been explored

both experimentally and theoretically, because it is experimentally straightforward to

distinguish between step edge and basal plane adsorption with use of AFM. Experi-

mentally, McAlpine and coworkers [50,51] have leveraged combinatorial phage display

libraries to engineer peptides that not only bind specifically to graphitic interfaces

but also exhibit preferences for either step edges or the basal plane (Figure 2.5c).

For instance, a phage-selected GBP (sequence EPLQLKM) displayed affinity toward

HOPG step edges, whereas a previously engineered carbon nanotube binding peptide

(CBP) (sequence HSSYWYAFNNKT) bound uniformly across the HOPG surface.

Molecular dynamics simulations in explicit water indicated that the GBP is attracted

to the slightly positive step edges through its negatively charged glutamate residue.

Conversely, the CBP maximizes π-π off-stacking interactions between its aromatic
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groups and the graphene surface. In these calculations, approximations were made

regarding the peptide: interactions of individual peptides with a graphene sheet were

first modeled by all-atom simulations; these results were used to normalize parame-

ters for residue- graphene coarse grain interactions [53,176] to reduce computational

complexity for larger models over longer time frames. Simulations performed with

this approach were able to capture the greater basal plane binding potential of CBP

versus GBP, as well as the critical importance of the residues YWY in anchoring CBP

to the graphene basal plane. Here, the ability to combine experiment with theory

helps ensure appropriate levels of approximation are used in the simulation.

In some cases, the goal of creating a non-covalently modified graphene interface is

to create local electronic doping (Figure 2.5d) [52,92], making it especially important

to accurately model the substrate. Akdim et al. [52] tested peptide doping effects

in graphene field effect transistors using both simulations and experiment [50]. The

simulations used the AMOEBAPRO force field [177] and implicit solvent. The elec-

tron transport properties of the peptide-functionalized graphene were then modeled

with use of nonequilibrium Greens functions [178] and density functional tight bind-

ing [179], a semi-empirical method that allows calculation of the density of states

in an extended system. Interestingly, their calculations indicated that p-doping can

arise either from π stacking with aromatic side chains or from interactions with the

peptide backbone near residues with small side chains (e.g., alanine), suggesting the

possibility of an alternative class of peptide doping motifs. However, whereas the

experimental results demonstrated a large p-doping effect for CBP, a small n-doping

effect was observed for the alanine peptide. Such divergence could arise from approx-

imations made in the simulation or experimentally from the presence of graphene

defects or electronic effects caused by the introduction of metal electrodes. This

highlights the need for both improved experimental techniques to assess detailed in-

terfacial structure directly and improved theoretical methods to treat the presence of

features observed in real device architectures.
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2.5 Outlook

Interfaces between layered materials and biomolecules, such as the peptide-graphene

interface, have the potential to create fundamentally new types of surface chemistry

with applications ranging from sensing to nanoscale electronics to hybrid functional

materials. However, complex interactions between biomolecules, solvent, and sub-

strate can result in a variety of adsorption conformations, impacting both substrate

electronic structure and solvent interface chemistry in ways that are not currently

well predicted. Conversely, this means that a rich variety of interface structures

(both chemical and electronic) will become available if predictive control can be de-

veloped through a coupling of theory and experiment. A few key issues will likely

shape development of this area.

The hydrophobic-hydrophilic interface dynamics important in assembly of biomolecules

on graphene present key opportunities for contributions from theory. However, non-

covalent interactions are difficult to capture accurately in energy minimizations, and

understanding early stages of assembly at hydrated graphene interfaces requires quan-

tification of contributions from both ordered water layers in the nanometer nearest

the hydrophobic surface and the electronic polarization of the substrate. Therefore,

it is likely that the most successful strategies will develop experimental methods to

assess common enthalpic and entropic contributions to assembly and use these known

values to reduce simulation complexity. Polarized optical measurement methods such

as polarization modulation IRRAS and polarized nonlinear optical spectroscopies that

have the potential to resolve bond orientations and vibrational energy shifts at an

interface are thus especially promising in this regard.

In the comparison of theory with experimental results, another critical challenge

is the imperfection of real interfaces. Although graphene and graphene derivatives are

now widely available commercially, variations in manufacturing and transfer proce-

dures can result in batch-to-batch variations that become important in the assembly

and characterization of peptide-graphene monolayers. Additionally, recent experi-



38

ments indicate that in the 24 h following synthesis or thermal annealing to produce a

clean graphene interface, adsorption of adventitious contaminants from the laboratory

atmosphere substantially changes the surface chemistry [180]. Thus, the capability

to not only prepare clean interfaces but also to routinely and quickly assess the pres-

ence of non-covalently adsorbed contaminants will become key to successful interface

development.

Finally, new experimental techniques that simultaneously offer single-molecule

spatial resolution and chemical information have the potential to resolve adsorp-

tion geometries and interface chemistry directly. For instance, force-curve-based and

molecular-recognition-based AFM measurements can resolve certain types of molecu-

lar interactions on a substrate, and STM measurements based on microwave-frequency

bias modulation and inelastic tunneling can also be used to resolve the presence of

key functional groups [68].

A rigorous understanding of design principles for peptide- graphene interfaces

can ultimately be expected to open new routes for not only in vitro sensing and

electronics but also for establishment of in vivo interfaces with layered materials. Such

applications will allow the exceptional mechanical, optical, and electronic properties

of layered materials to be intimately mixed with the diverse and powerful chemistry

that emerges from noncovalent interactions in biology.
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3. TEMPLATED ASSEMBLY OF AROMATIC DIPEPTIDES ON GRAPHITE

PASSIVATED BY AMPHIPHILLIC MONOLAYER RESISTS WITH SUB-10-NM

CHEMICAL PATTERNS

3.1 Introduction

Interface-mediated nucleation and assembly of soft matter, including peptide nanos-

tructures, is central to issues ranging from human health to nanoscale device fabrica-

tion [6,10,11,47–49]. From a medicinal perspective, surface-mediated self-assembly of

amyloid peptides (e.g. Aβ1-42 derivatives) has been investigated to provide insights

into the progression of proteopathic diseases such as Alzheimers [47, 181–186]. Fib-

rillation of the Aβ peptides has been monitored on surfaces such as highly oriented

pyrolytic graphite (HOPG) and mica [183,187–189], to characterize interfacial effects

on self-assembly, which is thought to play a role in amyloidogenesis. From a materals

perspective, control over the density and morphology of self-assembled peptides has

been examined at a variety of interfaces [6,10,184,190–192]. For example, Ryan et al.

demonstrated the ability to modulate the binding and growth of charged peptides on

HOPG by applying a potential difference to the surface [31]. Techniques ranging from

physical vapor deposition [193], to electrodeposition [31,190,194] and covalent modi-

fication with hydrogelators [49,191] have been employed to regulate the self assembly

of peptide structures.

Even very short peptides (e.g. elaborations of the Phe-Phe amyloid core mo-

tif) can assemble into chemically and thermally robust structures exhibiting useful

morphological variations in response to structural modifications and environmental

cues [55–58, 195, 196]. Eckes et al. have utilized modified dipeptides to create hy-
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drogels susceptible to nonenzymatic degradation [197]. Work from the groups of

Gazit and others has exploited protecting ligands and side chain modifications to

the dipeptide core, generating structures ranging from hydrogels to rigid fibers and

nanospheres [198–200]. The peptide self-assembly process has found utility in guid-

ing the growth of metal wires and nanocatalysts [57, 201, 202]. Hydrogels have been

utilized in device applications ranging from sensing [63,203] to biomimetic growth ma-

trices [204,205]. Additionally, nanostructures generated from peptides expressing aro-

matic side chains demonstrate potential for electron and proton transfer, highlighting

their potential utility as biocompatible, cost-effective organic semiconductors [59–61].

Longer range applications like power generation [62], tissue regeneration [206] and

drug delivery [207] have been explored.

Heterogeneous self-assembly of peptide crystals has been studied primarily in the

context of modulating surface-peptide interactions [6, 10, 21, 22, 29, 49, 190]. Surface

mediated self-assembly of crystal structures has several advantages, including lower

activation energy for nucleation, promoting selective growth of otherwise unfavor-

able crystal orientations and generating spatial control over both the nucleation and

growth of crystals [22,208].

In many applications, it would be advantageous to direct the hierarchical self-

assembly of peptide structures using surfaces to template growth at the nm scale.

Patterning surfaces with high fidelity, chemically distinct regions at somewhat larger

scales can be achieved with soft and mechanical lithography [16, 17], in addition to

more established techniques, such as photolithography [13–15]. Generally speaking,

there are compromises between scalability (and ease of use) and pattern resolution

(e.g. comparing microcontact printing with PDMS stamps and dip-pen nanolithog-

raphy with an AFM tip). For viable applications in device fabrication, interfacial

peptide structures must be templated with high spatial resolution using a facile, scal-

able process.

Self assembled monolayers (SAMs), such as alkanethiols on Au(111), have been

particularly useful in directing heterogeneous peptide crystallization [21, 22], due to
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their facile preparation, high degree of order and the wide array of chemical modifi-

cations that can be presented at the interface. However, other classes of monolayers

present structural features with potential utility in the context of controlling assembly

at the interface. Recent work has demonstrated that HOPG and graphene modified

with monolayers of amphiphilic lipids (e.g. 10,12-pentacosadiynoic acid, PCDA) pro-

duce a template displaying alternating stripes of functional headgroups and extended

alkyl chains with sub-10 nm periodicity, analogous to a repeating cross-section of a

cell membrane [7, 33, 34]. These high-fidelity chemical patterns modulate the wet-

ting and templating properties of the graphitic basal plane [36, 37], while preserving

desirable electronic and physical properties [113, 209]. Peptide structures are often

coordinated by noncovalent interactions with the cell membrane [65, 66]. Therefore,

monolayers composed of lipid molecules (e.g. 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-

3-phosphoethanolamine, diyene PE) are candidates for directing the interfacial self-

assembly of peptides with similar effectiveness as the cell membrane.

Figure 3.1.: Scheme illustrating concept of Fmoc-FF assembly and lying-down mono-
layers
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In this work we template the growth of fluorenyl-9-methoxycarbonyl-diphenylalanine

(Fmoc-FF, Figure 3.1) tapes onto HOPG modified with PCDA and diyne PE. We

demonstrate that the passivation of the HOPG basal plane with amphiphiles activates

the growth of highly regular Fmoc-FF tapes, whose growth can be modulated by the

monolayer head-group chemistry.

3.2 Results and Discussion

3.2.1 Assembly of Fmoc-FF on HOPG, PCDA and diyne PE

monolayers

Monolayers of PCDA were prepared via Langmuir-Schaeffer (LS) conversion from

an aqueous subphase as previously reported [7]. Briefly, PCDA was deposited from

a 0.75 mg/mL chloroform solution onto a subphase of DI H2O heated to 30 ◦C.

After allowing the chloroform to evaporate, a set of barriers was compressed until

the mean area available per molecule was 30 Å2. At this point, a freshly cleaved

HOPG substrate was lowered into contact with the subphase for 4 min, after which

it was removed from the subphase and remaining water on the surface was blown

off with N2. Monolayers of diyne PE were prepared in the same manner, except it

was transferred at a surface pressure of 16 mN/m with a heated dip head (nominal

temperature 60 ◦C) [35].

In previous work done by others, hydrogels of Fmoc-FF have typically assembled

from aqueous solutions with concentrations of 1-2 mg/mL [55,195,200]. Under these

conditions, dense mats of fibrils form in solution and coat the interface within minutes.

Here, to establish the structural relationship between the peptides and the substrate,

we examined assembly at lower concentrations (e.g. 12.5 µg/mL), and an incubation

time of 60 s (Figure 3.2).

Each Fmoc-FF peptide contains three aromatic ring systems, enabling strong

π-π interactions with the HOPG substrate (-117 kJ/mol based on molecular model-

ing). Experimentally, we do not discern extensive epitaxial assemblies on bare HOPG



43

Figure 3.2.: Fmoc-FF incubated on monolayers of (a,b) HOPG, (c,d) PCDA and
(e,f) diyne PE with an aqueous concentration of 12.5 µg/mL for (a,c,e) 0 s (i.e. no
peptides), and (b,d,f) 60 s. Insets show molecular models of lipid monolayers on
passivated HOPG interfaces.

(Figure 3.2b), consistent with strong peptide-substrate interactions limiting peptide-

peptide interactions necessary for self-assembly (though localized self-assembly can

be observed near step edges). After 60 s in contact with PCDA monolayers, Fmoc-

FF assembles into epitaxial tape structures (Figure 3.2d), comprising both partial

domain coverage of isolated tapes (apparent widths ∼20 nm) as well as complete

domain coverage by fused sheets. Oligopeptides designed around the same propen-

sity for aqueous self-assembly have been reported to similarly assemble epitaxially
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on HOPG, primarily through aromatic interactions of the side chains with the basal

plane, and stabilized through the formation of β-sheets [6,29,30]. This suggests that

passivation of the HOPG reduces the activation energy of nucleating the peptide tapes

by preventing the strong monomer-substrate interactions. Diyne PE monolayers pro-

duce slower assembly (Figure 3.2f) with tape widths consistent with those observed

on PCDA, although tapes are again strongly epitaxial. This creates the question as

to how the monolayer contributes structurally to the Fmoc-FF growth mechanism.

Incubating Fmoc-FF at 12.5 µg/mL for 60 s on disordered monolayers of PCDA

(prepared by LS transfer at 75 Å2/molecule) results in no peptide tape growth (Figure

3.3a). Hence, the lamellar structure of the monolayers play a critical role in nucleating

the initial crystals. More specifically, we suspect that it is high surface energy defects

in the ordered monolayers that act as nucleation sites for Fmoc-FF tapes, and the

lamellar direction of the monolayer that controls the further growth of the tapes.

Two potential mechanisms are likely in this case; either the tapes grow on top of the

monolayer, or they displace the monolayer and template directly on the graphite.

Figure 3.3.: AFM height images comparing Fmoc-FF growth on (a) disordered PCDA
and (b) polymerized PCDA incubated for 60 s with 12.5 µg/mL Fmoc-FF.

Polymerizing the PCDA monolayer has the effect of suppressing Fmoc-FF tape

growth (Figure 3.3b). Fmoc-FF was incubated on polymerized PCDA (irradiated for

1 hr with 254 nm light) for 60 s, and the growth of the fused sheets was notably

reduced compared to the unpolymerized equivalents. Previously, we have observed

that polymerization of PCDA monolayers stabilizes them towards removal via sol-
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vent washing [35]. In the context of the experiments presented here, this suggests

that stabilizing the monolayer towards removal inhibits the nucleation and growth of

the peptide tapes, consistent with a displacement mechanism. We note that the same

apparent widths of isolated tapes (∼20 nm) is observed for both the polymerized

and unpolymerized samples. This points to the structural properties of the mono-

layer governing the tape width, in a manner similar to a resist used during device

fabrication.

3.2.2 Quantification of Fmoc-FF tape growth on passivated HOPG in

lower dielectric solvent

Reducing the solvent dielectric reduces the rate of interfacial peptide assembly,

allowing observation of earlier stages in the self-assembly process. This is consistent

with previous studies showing that the primary factor governing the aqueous self-

assembly of FF peptides is the dewetting of the aromatic side chains [197]. Fmoc-FF

was incubated at 12.5 µg/mL for 60-180 s on PCDA in either pure water (100% H2O)

or a 1:3 (v:v) MeOH:H2O solution (75% H2O) (Figure 3.4). Epitaxial assembly of the

peptide tapes is retained in both solvents. In 100% H2O, partial coverage of isolated

tapes and fused sheets at 60 s (Figure 3.4a) progresses to uniform coverage with

numerous well defined vacancies at 120 s (Figure 3.4b). At 180 s a second layer of

Fmoc-FF tapes is observed (Figure 3.4c). The heights and uniformity of the peptides

increase over time from 1.2 ± 0.3 nm (60 s) to 1.5 ± 0.3 nm (180 s) (Figure 3.4d).

With the addition of 25% MeOH, assemblies are reduced in height at each time point

(Figure 3.4e-g), 0.7 ± 0.2 nm (60 s) and 0.9 ± 0.3 nm (180 s) (Figure 3.4h), consistent

with both the slower growth of the tapes, as well as the fact that they likely adopt

a less rigid structure in a lower dielectric environment. Based on measured heights,

we propose that the tapes assemble in a standing phase, stabilized in one axis by

anti-parallel β-sheet hydrogen bonding, and in the other by strong interactions of the

aromatic side chains (Figure 3.5).
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Figure 3.4.: AFM height images of Fmoc-FF (12.5 µg/mL) incubated for 60 s on
PCDA in a solution of either (a-c) 100% H2O or (e-g) 1:3 (v:v) MeOH:H2O (75%
H2O) for (a,e) 60 s, (b,f) 120 s or (c,g) 180 s. Histograms corresponding to tape
heights assembled in (d) 100% H2O or (h) 75% H2O.

Lower surface coverages of peptide sheets are observed in the lower dielectric

solvent, but the apparent widths of tapes remains similar at ∼20 nm. A previous AFM

study of peptide tape assemblies on HOPG reported similar apparent widths, and tip

deconvolution of these apparent widths produced corrected widths of 3-4 nm, which

were attributed to the dimensions of the oligopeptide monomer [6]. Our calculations

produce larger corrected widths for the tapes in this study (Figure 3.6a). Interestingly,

while the corrected widths are distributed between 10-20 nm, they appear to be

grouped into sets corresponding to the dimensions of the monolayer lamellar structure,

specifically its 6 nm pitch (equivalent to two PCDA monomers ca. 3 nm in length)

(Figure 3.6b). The most common widths in order of frequency are 12.0 ± 0.8 nm,

followed by 15 ± 0.8 nm and finally 17.5 ± 0.9 nm, with a much smaller population

of widths that are smaller and larger. These common widths would correspond to

the removal of 4, 5 and 6 PCDA molecular lengths respectively.
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Figure 3.5.: (a) Top view of lying-down Fmoc-FF and (b) side view of standing
antiparallel Fmoc-FF structures on HOPG with carboxylic acids highlighted in dark
red. Side views of full structure for (c) lying-down and (d) standing Fmoc-FF.

We also observe numerous features 0.2-0.3 nm in height on top of the monolayer

(and occasionally the peptide tapes), with lamellar pitches consistent with PCDA

(Figure 3.7). We do not observe these features during control experiments in 75%

H2O without peptides, and therefore attribute these to redeposited PCDA displaced

by the Fmoc-FF.

Incubations with Fmoc-FF derivatives only produce epitaxial tape structures when

the N terminus is protected by an aromatic group. Figure 3.8 shows that only car-

boxylbenzyl diphenylalanine (Z-FF, Figure 3.8c) and Fmoc-FF (Figure 3.8d) generate

peptide tapes, while diphenylalanine (FF, Figure 3.8a) and tert-butylcarboxycarbonyl

diphenylalanine (Boc-FF, Figure 3.8b) do not self-assemble at the interface, even at

a higher concentration of 25 µg/mL. All four of these dipeptides are known to self-

assemble into ordered solution phase structures under similar conditions at concen-

trations of 1-2 mg/mL [56]. This suggests that the aromatic protecting group plays a

key role in the nucleation and growth of these peptides at these ordered lipid mono-

layers, perhaps in driving the initial displacement of the lipid monomers. The fact
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Figure 3.6.: (a) Corrected widths of Fmoc-FF tapes (12.5 µg/mL) incubated on
PCDA in a solution of 75% H2O. (b) Schematic highlighting the 3 nm monomer unit
of the PCDA monolayer.

that Z-FF assembles more slowly than Fmoc-FF indicates that modifications to the

protecting group could be exploited to further refine tape growth.

3.3 Summary and Future Plans

Passivation of HOPG with lying-down SAMs of PCDA and diyne PE induces

the growth of epitaxially aligned crystals of Fmoc-FF peptides. Lowering the sol-

vent dielectric inhibits assembly, suggesting that aromatic interactions play a role in

the self-assembly process. Based on the observed tape heights and widths, we spec-
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Figure 3.7.: (a) AFM image of PCDA incubated with 12.5 µg/mL Fmoc-FF in 75%
H2O for 60 s, with the blue line showing where the line profile was extracted. (b)
Line profile extracted from (a)

ulate that the Fmoc-FF tapes nucleate at high surface energy defects in the lipid

monolayer (e.g. domain boundaries) and grow by displacing the lipids, enabling pep-

tides to interact directly with HOPG. Corrected tape widths support the monolayer

lamellar structure modulating the dimensions of the tape, though the exact mecha-

nism is not known. Current work investigates the roles of head group architecture

and polymerization in nucleating the peptide tapes. Fmoc-FF is being incubated

on both polymerized and unpolymerized monolayers of 10-12-Pentacosadiyne (PCD),

an analog to PCDA, which lacks a headgoup. Additionally, molecular models are

being tested to investigate the early stages of Fmoc-FF nucleation, specifically the

thermodynamics of the Fmoc group substituting the lipid monomers.

While lying-down monolayers of lipids show utility for extending nanoscale control

to the self-assembly of aromatic peptide structures, understanding and controlling the

peptide-peptide and peptide-monolayer interactions requires more research. However,
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Figure 3.8.: AFM Imges of PCDA incubated with 25 µg/mL (a) FF, (b) Boc-FF, (c)
Z-FF and (d) Fmoc-FF for 60 s.

exploiting these self-assembly principles towards generating aromatic peptide nanos-

tructures with sub-10-nm resolution potentially translates to other organic semicon-

ductor precursors. Therefore, noncovalent lying-down phase lipid monolayers serve

as a promising template for facilitating the fabrication and performance of OPVs.

3.4 Experimental Methods

3.4.1 Materials

10,12-Pentacosadiynoic acid (PCDA, ≥ 97.0% purity), dichloromethane and

1,1,1,3,3,3-hexafluoro-2-propanol (HFP) were purchased from Sigma-Aldrich (St. Louis,

MO), and used as received. Chloroform (ChromAR grade) was purchased from

Macron Fine Chemicals (Center Valley, PA) and used as received. Fluorenyl-9-

methoxycarbonyl-diphenylalanine (Fmoc-FF) was purchased from BaChem (Buben-

dorf, Switzerland) and used as received. 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-
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phosphoethanolamine (diyne PE, >99% purity) was purchased from Avanti Polar

Lipids (Alabaster, AL) and used as received. Self-assembled monolayers of lipids

were deposited on highly oriented pyrolytic graphite (HOPG, SPI Supplies, West

Chester, PA) substrates; HOPG was freshly cleaved immediately prior to sample de-

position. All initial steps in the deposition process were carried out under UV-filtered

light to prevent premature polymerization.

3.4.2 Langmuir-Schaefer Conversion

LS conversion was performed using a KSV-NIMA Langmuir-Blodgett trough (Bi-

olin Scientific, Stockholm, Sweden). In a typical PCDA transfer, 12 µL of a 0.75

mg/mL solution of PCDA in chloroform was deposited on a subphase of deionized

water (18 MΩcm). After the small amount of chloroform used for amphiphile trans-

fer was allowed to evaporate, trough barriers were slowly moved inward to adjust the

mean molecular area. For diyne PE, the process was the same, except the deposition

was carried out using a 0.5 mg/mL diyne PE solution in dichloromethane.

During trough equilibration and compression, HOPG substrates were cleaved and

kept at 120 ◦C on a hotplate prior to dipping.

When the Langmuir film was compressed to the desired mean molecular area

(e.g. 30 Å2/molecule for PCDA) or surface pressure (e.g. 16 mN/m for diyne PE),

the HOPG substrate was slowly lowered onto the subphase with the cleaved surface

facing down, nearly parallel to the liquid interface. Sample translation was performed

using an automated dipper that suspends the sample on a hanging wire, to maximize

stability of the substrate-subphase contact. In the case of diyne PE, a heated dipper

head set to 60 ◦C was used to suspend the substrate. After 4 min in contact with the

liquid interface, the substrate was gently lifted out of contact with the liquid using

the automated dipper. Samples prepared in this manner were immediately blown

dry with N2. The substrates were either used immediately for Fmoc-FF incubation

studies, or stored in the dark to avoid photopolymerization.
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3.4.3 Incubation of Fmoc-FF Peptides

Fmoc-FF was dissolved in HFP to a concentration of 5 mg/mL. This stock solution

was then diluted down to the required HFP solution concentration for each incubation.

Fresh HFP sock solutions were made for every series of incubations. A 100 µL drop

of either 1:3 MeOH:H2O (by volume) or DI H2O was deposited on a given substrate

and 1 µL of the HFP Fmoc-FF solution delivered into the water drop, for an aqueous

concentration of 0.01X the initial concentration in HFP. Following incubation, the

drop was blown off with N2 after the required incubation time.

3.4.4 AFM Imaging

All AFM measurements were performed in tapping mode under ambient condi-

tions (in air) using a Bruker (Bruker Instruments, Billerica, MA) MultiMode AFM

equipped with an E scanner with 0.01-0.025 Ohm-cm Antimony (n)-doped Si Bruker

RFESP-75 tips (nominal force constant 3 N/m and radius of curvature <12 nm).

3.4.5 Image Analysis

Images were processed using Gwyddion [102] scanning probe microscopy data vi-

sualization and analysis software to perform median line corrections, plane flattening,

scar artifact removal, and contrast adjustment.

3.4.6 Energy Minimization

Software packages Maestro [103] and Macromodel [104] were used, respectively,

to visualize molecular structures and to perform force field minimizations. Mod-

els were minimized using the OPLS 2005 force field [105], with normal cutoffs for

Van der Waals, electrostatic and hydrogen bonding interactions. PCDA monolay-

ers were assembled by organizing 128 molecules on top of a layer of graphene. The

PCDA monomers were arranged into 4 columns of 32 molecules each, forming hy-
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drogen bonded dimers between each pair of molecules. Diyne PE monolayers were

constructed identically, except that 64 molecules were used. All monolayers were first

minimized prior to the addition of a peptide layer. All calculations were executed

with the built in water force field the graphene layer frozen. Minimizations were per-

formed using the Polak-Ribiere conjugate gradient (PRCG) algorithm and gradient

method with 50000 runs and a convergence threshold of 0.05 kJ/molÅ.
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A. CHAPTER 1 SUPPLEMENTARY INFORMATION

A version of this appendix was previously published as Supplementary Information

in Chemistry of Materials.

DOI: 10.1021/acs.chemmater.7b04434

A.1 AFM images of lamellar and domain structure in PCDA samples

prepared by drop-casting

While Chapter 1 largely discusses monolayers of PCDA prepared by Langmuir-

Schaefer transfer, similar ordered structures can be prepared by assembly from organic

solvents. Figure A.1 shows a representative SEM image of a PCDA monolayer as-

sembled from organic solvent and a Langmuir-Schaefer film that presented a similar

degree of coverage as visualized by SEM. Briefly, a clean CVD graphene on nickel

substrate was suspended from a mechanical dip head and lowered to touch the sur-

face of a 0.017 mg/mL solution of PCDA in 3:2 (v:v) hexane:isopropanol for ∼1 min.

The substrate was then blown dry with N2 and analyzed by PM-IRRAS and SEM.
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Figure A.1.: SEM images of PCDA assembled on graphene assembled (a) from so-
lution in 3:2 hexane:isopropanol and (b) by LS transfer. (c) PM-IRRAS spectra for
drop-cast and LS films
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SEM images of monolayers produced by assembly from solution (Figure A.1a) are

qualitatively similar to those produced via Langmuir-Schaefer transfer (see Figure

A.1b and main manuscript), exhibiting large areas of monolayer coverage. Domains

produced by the solution assembly procedure are quite small (visible in the SEM

image), consistent with very rapid assembly, and exhibit small bright spots, which

typically correspond to molecular aggregates or standing phase molecules. Although

I(CH2a) for the film shown (Figure A.1c, blue trace) is similar to that in a typical

high-coverage film prepared through LS transfer (Figure A.2c, red trace), the ratio

I(CH2a)/I(CH3a) for the drop-cast film (2.67) is somewhat lower than that for the LS

film (3.19). The CH2s peak in the solution-assembled film spectrum is also somewhat

higher relative to the CH2a peak; increased alignment of CH2s dipoles normal to

the interface could be consistent with either a lying-down conformation in which the

alkyl backbone zig-zags perpendicular to the surface, or to the formation of modest

amounts of standing phase.

To illustrate why we typically utilize LS transfer for preparation of monolayers

of this type, we show SEM images of a PCDA monolayer prepared by drop-casting

from a 0.075 mg/mL solution of PCDA in 1:1 (v/v) hexane:isopropanol onto a heated

HOPG substrate (Figure A.2). This procedure has been used previously by others

and by us to prepare large ordered monolayer domains for scanning probe imaging.

However, because heating results in solvent evaporation as the drop withdraws across

the substrate, concentration changes can lead to substantial variations in PCDA do-

main size and assembled morphology across the substrate. At the top of the substrate,

small domains and vacancies are observed (Figure A.2d), with increases in domain

size and eventual formation of multilayers in the middle (Figure A.2e) and at the

bottom of the substrate (Figure A.2f) as solute concentrations increase.
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Figure A.2.: Large scale (a-c) and higher-resolution (d-f) SEM images of drop-cast
PCDA at top (a,d), middle (b,e) and bottom (c,f) of the HOPG substrate.

A.2 Representative AFM image of PCDA on HOPG, quantifying domain

heights

Figure A.3a shows a typical arrangement of PCDA domains corresponding to an

ordered, lying down phase on HOPG. Line profiles (Figure A.3b) collected along the

domain edges measure average height changes of 0.43 ± 0.02 nm, consistent with the

expected height of a lying down monolayer of PCDA.
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Figure A.3.: (a) AFM image of PCDA transferred to HOPG via LS conversion with
three domain edges highlighted with colored lines. (b) Line profiles corresponding to
the colored lines in (a).

A.3 Large-scale SEM images of PCDA on CVD graphene and HOPG

Figure A.4 compares surface topography of CVD graphene on nickel and HOPG

substrates that have been utilized for transfer of PCDA films. Substantially rougher

CVD graphene surfaces raise challenges for scanning probe characterization over large

scales, as illustrated in the main text (Figure A.3).

Figure A.5 illustrates that although the topography of the CVD graphene is a

significant contributor to image contrast (e.g. white features in the large scale im-

age in the upper left corner), lying-down PCDA monolayer domain structure is also

frequently visible in images acquired at this scale, when sufficiently enlarged. When

the area highlighted in yellow is enlarged to full page width, polymerization-induced

cracking defects in the monolayer (closely-spaced linear features in center of image)

reveal the presence of large ordered molecular domains, as well as the directionality

of the lamellar axis in each domain.
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Figure A.4.: SEM images showing surface topography of (a) graphene and (b) HOPG
substrates to illustrate difference in surface topography over large scales.

PCDA molecular ordering is typically assessed using images acquired at scales

similar to those shown in Figure A.6. Evaluation of local domain structure is most

accurate at scales similar to that shown in Figure A.6b; comparison with scales similar

to that shown in Figure A.6a ensure representative areas are selected. In the images

shown, the brightest features are topographically elevated areas of the graphene sub-

strate. In Figure A.6b, mid and darker grey tones are graphene with partial coverage

of PCDA, which exhibits a low degree of molecular order under the illustrated trans-

fer conditions (50 Å2/molecule, 20 ◦C), assessed both by the irregular domain shapes

and lack of polymerization-induced cracking defects of the type visible in Figure A.5.

Continuations of the amorphous domain structure are visible on the brighter terraces

with close inspection.
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Figure A.5.: SEM image of PCDA domain structure on graphene. Image shown at
full page width is area highlighted in yellow, cropped and enlarged to show detail.
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Figure A.6.: SEM images of PCDA domain structure on graphene, from a substrate
illustrating partial, disordered coverage after transfer at 50 Å2/molecule and 20 ◦C.

A.4 I(CH2a)/I(CH2s) vs. Itotal(CH)

Signal intensity in the C-H stretch region arises from a convolution of surface

coverage and molecular ordering. To assess relative contributions from surface cov-

erage and ordering, we compared the total intensity in the C-H stretch region with

the intensity ratio I(CH2a)/I(CH2s), which would be expected to increase with mono-

layer ordering, but not with (disordered) coverage (Figure A.7). Surface coverage

was assessed based on SEM images. Surfaces with full monolayer coverage visible

in SEM images typically exhibit total C-H stretch intensities ≥ 2.5. For transfer at

Tsp = 30 ◦C, samples with greater values of total intensity exhibit increasing degrees

of order, as measured by I(CH2a)/I(CH2s), and the appearance of polymerization in-

duced cracking in SEM images. For transfer at Tsp = 20 ◦C, one cluster of samples

(transferred at mma > 25 Å2/molecule) exhibited Itotal ≤ 2,with I(CH2a)/I(CH2s) <

4.5. A second cluster of samples (transferred at mma ≤ 25 Å2/molecule) contained

3D PCDA rods, and exhibited Itotal > 2.5 and I(CH2a)/I(CH2s) > 5.
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Figure A.7.: CH2a/CH2s ratio versus the total intensity of the C-H stretch region.
SEM images are representative of samples at indicated points.

A.5 SEM images used to show correlation between PM-IRRAS signal

intensity and monolayer ordering

In the manuscript, small SEM images are used to illustrate ordered amorphous

domains and vacancies in disordered PCDA monolayers; here, images are shown at

large scale in Figure A.8 for comparison.

Rod-like features in Figure A.8a appear to be small 3D crystals of PCDA. Satu-

rated (white pixel values) visible in most images are terraces with different numbers

of graphene layers.

Figure A.9 shows SEM images acquired from PCDA films transferred at larger

values of mma, in which molecular domains exhibit a lower degree of order, as in-

dicated by irregular domain shapes and the lack of polymerization-induced cracking

defects.
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Figure A.8.: SEM images showing domain structures for PCDA monolayers trans-
ferred at: (a) 20 Å2/molecule, 20 ◦C, (b) 20 Å2/molecule, 30 ◦C, (c) 30 Å2/molecule,
20 ◦C, and (d) 30 Å2/molecule, 30 ◦C.
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Figure A.9.: SEM images showing domain structures for PCDA monolayers trans-
ferred at: (a) 40 Å2/molecule, 20 ◦C, (b) 40 Å2/molecule, 30 ◦C, (c) 50 Å2/molecule,
20 ◦C, and (d) 50 Å2/molecule, 30 ◦C.

A.6 CH2a peak frequencies as a function of I(CH2a)/I(CH3a)

To determine whether frequency maxima of CH2a peaks shifted based on in-

creasing monolayer order, these values were plotted against the ordering parameter

I(CH2a)/I(CH3a) for all of the substrates investigated. Figure A.10 illustrates that

there is not a clear relationship between the CH2a peak frequency and the degree of

ordering in the PCDA monolayer.
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Figure A.10.: Frequency of the CH2a peak plotted against I(CH2a)/I(CH3a).

A.7 Larger versions of SEM images presented in Figure A.10cf

SEM images shown as insets in Figure A.10cf are reproduced here at larger size

(Figure A.11ad) to show detail present in original image.

A.8 SEM images of transferred noncovalent film without diyne

SEM images of transferred molecular layers that lack the polymerizable diyne

can be used to assess coverage on 2D materials. The images below (Figure A.12a-

d) were acquired from a molecular film of pentacosanoic acid (PCA), which has the

same chain length and headgroup structure as the 10,12-PCDA used throughout the

manuscript, but lacks the internal diyne. Here, a series of insets reveal the edge

of a transferred island structure, showing multiple levels of contrast, which could

potentially be quantified as part of a molecular ordering assessment similar to those

carried out in the manuscript.
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Figure A.11.: SEM images showing ordered domain structure on (a) HOPG and (b)
graphene, as well as disordered structure on (c) HOPG and (d) graphene.
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Figure A.12.: SEM images of non-polymerizable long-chain carboxylic acid PCA,
with scale bars of (a) 30 µm, (b) 10 µm, (c) 5 µm, and (d) 1 µm.
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A.9 Quantitative comparison of I(CH2a)/I(CH3a) with lamellar surface

coverage in SEM images

Spectral metrics were assessed by comparing the PM-IRRAS data (red) for PCDA

assembled on HOPG substrates with monolayer coverage and ordering data for films

transferred from Langmuir films with the same mean molecular areas (mma) and the

same subphase temperature (30 ◦C) in a previous study [38] (blue) (Figure A.13).

At a given mean molecular area, the fractional coverage of ordered lamellar phases

(χlamellar ), amorphous phases (χamorphous), vacancies (χvacancy), and standing phases

(χstanding) was tabulated based on digital segmentation of large SEM images. Spectral

data in Figure A.13 are normalized to 100% for the highest measured ratio.

Figure A.13a plots the total percent surface coverage (χtotal = χlamellar + χamorphous,

for samples that lack standing phases) of PCDA on HOPG in blue. I(CH2a), plotted

in red on the same graph, varies similarly. This is reasonable given the relatively high

values of χlamellar, and the fact that even areas of the monolayer that are not ordered

enough to polymerize are likely to express a net preference for the CH2a dipole to

orient normal or nearly normal to the substrate as illustrated in Figure 1.5b.

Figure A.13b compares the fraction of ordered surface coverage (χordered =

χlamellar/(χlamellar + χamorphous)) measured from SEM images (blue trace) with the

spectral metric I(CH2a)/I(CH3a) (red trace), which is also intended to normalize or-

dered surface coverage against total surface coverage. Again the measurements are

in reasonable agreement, except for films transferred at 90 and 100 Å2/molecule. We

note that in the previous SEM image analysis, we also quantified polymerization-

induced cracking in ordered domains, and found only half as much cracking in poly-

merizable domains transferred at large mma values in comparison with high mma

value. This suggests the likelihood of slightly lower levels of ordering in such do-

mains. Thus, it is possible that the lower values of I(CH2a)/I(CH3a) at high mma at

least in part reflects this difference. Overall, these findings point to the quantitative



87

Figure A.13.: (a) Comparison of I(CH2a) and SEM image analysis of monolayer cov-
erage and (b) comparison of I(CH2a)/I(CH3a) and SEM image analysis of monolayer
order.

relationship between I(CH2a), I(CH2a)/I(CH3a), and PCDA coverage and ordering on

graphitic interfaces.
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