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ABSTRACT: A unique approach for nanoscale covalent functionalization of graphite surfaces
employing self-assembled molecular monolayers of n-alkanes as templating masks is presented.
Linearly aligned aryl groups with a lateral periodicity of 5 or 7 nm is demonstrated utilizing
molecular templates of different lengths. The key feature of this approach is the use of a phase
separated solution double layer consisting of a thin organic layer containing template molecules
topped by an aqueous layer containing aryldiazonium molecules capable of electrochemical
reduction to generate aryl radicals which bring about surface grafting. Upon sweeping of the

potential, lateral displacement dynamics at the n-alkane terminal edges acts in conjunction with



electrochemical diffusion to result in templated covalent bond formation in a linear fashion. This
protocol was demonstrated to be applicable to linear grafting of graphene. The present processing
described herein opens molecular frontiers for the realization of rationally designed nanoscale

materials.
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Dimensionally confined carbon nanomaterials play an important role in sustainable science and
technology.? Chemical functionalization broadens application potential and supports processing
and development.®* Methods that yield nanopatterned functionalization on flat carbon surfaces such
as graphene and graphite® are critical for programmable modulation of the intrinsic electronic and
physical properties of these materials. Two functionalization strategies based on molecular
decoration are prevalent: non-covalent and covalent approaches.'® Non-covalent functionalization
of the surfaces of these materials often targets crystalline monolayers in the form of physisorbed
self-assembled molecular networks.** Such systems support excellent nanoscale structural
regularity and a high degree of functionality, yet they suffer from limited stability when exposed to
environmental changes in solvent or temperature.'? Alternatively, covalent functionalization
approaches are intrinsically more robust;'® however, these systems often rely on higher energy
reagents or harsh reaction conditions that foster ill-defined nanoscale surface structure.** Following
theoretical predictions, there is great interest in covalently nanopatterning these carbon

nanomaterials to rationally manipulate and impart functional properties.'>

A variety of covalent functionalization approaches of graphitic substrates exist: fluorination,
oxidation, and the addition of dienophiles or free radicals.!”® One ubiquitous strategy involves the
electrochemical (EC) free radical grafting of aryldiazonium molecules.'®?° Reduction of

aryldiazoniums stimulates a homolytic dediazotization reaction that generates aryl radicals.!2



Subsequent radical attack reactions with nearby substrates are capable of generating covalent bonds
with the surface (Figure 1a).2? Previously, this approach has been utilized to append a diverse range
of chemical functionality (polymers, biosensors, and nanoparticles)?® to a variety of different

surfaces (conductors, semiconductors, and insulators),?* including carbon nanomaterials.

Early work targeting organizational control of aryldiazonium covalent chemistry on carbon
surfaces employed polystyrene bead templates,?>2® microfluidic flow systems,?’ and lithographic
stamps?®2° to generate localized functionalization, though not at the nanometer scale. In contrast,
highly-selective precision grafting was achieved for the attachment of cyanomethyl radicals on
graphene on Rh(0001) due to the mismatch between the carbon and ruthenium hexagonal lattices.
However, the grafting is equidistant along the three equivalent symmetry directions.®° A high
functionalization density along one direction, and lower functionalization density orthogonal to it,
I.e. leading to parallel grafted lines a few nanometer apart, was achieved by recent approaches
involving the preassembly of reactive aryldiazonium precursors.3®-3? These approaches require
preprogramed design of aryldiazonium precursors with self-assembling characteristics. Any change
in the grafting periodicity, i.e. distance between parallel lines, requires the design and often labor-
intensive synthesis of compounds. Approaches that decouple the nanopatterning defining molecular
system from the grafting one, are therefore sought for.

We present an unexpected, yet easy and versatile approach to covalently functionalize
graphite / graphene surfaces with parallel and only few nanometer wide rows of grafted molecules
using bottom-up self-assembly molecular templates. This method relies on a phase separated
solution double layer. This first thin layer consists of an organic solution containing n-alkanes,
which self-assemble on the surface forming a masking monolayer, as shown in Figure 1b. On top, is
an aqueous layer containing an aryldiazonium chloride. An EC potential sweep stimulates diffusion
of aryldiazonium molecules through the organic layer and reduces them to generate aryl radicals,

which attack the graphite electrode to form organized covalent bonds with the surface (Figure 1c).



Patterning periodicities of the covalently bound molecular units can be controlled to 5 or 7 nm
using molecular networks of different sizes, n-pentacontane (CsoH102), n-tetracontane (CsoHsz), and
n-triacontane (CsoHs2). Pattern fidelity of the present protocol is also discussed. The most critical
element to successful template-guided grafting is the presence of a thin organic solvent layer over
the n-alkane masks, allowing lateral displacement dynamics at the n-alkane terminal edges around
which the aryl radical attack takes place. Moreover, this method is demonstrated to be used for
covalent nanopatterning of graphene. The templating alkane layer can be removed without affecting
the grafted aryl groups by washing with hot chloroform. Application transfer of the present method
is demonstrated by the confinement effect in self-assembled monolayers formed on the grafted
surfaces. A somehow related approach was reported by Buck et al. using porous self-assembled
molecular networks as template for the area-selective adsorption of thiolates, on gold.* In addition
to dissimilarities in substrate and template symmetry, a main conceptual difference of our approach
is the use of high-density self-assembled molecular networks as unexpected templates for site-

selective functionalization.
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Figure 1. Schematic illustration of template-directed linear nanopatterning process. (a) Schematic
representation for chemical covalent functionalization of graphitic surfaces by an aryl radical
generated from an aryldiazonium ion (3,5-di-tert-butylbenzene diazonium chloride). (b) An
illustration for an EC cell contains a solution double layer consisting of an aqueous phase
containing diazonium molecules (light blue) and an organic templating phase (red). The n-alkane
molecules dissolved in the organic layer form a lamellar type self-assembled network on the
graphite electrode. (c) A schematic representation for linear grafting through the self-assembled
molecular network of alkane (pentacontane as an example) template. The periodicities of the

covalently bound molecular units can be controlled by alkane chain lengths.

RESULTS AND DISCUSSION
In previous work, we found that dry self-assembled monolayer films of pentacontane

(prepared by dropcasting and evaporation from the volatile solvent toluene) efficiently blocked the



grafting of organic radicals that were electrochemically generated from 3,5-di-tert-butylbenzene
diazonium salt (3,5-TBD) in an aqueous solution.* The self-assembled network that passivated the
surface was found to be unaffected by the potential sweep. However, we observed grafting taking
place at domain borders, areas that are commonly associated with molecular dynamics.® Probably
because these regions are subject to radical attack due to transient free electrode exposure. Rather
by accident, we recently stumbled upon reaction conditions that give rise to unexpected templated
grafting between the pentacontane lamellar rows within each domain of the network (Figure S1).
We hypothesized that an increased local dynamic character is the origin of this effect, optimized the
reaction conditions, and studied the phenomenon in great detail.

Solution Double Layer. To realize such anticipated dynamic self-assembling template, we used an
electrochemical setup consisting of a phase separated solution double layer on top of the graphite
electrode surface inside a homebuilt EC cell of 1 cm diameter.3® The first layer on the surface is the
masking layer, which contains the templating molecules (Figure 1b). It is comprised of only 20 pL
(an optimized amount) of a non-polar organic solvent tetradecane. This nonpolar solution wets the
surface completely and forms a meniscus with the edges of the Teflon EC cell. After preparation of
the organic solvent-surface interface, 5 mL of aqueous solution, which contains the
electrochemically active 3,5-TBD grafting molecules, is added above the organic layer to form a
solution double layer. Before addition to the EC cell, preparation of 3,5-TBD is carried out by
mixing aqueous sodium nitrite (0.1 M, 0.1 mL) with 3,5-di-tert-butylaniline (1.0 mM, 4.9 mL) in
aqueous hydrochloric acid (50 mM).*® To avoid degradation of the aryldiazonium salt, this
activation step is performed just before addition of the 3,5-TBD reaction mixture to the EC cell.
The EC cell seals against the surface with a Viton O-ring with a diameter of 7.0 mm to prevent
solution leakage. Detailed description of the experimental procedures can be found in the

Supporting Information.



The organic solvent tetradecane was chosen as the interfacial masking layer for its non-
polar, non-volatile properties alongside its relatively inert chemical behavior. A control experiment
using neat tetradecane solvent was performed to examine the ability of 3,5-TBD to diffuse through
an interfacial organic layer (Figure 2). After preparation of the solution double layer on graphite,
the reduction of the aryldiazonium molecules was carried out by five iterative sweeps of cyclic
voltammetry (CV) from +0.1 to —0.7 V (0.1 V/sec). A large irreversible reduction peak observed at
—0.6 V (Figure 2a, blue line) is assigned to the aryldiazonium activation. The four subsequent
sweeps (Figure 2a, gray lines) carry iteratively less current and show an anodic shifting—an
indication of less grafting occurring in these sweeps. For comparison, the first CV sweep of a
sample without an organic solvent interfacial layer is shown in Figure 2a, dotted line. The presence
of the interfacial tetradecane solvent layer produces a cathodic shift (ca. 0.37 V) in the reduction
wave of the aryldiazonium ion. The reverse scan crosses the forward scan to create a nucleation
loop at —0.5 V. Such a CV signature is characteristic when a large overpotential is required to
activate the aryldiazonium reduction process creating the nucleation loop.®” Additional control
experiments containing interfacial layers of other solvents, i.e., 1-phenyloctane, nonanoic acid, and
1,2,4-trichlorobenzene, also support reduction of the aryldiazonium ion (Figure S2—S4). In contrast
to tetradecane, in these solvents, the reduction of the aryldiazonium was recorded at —0.1 — -0.2 V
and no nucleation loop was observed. While diffusion of the aryldiazonium ions through a thin non-
polar organic solvent layer is expected to be an unfavorable process, similar maximum current
values in spite of the presence of the organic layer suggest successful reduction of the
aryldiazonium ion. The increased barrier to aryldiazonium reduction observed in tetradecane is

attributed to the presence of a thin alkane interfacial layer.®
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Figure 2. Results of electrochemical grafting with control sample (a-c) containing only an
interfacial layer of tetradecane (20 pL) organic solvent and linearly functionalized sample (d-f)
using a pentacontane self-assembled network (20 pL, 1.0 x 107° M). (a) A cyclic voltammogram of
5 sweeps (+0.1 to —0.7 V, 0.1 V/sec), first sweep in blue and last four shown in gray, with a
comparison to a sample lacking an interfacial layer (dotted line). Black arrows indicate scan
directions. (b) Raman spectrum of the graphite surface after CV displays an Ip/lgc = 0.032
confirming covalent bond formation to the surface. (¢) STM topography image of a control graphite
sample with randomly arranged bright features assigned to individual 3,5-TBP molecular units
bound to the surface. Inset at the lower right shows a molecular model of the 3,5-TBP unit. Two-
dimensional projection area of the molecular model is 0.42 nm?, which is smaller than that
estimated by STM image (1.0 nm?). This is attributed to corrugation effect. A 2D-FFT reveals no
spatial correlation of the covalently bound units. (d) Cyclic voltammogram of 5 sweeps, first sweep
in red and last four shown in gray. Black arrows indicate scan directions. (e) Raman spectrum of the
graphite surface after CV with an Ip/lc = 0.014. (f) STM topography image of the linearly
functionalized sample. Individual molecules are observed aligned in linear rows running from the

bottom right to the top left. Orientational control is made clear in the 2D-FFT highlighted with red
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arrows. Additional set of data is shown in Figure S9 and S10. Imaging parameters for (c,f) are It =

30 pA, Vp =—-600 mV.

After EC grafting, the samples were rinsed using Milli-Q water and then subjected to
spectroscopic characterization using Raman spectroscopy. Surface covalent bond formation is
confirmed by the appearance of the graphite defect band (D-peak) at 1350 cm™. This peak, which
arises from sp®-hybridized bonds on the graphite surface, is otherwise not present on pristine
graphite (Figure S5).% A ratiometric intensity comparison of the D-peak to the G-peak appearing at
~1600 cm™! yields an Ip/lIc value that is representative of the degree of covalent grafting. The
control sample containing an interfacial organic layer produced an Ip/lg = 0.032 £ 0.003. This value
is less than half that of samples lacking the interfacial organic layer (Ip/lc = 0.064 £+ 0.002). Thus,
the interfacial organic layer reduces the degree of covalent grafting. However, the presence of the
D-peak in the Raman spectrum motivated local structural analysis via scanning tunneling

microscopy (STM).

STM imaging was performed on the samples at the remaining tetradecane-graphite
interface. A high-resolution STM image is shown in Figure 2c. Numerous bright features decorate
the surface that are assigned to individual 3,5-di-tert-butylphenyl (3,5-TBP) molecular units.
Moreover, the bright dots were not removed by solvent washing (vide infra). These observations
support that 3,5-TBP molecular units are covalently attached to the surface.® The 3,5-TBP
molecular units measure on average 1.0 nm?. A space-filling model of a single grafted molecule is
shown in the bottom inset, Figure 2c. The molecules were found to be randomly arranged on the
graphite surface as evidenced by the lack of pair correlated features in the two-dimensional Fast
Fourier Transform (2D-FFT) that appears as an inset in Figure 2c. Importantly, stable self-
assemblies of tetradecane solvent have been reported in the past,®® but in this case no organization

of the solvent was observed on the graphite surface. Collectively, the evidence from



electrochemistry, Raman spectroscopy, and STM of the control sample indicates that 3,5-TBD

covalent grafting takes places through an interfacial tetradecane layer.

Linear Functionalization of Graphite. Periodicity was introduced by dissolving pentacontane in
tetradecane solvent at a concentration of 1.0 x 107> M. Dropcasting the solution on graphite allows
the self-assembly of pentacontane molecules into straight lamella at the interface (Figure S6).
Electrochemical preparation of a separate sample containing 20 pL masking pentacontane solution
and 5.0 mL of the 3,5-TBD aqueous solution showed a similar shift in the reduction wave although
with slightly lower current values (Figure 2d). Two distinct reduction peaks can be observed in the
CV. The first wave (—0.30 V) is attributed to grafting at the domain boundaries of the templating
layer (vide infra, Figure S15), while the second wave (—0.48 V) is believed to originate from
grafting between the rows of the template monolayer. Raman spectroscopy confirms covalent
grafting with an Ip/lc = 0.014 £ 0.003, as shown in Figure 2e. Individual 3,5-TBP molecular units
are observed as bright features arranged periodically in rows from the bottom right to the top left in
the STM image in Figure 2f. Direct comparison of the control sample (Figure 2c) with the
periodically functionalized sample (Figure 2f) allows for clear visualization of the linear templating
effect. A 2D-FFT (Figure 2f, inset) of the STM image reveals that the periodicity of the rows of 3,5-
TBP molecular units is 6.8 + 0.2 nm. This value is slightly larger than the periodicity of the

pentacontane self-assembled monolayer network (6.6 £ 0.2 nm; Figure S6).

Downscaling Lateral Periodicity. Downscaling lateral periodicity of linear grafting can be
accomplished using shorter n-alkanes as the templates. Both tetracontane (4.0 x 107> M) and
triacontane (1.2 x 102 M), form lamella type self-assembled monolayers with shortened lateral
repeat distances at the tetradecane-graphite interface (Figure S7 and S8). Preparation of the solution
double layer and subsequent CV also showed cathodic shifts in the reduction waves for tetracontane
and triacontane samples, respectively (Figure S11 and S12). Raman spectroscopy of the

functionalized surfaces indicates successful grafting with Ip/lg ratios of 0.023 + 0.002 for
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tetracontane sample and 0.011 + 0.003 for triacontane sample. STM imaging of functionalized
graphite surfaces in tetradecane shows grafted 3,5-TBP units arranged in linear rows with 2D-FFT
periodicities of 5.8 + 0.6 and 4.1 + 0.1 nm for tetracontane and tetradecane templates (Figure 3b and
3c, respectively). Comparatively, measurements from STM images of the templating masks yield
lamella widths of 5.3 + 0.1 nm and 4.0 £ 0.2 nm for tetracontane and tetradecane molecules (Figure
S7 and S8). As described above, a periodicity of 6.8 nm in the grafted 3,5-TBP units was obtained
on the samples using the pentacontane network (Figure 2f, 3a, and S9). Local variations in the
chemisorption coverage create a broadening of the 2D-FFT pair correlation features. To evaluate
the fidelity of grafting from 2D-FFT images, a quantitative major of peak shapes and intensities was
devised (see Supporting Information for the detail). On the basis of this analysis (Figure S13 and
S14), the one-dimensional order of the covalently bound 3,5-TBP groups obtained using
tetracontane and triacontane templates are less defined compared to the pentacontane-derived
sample, indicating a weaker transfer fidelity (Table S1). It is clear, however, that self-assembling n-

alkanes with smaller periodicities foster lateral downscaling.

Downscaling

Figure 3. Downscaling lateral periodicity on graphite using shorter n-alkane templating layers.
STM topography images of linearly functionalized samples obtained using a templating
pentacontane (a), tetracontane (b), and triacontane (c) in tetradecane. Corresponding 2D-FFT’s

insets show average periodicities of (a) 6.8 £ 0.2, (b) 5.8 £ 0.6, and (c) 4.1 £ 0.1 nm. Inset in (a)
11



shows covalently bound 3,5-TBP molecular units that are positioned in between the pentacontane
rows. Concentrations of 3,5-di-tert-butylaniline are 1.0 mM for n-CzoHe2 and n-CsoH102 and 3.0 mM

for n-C4oHg2, respectively. Imaging parameters are (a, b, c, a inset) It = 30 pA and Vp =-600 mV.

Mechanism and Confinement Effect. Covalent grafting appears to be directed to the unit cell
vertices where the edges of the linear alkanes meet as seen in Figure 3a, inset. At these positions,
the molecules’ terminal edges meet together and form non-covalent contacts with adjacent
molecules. These reversible noncovalent contacts are weakly stabilizing thus subject to dynamics,
as reported before.3>2°4% Unlike the dry film studies,® in which grafting takes place at domain
borders, the presence of a thin organic solvent layer is shown to support sufficient lateral
displacement dynamics within the template network to allow directed covalent bond formation.
Partial cyclic voltammetry sweeps performed from +0.1 to —0.4 V shows that grafting is initiated at
domain boundaries of the assembly where the lateral dynamics of the templates are relatively
frequent and a potential barrier to the reduction of the aryldiazonium possibly becomes low (Figure
S15). In the sweeps from +0.1 to —0.7 V, templated grafting is then observed to propagate inward in
a periodic fashion. Thus, the subtle dynamics afforded to the assembly by the thin solvent layer via
solvation assist in guiding the grafting in between the lamellar rows. Moreover, pattern transfer is
high at the low grafting density area, while it becomes lower at the high grafting density area as
seen in Figure 4a and b that are digital zooms of Figure 2f. Top right part of Figure 2f is densely
grafted and the lines are waving (Figure 4a). Contrarily, the bottom part of Figure 2f is less densely
grafted, while the linearity is good (Figure 4b). With increasing aryl groups the alkane template

molecules seem to shift to spare space for the aryl groups.
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Figure 4. (a,b) Digital zooms of Figure 2f. STM topography images of linearly functionalized

samples obtained using a templating pentacontane layer at high density area (a) and low density

area (b).

The fidelity of pattern transfer was found to vary from sample to sample. Pattern fidelity
defects in the form of covalent molecular vacancies, shifts, or excess grafting can be found after
performing present procedure (Figure S16). Regions of varying size (100-500 nm?) where
covalently bound molecules are missing can be found in all three samples. Weak pattern transfer in
these regions may be rationalized by local depletion of active radicals yielding low density grafting.
It is also possible that nanobubbles appear on the surface during the grafting and hinder pattern
transfer, as shown in Figure S17.%* Alternatively, dense covalent grafting occasionally occurs at
domain boundaries, where dynamics are more likely to expose the surface for radical attack.
Macroscopic variations in the height of the solution double layer caused by meniscus formation at
the sides of the EC cell also create grafting density variations visible by Raman mapping. As shown
in Figure 5, only the central part of graphite, in addition to the outer rim contacted with a Viton O-
ring, is grafted, while the peripheral area remains intact. This is probably related to the hampered
diffusion of the aryldiazonium ion into the organic layer as its height increases, due to decreasing

electrostatic interactions with the electrode.
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Figure 5. Raman Ip/lc mapping image of functionalized graphite surface using pentacontane as the
template. Raman mapping measurements were performed at 1600 positions in 11 mm x 11 mm area.
Area with large and small Ip/Ics are colored in turquoise and black, respectively. A large blue outer

ring corresponds to the area where a rubber O-ring contacts with the surface. Inside of the large

blue outer ring, the graphite surface was covered with the organic liquid layer.

Removing the physisorbed self-assembled molecular network is necessary for both
application and fundamental development of the patterning procedure.*> The weak non-covalent
interactions that stabilize the molecular templates can be removed with solvent rinsing using hot
chloroform (20 mL, 60 °C). Subsequent STM imaging the sample shows that the covalently bound
3,5-TBP molecular units remain on the surface, while none of the templating triacontane could be

observed (Figure S18).

As a first approach to investigate the effect of linearly grafted aryl groups on graphite, the
formation of self-assembled molecular networks (SAMNSs) was examined. SAMN formation on
pristine graphitic surfaces is well-established. According to a popular protocol, the surface is
exposed to a liquid containing the solute of interest, and SAMN formation is monitored using STM

at the liquid-solid interface.3>4344 Self-assembly of 5-octadecyloxyisophthalic acid, an intensively
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investigated family of compounds,*® from a solution of octanoic acid (1.0 x 10~* M) was achieved
by dropcast deposition on the cleaned grafted sample. STM imaging at the interface shows the
assembly of the isophthalic acid molecules in regions where the covalent grafting is not as dense,
however confinement effects in the rows of 3,5-TBP units interrupt long-range order of the
molecular network (Figure $19).% Similarly, monolayer formation of 4-cyano-4’-octyloxybiphenyl
that is known as a liquid crystalline molecule was observed, despite the absence of long-range
confinement effect (Figure 6).*” Successful template removal and reuse of the nanopatterned sample
demonstrates how the present method provides a versatile platform for composing additional
chemical complexity on surfaces. These covalently nanopatterned surfaces can support future
fundamental assembly studies on confinement, as well as applied post-modification processing and

development.

Figure 6. (a) Chemical structure of 4-cyano-4’-octyloxybiphenyl. STM topography (b) and current
(c) images of 4-cyano-4’-octyloxybiphenyl assembled on a linearly functionalized sample after
removal of pentacontane (template). Bright features are assigned to the 3,5-TBP chemisorbed
molecular units. The self-assembly of the 4-cyano-4’-octyloxybiphenyl molecules formed from a
solution of octanoic acid (0.5 M) is more clearly observed in the current images, where a bright row

of striped features corresponds to interdigitated alkyl chains.
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Linear Functionalization of Graphene. The present method garners organizational control over
covalent bonds with molecular-length scale periodicities. Such control has been theoretically
predicted®® and experimentally sought after®%#® for its potential to open opportunities for the
manipulation of physical and electronic properties of 2D-materials.*® To demonstrate versatility of
our protocol and applicability to these materials, the procedure was performed on single layer
graphene on copper. First, we confirmed the grafting of TBD to single layer graphene on copper
through the organic solvent tetradecane as the interfacial masking layer (Figure S21). The average
In/lg is 3.5 = 1.1. Experimental realization of the periodic covalent functionalization is shown using
triacontane in Figure 7. Raman spectroscopy on the graphene sample reveals a significant D-band
with an average Ip/lg = 2.5 + 0.8.%° Covalent attachment of the aryl units was further supported by
X-ray photoelectron spectroscopy (XPS) analysis for grafted graphene on copper grafted using 4-
nitrobenzenediazonium tetrafluoroborate and using pentacontane as the template, which revealed
both C-sp® and C-N components after deconvolution of the observed band (Figure S25 and S26).>!
Experimental details for grafting, measurement and analysis of XPS are included in Supporting
Information. STM imaging of modified surface shows bright features corresponding to 3,5-TBP
molecular units. The covalently bound molecular units are linearly aligned between the lamella
rows of triacontane, similar to those observed on graphite (for additional images, see Figure S22
and S23). Analysis of the 2D-FFT of the STM image shown in Figure 7 reveals an average
periodicity of 4.2 £ 0.2 nm. Pattern fidelity transfer is weaker on graphene than on the graphite
basal plane based on the analysis of the peak shapes and intensities of 2D-FFT image (Table S1).
Defects in the pattern transfer are apparent as bent rows and clustered 3,5-TBP units can be
observed in the real space STM image (Figure 7). Enhanced surface roughness of the graphene is

expected to adversely affect the triacontane assembly and also likely hinders high-fidelity transfer.>
16



High reactivity of graphene toward aryl radicals may also be responsible for the weaker fidelity.
Raman spectroscopy of the dried sample, shown in Figure 7, inset, confirms covalent
functionalization with a large D-peak.>® Additional periodic variation on graphene using
pentacontane, as well as, additional experimental details can be found in the Supporting Information

(Figure S24).
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Figure 7. Triacontane templated functionalization of single layer graphene on copper. The STM
topography image shows bright molecular features are observed in aligned rows on the surface. A
periodicity of 4.2 nm was found on graphene surface using a 2D-FFT analysis. Raman spectroscopy
shows the appearance of a large D-band (Ip/lc = 2.5 + 0.8) confirming covalent functionalization of

the surface. STM image parameters are It = 30 pA and Vb = —600 mV.

CONCLUSIONS
A unique nanoscale lithography approach has been presented. It employs self-assembled molecular

monolayers of n-alkanes as templating masks formed at the interface of graphite and graphene and
17



an organic solution which is topped by an aqueous layer containing aryldiazonium molecules. By
electrochemical covalent functionalization, linearly aligned molecular grafting of graphite and
graphene surfaces with lateral periodicity between 4 and 7 nm was achieved utilizing molecular
templates of different lengths. The most critical element to successful template-guided grafting is
the presence of a thin organic solvent layer over the n-alkane masks, allowing lateral displacement
dynamics at the n-alkane terminal edges around which the aryl radical attack takes place. The
masks can be removed by washing with common organic solvents. The present approach opens
diverse fields of study targeting "bottom-up" rational design and nanoscale engineering of
covalently modified surfaces, supporting monocomponent as well as multi-component approaches.
Various applications are in reach such as directed crystallization, alignment of liquid crystals, and

even molecular machines.

EXPERIMENTAL

Functionalization of Graphite at Double Layer Interface. A working electrode, highly oriented
pyrolytic graphite (HOPG), was washed with dichloromethane and hexane, and the surface was
cleaved using adhesive tape (Nittotape, 3800K, Nitto Denko Corporation) before use. Then, HOPG
was attached to a home build EC cell. To the EC cell, organic liquid (1-phenyloctane, 1,2,4-
trichlorobenzene, nonanoic acid, or tetradecane, 20 uL) was added using a micropipette (P100,
Gilson). After 10 min from the addition of the organic liquid, a solution of 3,5-di-tert-butylaniline
(2.0 mM) and HCI (50 mM) in water (4.9 mL) and a solution of NaNO in water (0.10 M, 100 nuL)
were added to a sample tube (14 mL), and the sample tube was shaken by hand for 30 seconds. A
part of the resulting mixture (500 pL) was carefully placed on top of the organic liquid layer using a
micropipette (P1000, Gilson). Then, the mixture was added to the EC cell. Three minutes after
mixing the aniline hydrochloride and NaNO>, EC reduction was carried out using cyclic

voltammetry (CV) mode. A Pt wire was used as the counter electrode, while Ag/AgCl was used as a
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reference electrode. Both were purchased from Bioanalytical Systems, Inc. The water phase was
removed using the same micropipette, and the EC cell was carefully washed twice with ultra pure
water (5 mL x 2). HOPG was removed from the EC cell, mounted in the sample holder of STM,
followed by STM imaging at the organic liquid-HOPG interface. After imaging, the HOPG surface

was dried using a hot air gun. The dried HOPG surface was analyzed by Raman microscopy.

Alkane Templated HOPG Grafting at Double Layer Interface. All procedures for alkane
templation were identical to the procedure described in the previous section, except for the fact that
a solution of the alkane (n-CzoHe2, N-CaoHs2 or n-CsoH102) in tetradecane at optimized solute
concentrations is used instead of the organic liquid layer and the concentrations of 3,5-di-tert-
butylaniline (1.0 mM for n-CsoHe2 and n-CsoH102 and 3.0 mM for n-CaoHsy).

Alkane Templated Functionalization of Single Layer Graphene on Copper at Double Layer
Interface. As a working electrode, single layer graphene (SLG) grown on copper foil (Graphene
Platform Corporation), was used. The quality of SLG was confirmed by Raman spectroscopy before
use (Io/lc = 0.01 £ 0.06). Then SLG sample was mounted in EC cell. To the EC cell, a solution of
triacontane in tetradecane (20 uL, 1.2 x 102 M) was added using a micropipette (P100, Gilson). 10
minutes later, a solution of 3,5-di-tert-butylaniline (1.0 mM for n-CsoH102 and 3.0 mM for n-CzoHs2)
and HCI (50 mM) in water (4.8 mL) and a solution of NaNO- in water (0.10 M, 200 pL) were
mixed in a sample tube (14 mL). The sample tube was shaken by hand for 30 seconds. The resulting
mixture (500 uL) was carefully placed on top of the organic liquid layer using a micropipette
(P1000, Gilson). Then, the sample was added to the EC cell. After 3 min from mixing of the aniline
hydrochloride and NaNO>, EC reduction was carried out using a cyclic voltammetry mode. The
water phase was removed using the same micropipette, and the EC cell was carefully washed twice
with ultra-pure water (5 mL x 2). SLG was removed from the EC cell, mounted in the sample

holder of STM, followed by STM imaging at the tetradecane-SLG interface. After imaging, the
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SLG surface was dried using a hot air gun. The dried SLG surface was analyzed by Raman

microscopy.
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