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Chemical patterning surfaces is relevant in several different domains of science and technology with
exciting possibilities in electronics, catalysis, sensing, and photonics. Here, we present a novel strategy for
chemical patterning of graphite using a combination of covalent and non-covalent approaches. Building
on our previous work, where self-assembled monolayers of linear alkanes were used as sacrificial masks
for directing the covalent anchoring of aryl groups to the graphite surface in sub-10 nm arrays, we
present a modified design of a template alkane with alkoxy terminal groups which allowed better pattern
transfer fidelity in comparison to simple linear alkanes. We also explored the use of chronoamperometry
(CA) instead of previously used cyclic voltammetry (CV) for the functionalization process, which enabled
patterning of the graphite surface at two-different length scales: few hundred nanometer circular patterns
interspersed with sub-10 nm linear arrays. The covalent chemical patterning process has been studied in
detail using CV and CA measurements whereas the patterned substrates have been thoroughly character-
ized using Raman spectroscopy, scanning tunnelling microscopy (STM) and atomic force microscopy
(AFM). Based on the comparison between the pattern transfer fidelity of previously studied alkanes and
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Introduction

Nanostructured materials, with lateral dimensions typically in
the range of 1-100 nm, have attracted significant attention in
recent years. The surge of interest in nanostructuring of
materials stems from the remarkable properties that arise due
to confinement effects. Staggering developments in materials
science where nanostructuring has been shown to influence
catalysis,' energy conversion® and storage,’ plasmonic behav-
ior,* cell adhesion,® antimicrobial properties® are a testimony
of the positive impact of nanostructured materials in science
and technology.

Given the growing appreciation of nanostructured
materials, strategies that allow patterning at nano to
micrometer scale are highly desirable. Various methods, that
employ both top-down and bottom-up approaches, such as

“Division of Molecular Imaging and Photonics, Department of Chemistry, KU Leuven,
Celestijnenlaan 200F, 3001 Leuven, Belgium. E-mail: kunal. mali@kuleuven.be,
steven.defeyter@kuleuven.be

bDepartment of Applied Chemistry, School of Science and Technology, Meiji
University, 1-1-1 Higashimita, Tama-ku, Kawasaki, Kanagawa 214-8571, Japan.
E-mail: tahara@meiji.ac.jp

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr00632h

This journal is © The Royal Society of Chemistry 2023

newly synthesized alkoxy alkane, we discuss plausible molecular mechanism of pattern transfer.

photolithography,” dip-pen lithography,® nanografting,® self-
assembly,'® etc. have been used for the fabrication of nano-
structured surfaces. While self-assembly provides relatively
straightforward access to sub-5 nm periodicities,"®"" it is argu-
ably not the most robust patterning method due to limited
stability of the self-assembled structures to environmental/
experimental conditions such as solvent treatment and temp-
erature variations. Covalent modification, where one binds
organic functional groups to surfaces via covalent bonds,
offers a robust alternative to patterning via self-assembly and
has been traditionally used for tuning various physico-chemi-
cal properties of materials.

In this context, a particularly well-studied class is that of
carbon (nano)materials. Numerous strategies for the covalent
modification of carbon materials such as graphite, graphene
and carbon nanotubes have been developed over the years for
tuning their hydrophilicity, solubility, electronic and electrical
properties, and biocompatibility."> While several different
chemistries for covalent modification of carbon materials have
been established,"? there exist fewer examples where nanoscale
spatial control over the covalent binding of functional groups
was demonstrated. Such spatial control is often challenging
due to the highly reactive nature of intermediates involved in
the functionalization process. Reaction intermediates such as
aryl radicals formed in these reactions are thermodynamically
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‘short-sighted’, and hence are not easily convinced towards an
ordered arrangement with lower entropy.

Ordered patterns of covalently bound functional groups on
graphene, graphite and other carbon surfaces have been
created in the recent past. A combination of top-down and
bottom-up approaches involving e-beam lithography and
covalent functionalization has been employed for creating
micrometer scale chemical patterns on graphene.'*'> Another
strategy involves the use of the masking effect of self-
assembled polystyrene beads during the covalent functionali-
zation process. This ensures that the covalent binding does
not occur in areas blocked by the beads. Typical periodicities
reached via this approach are up to few hundred nm.'®™"®
Laser induced covalent chemical patterning of graphene has
also been demonstrated recently.>*® These strategies have
provided efficient chemical patterning with periodicities
within the range of few micrometers to few hundred
nanometers.>"??

Despite the aforementioned examples, creation of covalent
chemical patterns at the lower end of the nanoscale remains a
challenge. In this context, molecular self-assembly is still rele-
vant as it routinely provides ordered structures with sub-5 nm
periodicities.**** Our group®**” and others®*7° have devel-
oped strategies for transferring the order and the periodicities
of physisorbed self-assembled molecular networks (SAMNs) to
chemisorption based chemical patterning. These strategies
can be divided into two categories. One, where a physisorbed
network is used as a sacrificial mask for directing the binding
of the reactive intermediates to the surface and the second,
where the reactive moiety is a part of the self-assembling mole-
cules. In both cases, the periodicity of the self-assembling
systems is ‘imprinted’ in the chemical pattern.

The first strategy follows the seminal work of Buck and co-
workers where a porous physisorbed SAMN was used as a tem-
plate for directing the attachment of alkylthiols to the surface
of Au.”® We have developed a similar strategy for relatively
unreactive substrates such as graphite and graphene where
lamellar,>® hexagonal®® and quadratic?’ chemical patterns
with periodicities lower than 10 nm were obtained via reduc-
tive decomposition of diazonium salts. The second strategy
has also been implemented efficiently for producing patterns
at the lower end of the nanoscale however requires design of
special systems that can undergo self-assembly in the first step
and react with the substrate in the second. Using this
approach, the periodicity of the lamellar patterns formed by
an alkyl substituted aniline derivative was transferred to the
covalent pattern by diazotization and subsequent grafting onto
the graphite surface.”® Similarly, maleimide chemistry was
used for producing hexagonal chemical patterns on graphene
via a photocycloaddition reaction.®® Another interesting report
used the characteristic Moiré pattern of graphene on certain
metals for patterned chemisorption of hydrogen onto
graphene.’' ™3

Here we report on the simultaneous fabrication of geome-
trically dissimilar chemical patterns on the surface of graphite
using the same supramolecular template. This work builds
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upon the foundations laid in our previous reports**~>” and
demonstrates a template-assisted covalent chemical patterning
with improved pattern-transfer fidelity and control over surface
architecture (Scheme 1). In contrast to our previous work
where linear alkanes were used as templates,”” in this study we
employ a modified design in which the templating molecule is
substituted with a terminal methoxy group. We hypothesize
that the methoxy substitution would result in greater mobility
of the molecular templates during the electrochemical grafting
process and influence the pattern transfer. The template-
assisted covalent grafting was carried out using two different
electrochemical methods namely, cyclic voltammetry (CV) and
chronoamperometry (CA). Covalently modified surfaces pre-
pared using CA revealed an interesting pattern imprinting
where the linear patterns (periodicities 5-6 nm) were inter-
mixed/interrupted by circular disks of pristine areas (diameter
100-300 nm). We also discuss the effect of potential applied
during CA on the nanopatterns. The functionalized substrates
were characterized using Raman spectroscopy for confirming
the covalent binding of the aryl units whereas the nanoscale
morphology was thoroughly studied using scanning tunnelling
(STM) and atomic force microscopy (AFM).

Results and discussion

Scheme 1 summarises the approach used in this work which
employs a physisorbed SAMN formed by 1,40-dimethoxytetra-
contane (DMTC, Fig. 1) as a sacrificial mask for directing the
binding of aryl radicals produced via electrochemical
reduction of diazonium salts®® to the graphite surface. Our
previous work has established that the presence of a solution
double layer consisting of an aqueous solution of diazonium
salt (light blue, Fig. 1b) and a thin film of an organic templat-
ing phase-in which the SAMN is physisorbed on the surface
(red, Fig. 1b), is necessary for efficient transfer of the pattern.
The organic interface allows slight mobility within the other-
wise close-packed alkyl template layer and in turn exposes the
surface to aryl radicals produced during the electrolysis of the
diazonium salt. We have also previously demonstrated that dry
films of typical alkanes such as n-pentacontane (CsoHyo,) act
as excellent masks for blocking the covalent grafting of aryl
radicals.”® 3,5-Bis-tert-butyl benzene diazonium (TBD) chlor-
ide, an archetypal diazonium salt, was used in this study as it
allows discrete grafting of single aryl units without the possi-
bility of dendritic growth.*® A modified template, namely
DMTC was employed. We reasoned that the introduction of a
terminal methoxy group will lead to increased mobility in the
termini of the self-assembled columns thereby providing
improved pattern transfer fidelity.

Prior to their use as a template for covalent chemical pat-
terning of graphite, the self-assembled networks of DMTC
were thoroughly characterized using STM. Fig. 1a shows the
STM image of the physisorbed SAMN formed by DMTC at the
tetradecane/HOPG interface. Similar to related alkanes, DMTC
assembles into a columnar arrangement where molecules are

This journal is © The Royal Society of Chemistry 2023
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(a) Reaction scheme showing the functionalization protocol used for attaching aryl groups to the surface of graphite to yield covalently

modified graphite (CM-HOPG). (b) Schematic of an electrochemical cell used for covalent patterning experiments. The cell contains a solution
double layer consisting of an aqueous solution of diazonium salt (light blue) and a thin film of an organic templating phase (red). The templating
phase contains a monolayer of an alkoxyalkane physisorbed at the interface between a thin film of 1-phenyloctane and graphite. (c and d)
Schematics showing the lamellar sacrificial template (c) and grafted aryl groups (orange disks) in between the lamellae (d). (e) Schematic showing
the geometrically dissimilar nanoscale patterning achieved using the templated chemical patterning approach presented in this work.

close packed into lamellae via van der Waals interactions.
Within each column, each molecule is adsorbed with its long
axis oriented at 85 + 2° with respect to the column axis. The
width of the DMTC columns is 4.8 + 0.2 nm. The darker
troughs running along the column axis are the regions where
the methoxy termini are adsorbed. The ether oxygens could
not be identified from the STM images, possibly due to their
terminal position and the anticipated mobility of the methoxy
groups.’”*® Large scale images (see Fig. S1 in the ESIf) indi-
cate that domains spanning areas as larger as 500 x 500 nm”
are formed under typical experimental conditions.

Following the published protocol, the ability of DMTC to
guide aryl radical grafting on HOPG was first evaluated using
CV.*® After preparation of the solution double layer on graph-
ite, the electrochemical reduction of TBD was induced by car-
rying out three iterative sweeps in CV (Fig. 1c) from +0.7 to
—0.7 V (0.1 V s7') with respect to the Ag/AgCl reference elec-
trode. A large irreversible peak observed at around -0.28 V
(black, Fig. 1c) is assigned to the reduction of TBD. The two
subsequent cycles (grey, Fig. 1c) carry lower and lower current
and show an anodic shift. This behavior indicates the passiva-
tion of the electrode surface upon grafting and consequently
lesser and lesser covalent grafting occurs in subsequent
sweeps. The graphite samples were then rinsed thoroughly

This journal is © The Royal Society of Chemistry 2023

with deionized water and acetonitrile and Raman spectroscopy
was carried out for confirming the covalent binding of the 3,5-
di-tert-butyl phenyl (3,5-TBP) units to the basal plane of graph-
ite. The ratio of the intensity of the D-band (~1350 cm™") and
the G-band (~1580 ecm™) (Ip/Ig) was used to quantify the
degree of covalent grafting. In the Raman spectrum of graphi-
tic substrates, the D-band is activated upon incorporation of
defects such as sp® carbon atoms within the pristine sp lattice
which occurs upon the addition of aryl radicals to the basal
plane. The G-band on the other hand remains unaffected
upon covalent functionalization and hence the Iy/Ig ratio
serves as a quantitative measure of defect density and in turn
the number density of the covalently bound aryl groups to the
basal plane.

Fig. 1d (black) shows the Raman spectrum of the graphite
surface covalently modified in the presence of the DMTC tem-
plate. The Raman spectrum of pristine graphite is also pro-
vided as a reference (grey). The covalently modified sample
clearly shows a weak D-band at ~1350 cm™ "' indicating the
covalent attachment of 3,5-TBP units to the basal plane of
graphite. Analysis of the Raman data provided Ip/I; value of
0.03 + 0.01. As anticipated, this value is lower than that
obtained in the absence of any template (0.06)*° for the same
concentration of TBD. STM images of the covalently modified

Nanoscale, 2023,15, 10295-10305 | 10297
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Fig. 1 (a) Small scale STM image showing the SAMN formed by DMTC at the tetradecane/graphite interface. Imaging conditions: Vy;as = —0.8 V, Iset

=90 pA. (b) A molecular model showing the arrangement of DMTC molecules within the SAMN. (c) A cyclic voltammogram showing three potential
sweeps revealing the reduction of the aryldiazonium salt (+0.7 to —0.7 V (scan rate = 0.1 V s7%) versus Ag/AgCl). (d) Raman spectrum obtained after
CV cycles showing emergence of a weak D-band for the covalently modified graphite sample (black). Raman spectrum of pristine graphite is also
presented (grey) for the sake of comparison. (e) STM image showing linear chemical patterning achieved using DMTC as template. Imaging con-
ditions: Vpias = —0.9V, Iset = 0.04 nA. (f) 2D-fast Fourier transform (2D-FFT) spectrum of the STM image presented in panel (e).

surface clearly reveal an ordered linear arrangement of bright
features (Fig. 1e) corresponding to the covalently bonded 3,5-
TBP units. The periodicity of the rows was found to be 5.5 +
0.3 nm (2D FFT, Fig. 1f) which is slightly larger than that of
the DMTC template. Despite this difference, the STM data
clearly confirmed that the templating ability is maintained
despite the introduction of the methoxy groups to the alkane
terminal.

While the periodic rows of 3,5-TBP units confirm the tem-
plating ability of the DMTC SAMN, the STM data does not
reveal if it is better or worse than that of alkanes used in our
previous work.>>*® Below we present a systematic comparison
between templating ability of pentacontane and DMTC. To
this end, the pattern transfer fidelity of DMTC was quantified
using a program developed in house®” and compared to that
of n-pentacontane. In this method, we analyze the STM images
of chemically patterned surfaces for their fidelity/conformity
to the pattern defined by the self-assembled template. We
compare two sets of virtual distributions; the first is a repre-
sentative map of x — y coordinates of grafted units from STM
images (experimental coordinates) and the second, a set of ran-
domly generated coordinates obtained using Monte Carlo

10298 | Nanoscale, 2023, 15, 10295-10305

method (random reference). The number of points (grafted
units) in both sets is kept the same. We also construct a
perfect reference of the pattern for above distributions from
experimentally derived parameters called a virtual template.
The overlap of a distribution with its corresponding virtual
template would scale and correlate with the pattern-transfer
fidelity of grafted units on the substrate. The ratio of the
number of the matched coordinates in experimental coordinate
to that in random reference (E/R value) is a quantitative
measure of the pattern transfer fidelity. By this definition, the
E/R scores of a randomly grafted surface are distributed in a
normal distribution with mean at 1. Thus, template guided
patterning of the surface raises the E/R score, which increases
with increasing fidelity of the pattern-transfer. Fidelity analysis
of the STM data obtained on covalently functionalized
samples using DMTC, and n-pentacontane revealed that the
pattern transfer fidelity is better for the SAMN of DMTC com-
pared to that of Cs, (Fig. S2 in the ESIt) further validating the
new design.

Having confirmed the superior templating ability of the
DMTC, we moved on to systematically probing the influence of
the number of potential cycles applied during CV on the

This journal is © The Royal Society of Chemistry 2023
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covalent chemical patterns. To this end, the applied potential
was swept between +0.7 to —0.7 V (0.1 V s~ %) versus Ag/AgCl for
one, three and five cycles (Fig. 2a—c) and the chemical patterns
were characterized using STM. Fig. 2d-f shows STM images of
the chemical patterns obtained using one, three and five CV
cycles, respectively. The density of the grafted aryl units
increases with increasing CV cycles. This was further confirmed
by Raman spectroscopy which showed an increase in the I/l
ratio (Fig. S3 in the ESI}). It is clearly evident from the STM
data that the increase in the grafting density is manifested as
non-specific, intra-pattern covalent binding wherein the aryl
units are bonded in between the linear pattern created during
the initial CV cycles. Specifically, comparison of Fig. 2e and f

View Article Online
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reveal that intra-pattern grafting becomes prominent after three
CV cycles which essentially fills up the space in between the
linear patterns. This is indicative of partial to complete desorp-
tion of DMTC upon repetitive potential cycling. The 2D-FFT ana-
lysis of the STM data confirmed pattern transfer by the DMTC
template in all three cases (insets Fig. 2d-f). Note that under
comparable experimental conditions, Cs, templated surfaces do
not show significant intra-pattern grafting (see Fig. S4 in the
ESIt). This indicates that Cs, template does not undergo partial
desorption or at least does not exhibit similar mobility to that
of DMTC during the electrochemical grafting process. This is in
line with the original reasoning behind the design of the tem-
plate in the present case.
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Fig. 2

Influence of the number of CV cycles on DMTC templated chemical patterning. (a—c) Cyclic voltammograms showing one, three and five

potential sweeps between +0.7 to —0.7 V (0.1 V s™%) versus Ag/AgCL. (d—f) STM images showing gradual increase in the grafting density with increas-
ing CV cycles. The insets show 2D-FFT images corresponding to the STM images. (g—i) Larger scale STM images showing an additional structural
feature of the chemical patterns, namely the nanocorrals, which are relatively pristine, circular areas of graphite (white dashed lines) which get filled
up with grafted aryl groups with increasing CV cycles. The insets show 2D-FFT of the STM images. Imaging parameters: Vyi,s = —0.9 to —1.2 'V, Ise¢ =
0.04 to 0.05 nA. For additional STM data, see Fig. S5 in the ESL.}
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Large scale STM images presented in Fig. 2g-i revealed
another interesting feature of this system. Circular areas with
low grafting density were observed within linear chemical pat-
terns of aryl groups. The formation of such areas, the so-called
corrals, was apparent already in samples prepared using one
CV cycle (Fig. 2g) which get ‘filled-up’ with grafted units in
subsequent cycles of grafting (Fig. 2f and i). We have pre-
viously reported®® on such corrals which were observed when
covalent chemical patterning was carried out using a mixture
of diazonium salts. Such corrals could originate due to a com-
bination of factors including the generation and adsorption of
gaseous nanobubbles and the deposition of reaction by-pro-
ducts during the electrografting process. Formation of such
corrals within the linear chemical patterns templated by
DMTC is an interesting structural aspect as it represents an
additional control over the chemical nanopatterning process.

In order to exert further control on the patterning process,
we resorted to the use of CA. In contrast to CV, where the elec-
trode potential is varied linearly between two limiting values
as a function of time at a known sweep rate, CA applies a con-
stant potential difference between the working and the
counter electrode for a given duration. We reasoned that appli-
cation of a constant, precise potential and control over time of
the electrolysis through CA will provide better control over the
dynamics of nanopatterning process compared to CV where
the applied potential is continuously changed. To this effect,
systematic CA based electrografting of TBD using the DMTC
template was carried out as follows. TBD undergoes reduction
at ~-0.15 V versus Ag/AgCl with a peak onset around —0.05 V.>®
In the presence of DMTC SAMN this reduction is further
shifted to ~-0.25 V versus Ag/AgCl (Fig. 2a-c) with onset
around —0.1 V. We performed CA based covalent patterning of
graphite at three different overpotentials: —0.15 V, —0.35 V,
and —0.60 V versus Ag/AgCl. Covalent grafting at these poten-
tials was studied for short (10 s), intermediate (60 s), and long
(300 s) durations of applied potential.

Fig. 3a-c shows the effect of applied potential on the chemi-
cal patterning using the DMTC template. The duration of
applied potential was kept constant at 60 s. The STM images
reveal that at —0.15 V, the surface shows linearly patterned
rows of grafted TBP units and no corral formation (Fig. 3a).
There is negligible intra-pattern grafting. At —0.35 V, the nano-
corrals appear on the surface amongst the linearly grafted rows
(Fig. 3b). The diameter of the corrals is between 100-300 nm
although sizes as small as 50 nm and as large as 500 nm were
also observed occasionally. The grafting density inside of the
corrals is minimal and is comparable to that observed in the
case of CV experiment with one cycle (Fig. 2g). Electrolysis at
—0.60 Vyielded a surface with comparable morphology to that
observed at —0.35 V. Specifically, the surface coverage as well
as the size of the corrals was found to be comparable (see
Fig. S9 in the ESIf). The extent of intra-pattern grafting was
found to be more pronounced at higher potentials as com-
pared to that at —0.15 V. These results demonstrate that it is
possible to control the formation of corrals via applied poten-
tial however the size of the corrals does not show significant
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dependence on the applied potential in contrast to our pre-
vious work where CA was used to control the size of the nano-
corrals formed from a mixture of two diazonium salts.*
Following the hypothesis that the corrals are templated by
surface adsorbed nanobubbles of gaseous products which
block grafting, a possible explanation for the disappearance of
nanocorrals at the lower reducing potential could be a lower
rate of bubble formation or a higher rate of bubble dissolution
under these reaction conditions owing to the slower reaction
kinetics at lower applied reduction potential.*° It is also likely
that the mechanism of diazonium reduction and nanobubble
formation could be different in the two potential regimes sep-
arated by the peak reduction potential.

Fig. 3d-f shows the effect of the duration of applied poten-
tial (—=0.60 V) on the evolution of chemical patterning.
Representative large scale STM images presented in Fig. 3d-f
clearly reveal the formation of corrals at all reaction times.
Corrals as small as 50 nm in diameter were observed for sur-
faces obtained after electrolysis for 10 s. The intra-pattern
grafting, which was negligible at shorter times (Fig. 3d and e),
was found to become prominent at longer electrolysis times
(Fig. 3f) with the rows almost entirely covered with the
additional grafted molecules at 300 s. The increased extent of
intra-row grafting at higher potentials and higher reaction
times when seen together with the fact that large corrals
remain on the surface under these conditions indicates that
the nanobubble covered areas of the SAMN are relatively more
stable on the surface. The Raman characterization of samples
prepared under different CA conditions (Fig. 3g) revealed that
the Ip/Ig ratio increases with an increase in the duration of
applied potential for all three cases studied. At a given dur-
ation of electrolysis, the Ip/I; ratio was found to increase
slightly in going from —0.15 V to —0.35 V and then showed sat-
uration or slight decrease whereas it increased steadily for the
CA experiments for 300 s. These changes in grafting density
are consistent with the changes in the surface morphology
observed from the STM data.

To gain further insight into the morphology of the chemi-
cally patterned surfaces, AFM characterization of patterned
substrates was carried out. Fig. 4a-c show AFM images of the
patterned surfaces obtained in the presence of DMTC template
at varying potentials (60 s). The larger scale morphology
evident from the AFM data is consistent with that imaged
using STM. The AFM image of the surface prepared at —0.15 V
shows no clear evidence of corral formation. Some areas with
lower surface coverage of the organic film are visible (white
dashed circles, Fig. 4a) which may indicate partial blocking of
grafting due to the gaseous nanobubbles in the initial stages
of the reaction which are eventually removed and covered with
grafted aryl groups. This observation is consistent with our
hypothesis drawn from the STM data which also showed no
obvious corral formation. AFM images of the samples prepared
at —0.35 V, and —0.60 V (Fig. 4b and c), on the other hand,
clearly revealed formation of circular corrals, the size distri-
bution of which (80-250 nm) was found to be consistent with
the STM data.

This journal is © The Royal Society of Chemistry 2023
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(a—c) STM images showing the influence of the applied potential on the chemical patterning using DMTC template. The duration of the elec-

trolysis was kept constant at 60 s for these experiments. (d—f) STM data showing the effect of electrolysis duration at a constant potential (-0.60 V).
(g) A plot of Ip/Ig versus applied potential at different electrolysis times. (h) High-resolution STM image showing sub-molecular resolution of the co-
valently grafted aryl units. Careful inspection of the image also shows the presence of DMTC template monolayer in the background of grafted units.
The white dashed lines serve as guide to the eye. This sample was prepared using CA (-=0.35V, 40 s). Imaging parameters: Vpias = —0.9 to —1.2 V, /gt

= 0.04 to 0.05 nA. For additional STM data, see Fig. S6—-S8 in the ESI.}

We also carried out CA in short pulses to understand its
influence on nanocorral formation and overall morphology of
the grafted surfaces. Short (2 seconds wide) pulses of —0.35 V
(with an interval of 0.5 seconds at 0.62 V between the pulses)
were applied to DMTC covered graphite surface (Fig. 5a and b).
Fig. 5c and d show STM images of the patterned graphite sur-
faces obtained after 5 and 10 potential pulses, respectively.
The STM data reveals that corrals are formed despite the short
duration of the potential pulses indicating the plausible

This journal is © The Royal Society of Chemistry 2023

adsorption of gaseous by-products and that the potential
cycling does not necessarily remove them from the surface.
While there is negligible grafting inside of the corrals, we
observe significant intra-pattern grafting within the rows.
Coupled with observations made from previous CA experi-
ments, these results point towards the molecular mechanism
of patterned covalent grafting. At initial stages, the covalent
binding occurs in a patterned fashion defined by the mole-
cular template. Once the density of grafted units along the
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Fig. 4 Tapping mode AFM topography images of covalently patterned graphite prepared using the DMTC template. The samples were prepared at
(a) —0.15 V; (b) —0.35 V and (c) —0.60 V. The electrolysis time was kept at 60 s for all samples. The white dashed circles in (a) highlight the areas with
lower surface coverage of the organic film. For phase images see Fig. S10 in the ESI.{
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Fig. 5 CA carried out using short potential pulses. Pulse potential: —0.35 V, pulse width: 2 seconds, pulse interval: 0.5 seconds. Current profiles for
(a) 5 pulses. (b) 10 pulses. (c and d) Representative STM images showing DMTC templated chemical patterning obtained using 5 and 10 potential
pulses, respectively. Imaging parameters: Vpias = —0.9 V, st = 0.05 nA.
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Fig. 6 Comparison of pattern transfer fidelity between DMTC and Cso templates using CA-based covalent grafting. Large (a and b) and small (c and
d) scale STM images showing subtle differences in the pattern transfer fidelity of DMTC and Cso. Imaging parameters: Viias = —0.9 V, s = 0.05 nA.
For the same images with guiding lines, see Fig. S11 in the ESI.T (e) Calculated mean E/R values for the pattern transfer fidelity for DMTC and Csp.
This analysis is based on 15 and 13 (200 nm x 200 nm) images for DMTC and Cs, respectively.

linear rows is saturated, there is clear preference for further
covalent binding within the rows which may occur simul-
taneously with partial desorption of the molecular template.
One could also invoke the possibility that the reactivity of the
regions in-between the linearly patterned rows is slightly
higher due to the sp® defects created in the vicinity. The sys-
tematic experimental results presented above clearly indicate
the possibility of tuning the chemical patterns by precisely
varying experimental conditions which in turn brought mole-
cular insight into the process of template assisted chemical
patterning.

Finally, to compare the pattern transfer fidelity of DMTC to
that of Cs,, CA-based covalent grafting was carried out using
Cso as the template. Fig. 6a-d shows representative STM
images for graphite substrates chemically patterned using
DMTC and Cs, as templates, respectively. The STM images
show subtle differences in the chemical patterns indicating
better pattern transfer fidelity for the former. The STM data
was further subjected to detailed quantification of the pattern
transfer fidelity using the program described earlier. The E/R
values calculated from the fidelity analysis are plotted in
Fig. 6e. The plot reveals that the E/R values are consistently
higher for DMTC than those for Cs, which confirms that the

This journal is © The Royal Society of Chemistry 2023

pattern transfer fidelity is better when DMTC is used as a
template.

Conclusions

The chemistry of carbon surfaces has redeemed itself in recent
years due to its applicability towards covalent modification of
graphene and related 2D materials. In the same context,
nanostructuring of such materials is under spotlight in view
beneficial attributes of nanostructured materials. In the
results described above, we have provided a step forward
towards refining the pattern transfer fidelity of sub-10 nm
chemical patterns produced via SAMN templating. We illus-
trate that the newer design of alkoxy alkane is an improved
template in terms of pattern transfer fidelity in line with the
anticipated increased mobility of the termini during the
electrochemical grafting process. The chemical patterning was
studied using both CV and CA which demonstrated better
control over the process using the latter. A somewhat serendi-
pitous observation is the simultaneous formation of circular
nanocorrals interspersed within the lamellar sub-10 nm
chemical patterns. We have discussed possible origins of such

Nanoscale, 2023,15, 10295-10305 | 10303
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pattern formation. Furthermore, comparison between the tem-
plating abilities of alkoxyalkane and previously used normal
alkanes allowed us to gain insight into the mechanism of tem-
plated grafting at the molecular scale. We found out, via such
systematic comparison, that the improved pattern transfer
fidelity comes at the expense of the stability of the monolayer
wherein the intra-pattern grafting was found to be relatively
more prominent for the alkoxy alkane compared to the normal
alkane. The improved design and the molecular insight gained
will allow efficient and precise chemical patterning of (carbon)
surfaces.

The improvement in the precision of chemical patterning
demonstrated above bodes well not only for potential applica-
bility of such patterned materials but also for the interesting
chemistry and physics which may be associated with such
nanoscale patterns as the length scale (sub-10, sub-5 nm) is
within the realm of fundamental material properties such as
typical molecular lengths, carrier diffusion lengths etc. Such
long-range ordered chemical defects can potentially affect the
nature of the surface, interfacial interactions, and electronic
band structure of materials thereby paving way for the discov-
ery of exotic/desirable materials properties. Furthermore, we
intend to use such complex nanostructured surfaces for study-
ing the fundamentals of molecular self-assembly. Such pat-
terned surfaces are interesting testbeds for investigating mole-
cular self-assembly as the two length scales are typical: one
corresponding to the periodicities of SAMNs and the other to
the typical domain sizes. One such study is in progress and
may potentially reveal interesting information on the nuclea-
tion and growth of SAMN on nanopatterned surfaces.
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