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Altering the chemical reactivity of graphene can offer new
opportunities for various applications. Here, we report that
monolayers of densly packed n-pentacontane significantly reduce
the covalent grafting of aryl radicals to graphitic surfaces. The
effect is highly local in nature and on fully covered substrates
grafting can occur only at monolayer imperfections such as
interdomain borders and vacancy defects. Grafting partially
covered substrates primarily results in the covalent modification
of uncoated areas.

Introduction
Research into graphene and two-dimensional (2D) materials is
a highly active field due to the many extraordinary properties
that they possess. In the case of graphene, these include high
1
2
3
mechanical strength, excellent thermal and electrical
conductivity, as well as being optically transparent and flexible.
Such characteristics are valuable for a wide variety of potential
4, 5
applications,
especially since further customization of
graphene-based materials is possible through covalent or
noncovalent functionalization. Graphene is chemically inert to
many reagents, and covalent functionalization typically
6
requires highly reactive species.
By contrast, noncovalent functionalization is quite
straightforward since it involves adsorption, usually followed

by on-surface self-assembly. The latter allows for controlling
the spatial order of functional groups via suitable design of
7
supramolecular building blocks. As such, supramolecular
assemblies on graphene have been used as seeding layers for
8,9
atomic layer deposition of inorganic films. The adsorbed
molecules can also be used to alter the properties of graphene
itself. For instance, physisorbed organic molecules can act as
10,7
very mild n- and p-dopants.
Very recently, on-surface selfassembly of a suitably functionalized diazonium precursor has
been shown to open up possibilities for nanostructured
covalent functionalization of graphene via subsequent
11
electrochemical activation.
Here, we report the influence of molecular adsorbates on
2
the chemical reactivity of sp carbon surfaces. Specifically,
ultrathin films of n-pentacontane (nPC) are demonstrated to
diminish the covalent grafting of graphene and highly oriented
pyrolytic graphite (HOPG), as verified by scanning probe
microscopy and Raman spectroscopy.

Results and discussion
n-Pentacontane, a linear alkane (C50H102), was chosen for its
12, 13
low chemical reactivity (typical for normal alkanes
) and
stable self-assembly consisting of close-packed lamellae of
alkyl chains (Fig. 1A).
The lamellar width is measured as 6.6 ± 0.1 nm, with an
intermolecular separation within the lamellae of 0.42 ± 0.01
2
nm. Considering the 2.7 nm van der Waals footprint of nPC,
this corresponds to >97% of the surface being directly covered
by nPC molecules, with no gaps between molecules large
enough for aryl radicals to access the surface..nPC was found
to adsorb readily on graphene and HOPG substrates from
solutions in toluene or tetradecane, resulting in single- to fewmonolayer thick films.
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For self-assembly at the liquid–solid interface we used 10
M solutions in tetradecane (Fig. 1A). Dry films, on the other
hand, were prepared via dropcasting of appropriate amounts
of dilute nPC solutions in toluene onto clean graphene or
HOPG substrates and subsequent solvent evaporation. Easy to
prepare, the surface coverage in such samples was varied
yielding submonolayer (Fig. 1B) and few-layer depositions (Fig.
1C). Much more uniform nPC deposition can be achieved using
dip-coating (Fig. 1D). We used this method to prepare control
samples in which half of the sample is coated with nPC whilst
the other is bare (see below). Since self-assembly is a
reversible process, nPC adsorbates can be completely removed
when washed with hot (~80°C) toluene (Fig. S1), making
accessible the graphene surface previously covered by the
passivation layer.

A

TBD

TBA

B

1mM TBD + nPC
1mM TBD

0

Current (µA)

Fig. 1. nPC self-assembly: (A) monolayer formation at n-tetradecane/HOPG interface
(STM image) with an overlaid molecular model. Green lines denote the main symmetry
directions of HOPG. (B-D) submono-, few- and monolayer nPC depositions (AFM height
images) prepared via drop-casting (B,C) and dip-coating (D). Imaging parameters: (A)
Iset=0.08 nA, Vbias=-0.9 V. Scale bars: (A) 10 nm; (B-D) 200 nm.

on the nPC-coated HOPG electrode exhibit smaller currents
and larger separation between the oxidation and reduction
peaks. This indicates a partial suppression of electron transfer,
14
as nPC adlayers are thin enough not to block it completely;
electron transfer at the unblocked seams between the nPC
lamellae, each of which acts as an ultramicroelectrode, can
15
lead to the same behaviour. EC-STM provides support for the
good electrochemical stability of nPC coatings, revealing
complete surface coverage with little to no adlayer
reconstruction under different substrate potentials (Fig. S2).
Indeed, the AFM of the sample after CV (2Vs range) shows nPC
films without any sign of dewetting (Fig. 2C, small bright dots
are drying residues on nPC adlayers). The current (CV, Fig. 2D)
is in the μA range without any specific electrochemical
signature that suggests nPC reconstruction or desorption. The
nPC adlayer leads to a lower interfacial capacitance and a
proportionally smaller capacitive current.
As model reactive species for this study we chose 3,5bis(tert-butyl)phenyl radicals (TBP). Previously, we have shown
that these species easily attack graphitic surfaces forming welldefined sub-nm thick covalently grafted adlayers.16 The TBP
radicals are produced by electrochemical reduction of its in
situ generated 3,5-bis(tert-butyl)benzene diazonium (TBD)
precursor (Fig. 3A).
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Fig.2. Electrochemical stability of nPC self-assembly: CVs of bare HOPG (black) and nPC
modified HOPG (green) in (A) 1 mM K3Fe(CN)6 + 0.2 M Na2SO4 and (B) 1 mM Ferrocene
in 1:1 v/v EtOH:0.5M H2SO4, (C) AFM height image of nPC modified surface (scale bar
200 nm) after performing CV in 2 mM NaNO2 + 50 mM HCl, (D) CV of nPC modified
HOPG in 2 mM NaNO2 + 50 mM HCl. Scan rate of CVs 100 mV/s. nPC self-assembly was
initiated via drop-casting.

Besides optimising conditions for the deposition and
removal of ultrathin nPC films, we also investigated their
electrochemical behaviour. Cyclic voltammograms (CVs, Fig. 2A
and 2B) of reversible redox systems (K3Fe(CN)6 and ferrocene)

1500
2000
Raman Shift/cm-1

2500

Fig. 3. A) Scheme of TBP generation and grafting. B) CVs of TBD reduction on bare
(blue) and nPC coated (green) HOPG. Grafting solutions were prepared by mixing 4.9 ml
of 1 mM TBA in 50 mM HCl and 0.1 mL of 100 mM NaNO2 in water. CV scan rate:
100mV/s. C), D) STM images of TBP-grafts on bare and nPC-coated HOPG substrates,
respectively. Scale bars: 20 nm. Imaging parameters: Iset=0.12 nA, Vbias=-0.9 V. E)
Representative Raman spectra of pristine (black) and TBP-grafted HOPG (green and
blue curves correspond to the substrates with and without nPC protective layers,
respectively). nPC self-assembly was initiated via drop-casting.

The CV in Fig. 3B shows the associated irreversible reduction
peak at –0.14 V, using HOPG as an electrode. The number of
generated radicals is estimated as 1.25×1015 but only a fraction
(<3%) of them attach covalently to the surface: STM images
(Fig. 3C), in which covalent grafts appear as bright protrusions,
indicate grafting densities of ~0.9 grafts/nm2. This high degree
of functionalization is also confirmed by Raman spectroscopy.
The main peaks in the Raman spectra (Fig. 3E) are found at
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around 1334 cm , 1580 cm and 2670 cm , and are assigned
to the D-, G-, and 2D-bands, respectively. The D-peak in the
Raman spectra of HOPG is activated by lattice defects,
3
including the formation of sp hybridization by covalent
chemistry. The integrated intensity ratio of the D- and G-peaks
(ID/IG) is a measure of the concentration of covalent defect
sites, and is a standard method to characterize the degree of
17,18
covalent functionalization.
The Raman spectrum for bare
HOPG did not contain any D-band, indicating that the HOPG
sample used did not contain a significant number of defects
before functionalization. Consequently, a strong D-band (ID/IG
= 0.11±0.02) after grafting from a 1mM TBD solution,
corroborates a high surface density of covalent grafts.
The same grafting protocol applied to nPC-coated samples
yields a similar CV (Fig. 3B), except that the reduction peak
related to TBD reduction was negatively shifted to -0.26 V (this
shift is analogous to the increase in the separation of reduction
and oxidation peaks in Fig. 2B) and the corresponding peak
current was partially suppressed. Raman spectroscopy (green
curve in Fig. 3E) showed a negligible D-band (ID/IG = 0.01±0.01),
indicating very few HOPG lattice defects are formed. STM
measurements (Fig. 3D) support this conclusion, estimating
the grafting density at ~0.008 grafts/nm2. Therefore, even
though electrochemical reduction of the diazonium precursor
still occurs, nPC effectively prevents grafting of the generated
radicals.
Dip-coating of nPC enables selective area deposition,
providing the opportunity to compare grafting of bare and
protected surfaces under identical experimental conditions.
Fig. 4A shows a schematic of the dip-coating of nPC from
toluene solution.

case, only half of the HOPG surface was covered with nPC.
Thanks to the greater control afforded by this dip-coating
procedure, the molecular layer was uniform and highly
ordered on a large scale (thousands of square nanometres, Fig.
1D). Electrochemical grafting from a 1mM TBD solution was
performed simultaneously on both the nPC-covered and bare
areas of the sample (Fig. 4A). As with the drop-casting results,
nPC-covered areas of HOPG show a greatly reduced grafting
density (Fig. 4D) than when compared to the uncoated area
(Fig. 4C). Raman measurements (Fig. 4B) confirm this
observation, with a very small D band in the nPC-coated area
(ID/IG = 0.015±0.001) compared to the grafted bare HOPG area
(ID/IG = 0.062±0.003). The reduced spread of ID/IG found using
the dip-coating protocol relative to drop-casting is expected
given the higher degree of uniformity of the passivation layer
prepared with this method.
To demonstrate that the passivation of chemical reactivity
by supramolecular assembly is also valid for graphene, we
studied self-assembly and TBP grafting of nPC coated graphene
on copper. Despite large substrate corrugations, nPC
molecules maintain extended and highly ordered domains
throughout the surface (Fig. 5A). Self-assembly of nPC has the
same close-packed lamellar packing as on HOPG. When
electrochemically grafted, nPC-coated samples show
significantly lower grafting (Fig. 5B) than the uncoated samples
(Fig. 5C). Raman spectra taken on the nPC-free areas of
graphene after arylation (blue curve in Fig. 5D) have a large Dband (1335 cm-1, ID/IG= 3.1±0.5) confirming successful
graphene grafting. By contrast, the intensity ratio is only ID/IG=
0.9±0.3 in the Raman spectra of the grafted nPC-coated areas
of graphene (green spectrum in Fig. 5D). Thus, Raman data
confirm the passivation of the chemical reactivity of graphene
by nPC adlayers.

Fig. 4. Grafting of half-coated HOPG substrate: A) schematic view of sample
preparation; B) representative Raman spectra of nPC-coated (green) and uncoated
(blue) halves after grafting; STM images of TBP grafts on nPC-coated (D) and uncoated
(C) halves. Scale bars: 20 nm. Imaging parameters: Iset=0.1 nA, Vbias=-0.9 V.

The HOPG sample was dipped into nPC/toluene for 30 min
followed by slow emersion of the sample with a motor. In this

Fig. 5. A) an STM image of nPC monolayer self-assembly at n-tetradecane/graphene
interface. STM images of TBP grafts on nPC-coated (B) and uncoated (C) graphene
substrates. Examples of grafts in (B) are marked with green arrows. Scale bars: A) 20
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Fig. 6. Local nature of the blocking effect: A) STM images showing grafted interdomain
borders. In the inset nPC domains and TBP-grafts are clearly visible. Scale bars: 200 nm(
main image), 60 nm (inset). Imaging parameters: Iset=0.05 nA, Vbias=-0.9 V . B) an AFM
height image of isolated nPC domains (nanocorrals) prepared by grafting samples with
sub-monolayer nPC coverage. AFM height images showing the results of grafting (C),
nPC removal (D) and follow-up re-grafting (E) of samples with incomplete nPC

monolayer. Scale bars: B), C), D), E) 200nm. F) Raman spectra showing the results of
grafting (green), nPC removal and follow-up re-grafting (blue) of samples with
incomplete nPC monolayer. nPC self-assembly was initiated via drop-casting.

From all above experiments, it is clear that nPC layer
shields the underlying substrate from grafting. However, since
aryl radicals are potentially reactive enough to abstract
hydrogen from alkanes19,20 we also considered the formation
and fate of radicals generated from the adsorbed nPC. For this,
we evaluated the possibility of hydrogen abstraction from
methylene groups of physisorbed nPC by TBP-radicals (eq. 2 in
Fig. 7A), and subsequent grafting of the generated secondary
alkyl radicals to the underlying graphene surface (eq. 3 in Fig.
7A). To cut down calculation expenses the estimation was
performed using n-pentane, 3-pentyl radical and ovalene
(C32H14) as small models of nPC, secondary C50H101 radicals and
graphene sheet, respectively.

Fig. 7. A) Some of the possible chemical reactions that can occur between TBP radicals,
graphene surface, physisorbed alkane and molecules in solution. B) / C) shows DFToptimized molecular geometries of secondary alkyl radical physisorbed on / covalentlygrafted to graphene surface.

Density functional theory calculations showed that the
hydrogen abstraction is thermodynamically favourable (by ~11
kcal/mol), yet the generated secondary alkyl radicals should
not graft graphene (Section S4). The calculated C-C link of the
graft is very long (>1.67A) and the grafted product is less stable
than the physisorbed radical by >10kcal/mol (Fig. 7B and 7C).
This is because of a significant steric bulkiness of the secondary
alkyl radical and a twisted conformation of the graft, lacking
optimal van der Waals interactions with the substrate and
neighbouring nPC molecules. As for the fate of the generated
secondary alkyl radicals, most likely they become saturated by
abstracting hydrogen from molecules in solution (e.g.
homolytic cleavage HNO2, X=NO2 in eq.4), reaction with TBP
radicals (eq. 5), or oxygen (eq. 6). The latter two scenarios
should yield substituted nPC derivatives. Unfortunately, it has
not yet been possible to unambiguously detect such modified
species.
A similar blocking effect can be expected for other strongly
adsorbed molecular assemblies. An interesting modification
should be the use of perfluorinated derivatives, since in that
case fluorine abstraction (similar to H abstraction in eq.2) is
impossible (C-F is the strongest ordinary bond). Further
investigation of improved molecular designs is currently in
progress.
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Very high quality HOPG substrates are invaluable for highresolution STM. Simultaneous imaging of covalent grafts and
nPC molecules revealed that grafting primarily occurs at
monolayer defects and domain borders (Fig. 6A). This
highlights the local nature of the blocking effect: grafting is
possible where reactive species have direct access to the
graphite surface. If needed, the quality of nPC adlayers can be
improved via thermal annealing (Fig. S3). The grafting
efficiency at interdomain borders varies from sample to
sample, as well as within different areas of the same sample
(e.g. Fig. 6C). A possible reason for this is the non-uniform
separation and mobility of nPC molecules at the periphery of
neighbouring domains. When washed away with hot toluene,
nPC adlayers leave behind the grafted species (Fig. 6D). The
completeness of nPC removal was verified by follow-up TBP
grafting. Aryl radicals attacked all available graphite lattice,
yielding a uniform fully grafted surface as verified by AFM (Fig.
6E) and Raman measurements (Fig. 6F). In this example selfassembly of nPC acted as a mask for patterned grafting.
The local nature of grafting and ability to remove selfassembled templates by rinsing can be used to demonstrate
simple surface patterning. For this purpose, nPC was dropcast
from a 10-6 M toluene solution yielding submonolayer
coverage of nPC domains isolated from each other by tens of
nanometres of bare HOPG (Fig. 1B). Upon TBP grafting we
obtained densely grafted samples containing differently
shaped nanocorrals of the unmodified graphite lattice (Fig.
6B).

1mM TBD + partial nPC

Published on 28 March 2017. Downloaded by University of California - Santa Cruz on 06/04/2017 01:19:06.

nm; B), C) 15 nm. Imaging parameters: A) Iset=0.06 nA, Vbias=-0.7 V; B), C) Iset=0.05 nA,
Vbias=-0.9 V. D) representative Raman spectra of pristine (black) and TBP-grafted
graphene substrates (green and blue curves correspond to the substrates with and
without nPC protective layers, respectively). nPC self-assembly in B) and D) was
initiated via drop-casting.
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Conclusions

synthesized in situ from its precursor 3,5-bis-tert-butylaniline
immediately prior to electrochemical reduction. 3,5-Bis-tertbutylaniline (98%) was purchased from Sigma-Aldrich and used
without further puriﬁcation. 3,5-TBD solutions were freshly
prepared by dissolving the desired amount of 3,5-bis-tertbutylaniline in aqueous HCl (4.9 mL, 50 mM) and adding
NaNO2 (0.1 mL, 0.1 M). The mixture was shaken approximately
3 min prior to injection into the electrochemical cell. All
electrochemical measurements were performed using an
Autolab PGSTAT101 potentiostat (Metrohm-Autolab BV, The
Netherlands). The HOPG surface was freshly cleaved using
scotch tape prior to each experiment. Voltammetry and
grafting were performed in a lab-built single-compartment
three-electrode cell, with HOPG or graphene as working
2
electrode (geometric area 38.5 mm ), Pt wire counter and
Ag/AgCl/3M NaCl reference electrodes. After the
measurements, the modified HOPG and graphene samples
were rinsed with Milli-Q-water to remove electrolyte and
physisorbed material from the surface, and dried in an Ar
atmosphere. Removal of nPC was done by rinsing nPC-coated
samples with 20 mL of hot (~80°C) toluene.
Raman measurements were performed with an
OmegaScope 1000 (AIST-NT) with 632.8 nm He-Ne laser. The
laser light was reflected by a long pass dichroic beam splitter
(Chroma Technology Corporation, Z633RDC) and then was
focused onto the sample surface through an objective
2
(MITUTOYO, BD Plan Apo 100X, N.A. 0.7) with 500 kW/cm
optical density at the sample surface. Raman scattering was
collected and directed to a Raman spectrograph (HoribaJY,
iHR-320) equipped with a cooled-charge coupled device (CCD)
camera operated at -100°C (Andor Technology, DU920P)
through the dichroic mirror, a pinhole and long pass ﬁlter
(Chroma Technology Corporation, HQ645LP). Accumulation
time for each spectrum was 1 s for HOPG and 10 s for
graphene. At least 30 individual spectra were accumulated and
averaged at each point and each measurement was repeated
at multiple positions on the sample. All of the measurements
were performed under ambient conditions.
DFT geometry optimizations (B97D/6-31G(d)) were done in
21
GAUSSIAN 09.

We have demonstrated that molecular adsorbates can block
the covalent attachment of aryl radicals to graphitic surfaces.
Both STM and Raman spectroscopy show a reduction by two
orders of magnitude in grafting density when n-pentacontane
(nPC) is pre-assembled prior to electrochemical grafting. Area
selective deposition of nPC self-assembly allows targeting
chemical functionalization on a micro- and nanoscale. The
simplest demonstration was achieved through submonolayer
depositions of nPC, in which separated domains act as local
masks for grafting. DFT modelling provided some insights into
the plausible origin of the blocking effect.

Experimental section
All STM experiments were performed using an Agilent SPM
system in constant-current mode. The ambient STM tips were
produced by mechanically cutting Pt/Ir wire (80%/20%,
diameter 0.25 mm). Tungsten EC-STM tips were etched
electrochemically in 2M NaOH and coated with polymer to
minimize faradaic current. The bias voltage refers to the
substrate. AFM measurements were performed in air with a
Multimode AFM with a Nanoscope IV controller (Veeco/Digital
Instruments) in tapping mode. HOPG substrates (grade ZYB)
were obtained from Advanced Ceramics Inc., Cleveland, USA.
CVD-grown graphene on Cu foil was purchased from
Graphenea. STM and AFM data analysis was performed using
Scanning Probe Image Processor (SPIP) software (Image
Metrology ApS).
Ultrapure water (Milli-Q, Millipore, 18.2 MΩ cm, total
organic carbon <3 ppb) was used throughout. Reagent grade
hydrochloric and perchloric acid was purchased from SigmaAldrich and Merck, and used without further puriﬁcation. Solid
n-pentacontane (97%, Sigma-Aldrich) was dissolved in
tetradecane (99%, Acros organics) or toluene (99.9%, SigmaAldrich). Potassium hexacyanoferrate (III) (99%, Sigma-Aldrich)
was dissolved in 0.2M sodium sulfate (99%, Sigma-Aldrich) and
ferrocene (98% Sigma-Aldrich) was dissolved in 1:1 (v/v)
ethanol (99.9%, Merck): 0.5M sulfuric acid (96%, Merck).
To investigate the self-assembly of nPC at the liquid–solid
-4
interface, 10 µl of 2×10 M nPC in tetradecane was placed on
HOPG or graphene substrates. Dry full-coverage films of n-PC
on HOPG were prepared by quick evaporation through heating
-4
of 10 µl 2×10 M nPC in tetradecane, or by slow evaporation of
-5
10 µl 1×10 M nPC in toluene overnight in a sealed petri dish.
This slow evaporation was also used to prepare dry films of
-6
submonolayer nPC coverage (10 µl 1×10 M nPC in toluene),
-5
and to prepare second-layer coverage samples (20 µl 1×10 M
nPC in toluene). HOPG samples with partial coverage by an
nPC dry film were prepared by suspending the lower half of
-7
the sample in 20 ml 4×10 M nPC in toluene for 30 min,
followed by slow emersion with a motor and drying in Ar
atmosphere for 30 min.
Electrolyte solutions were deoxygenated with argon (grade
5.0, Praxair) for several hours before use. 3,5-bis-tertbutylbenzenediazonium (TBD), due to its instability, was
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