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The synthesis of a family of alkanethiol molecules with planar aromatic head groups, designed to anchor
molecules effectively to graphene electrodes, is reported. Characterisation of self-assembled
monolayers of these molecules on a gold surface via conductive atomic force microscopy shows that
when an aromatic head group is present, the conductance Ggrapnene Obtained using a graphene coated
probe is higher than the conductance Gp, obtained using a platinum (Pt) probe. For Pt probe and
graphene probe junctions, the tunnelling decay constant of benzyl ether derivatives with an alkanethiol
molecular backbone is determined as 8 = 5.6 nm™ and 3.5 nm™, respectively. The conductance ratio
Gagraphene/ Gpt increases as the number of rings present in the aromatic head unit, n, increases. However,
as the number of rings increases, the conductance path length increases because the planar head
groups lie at an angle to the plane of the electrodes. This means that overall conductance decreases as
n increases. Density functional theory-based charge transport calculations support these experimental
findings. This study confirms that planar aromatic head groups can function as effective anchoring units
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Introduction

Molecular junctions, in which one or more molecules bridge the
gap between a source and drain electrode, have been intensely
studied during the past two decades.”™ A variety of methods for
engineering the transport properties of molecules have been
developed, based on manipulating conformation,’®*?* anchor
groups,*??* electrodes,”®* quantum interference,”** and
heteroatom substitution,*** both in single-molecule junctions
and large-area junctions comprising self-assembled monolayers
(SAMs) of organic molecules.®** Typically in single-molecule
experiments using mechanically controllable break junction
(MCBJ)* or scanning tunnelling microscope (STM)* contacting
methodologies, gold is the electrode material of choice. However,
there is a growing interest in the study of molecular junctions
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formed using graphene electrodes. For this purpose, planar
aromatic moieties are desirable terminal groups for anchoring
molecules to graphene electrodes owing to the strong m- inter-
actions between their planar 7 systems and graphitic
surfaces.”*****> Methods used to determine the conductance of
larger area junctions, such as conductive atomic force microscopy
(cAFM), are well suited to investigations using different electrode
materials.>»**

A major goal of molecular-scale electronics is the control of
transport properties by systematically varying structural features of
the molecule.* Studies of polycyclic aromatic hydrocarbons on
graphene surfaces have shown an increase in the binding energy*
as the number of fused rings increases. Additionally, in molecular
junctions where a polycyclic aromatic hydrocarbon lies parallel to
both electrodes, the “cross-plane conductance” (i.e. the conduc-
tance perpendicular to the plane of the electrodes and substrate)
increases with the number of fused rings. This present study
investigates whether these trends persist when planar aromatics
are used as the top contact groups in Au|SAM|Pt and
Au|SAM|graphene junctions. Firstly, the synthesis of a family of
alkanethiol molecules with planar aromatic head groups of
differing sizes is presented. The preparation and characterisation
of SAMs of these molecules on Au substrates is reported, followed
by cAFM studies of the SAMs in which the effect on conductance of
using either a Pt tip or graphene-coated Pt tip was investigated. The
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experimental results are then compared with charge transport
calculations, based on density functional theory (DFT) and
molecular dynamics (MD) simulations.

Results and discussion
Molecular design and synthesis

The investigated molecules are shown in Fig. 1. With the exception
of commercial octanethiol (C8SH), each molecule is based on an
a,w-disubstituted linear alkyl chain, bearing an ether functionality
at one end and an acetyl-protected thiol at the other. The following
naming convention is used: the nature of the ether-linked head
group (if present), is stated (using standard chemical nomencla-
ture where possible; AM and PyrM refer to anthracenemethylene
and pyrenemethylene groups, respectively), followed by the length
of the alkyl chain as number of carbons (CX) then the terminal
functionality (SAc for protected species, S for assembled mole-
cules, presumed to be thiolates). For example, BnOC8SAc is an
octyl chain substituted at each terminus; at one with a benzyl ether
and at the other with a thioacetate functionality.

The (protected) thiol is designed to assemble on Au surfaces
through S-Au bonds (after in situ loss of the acetyl protecting
group), forming a SAM in which the alkyl or aryl head group is
available to interact with an AFM tip. Alkyl chains are known to
be less conductive than conjugated backbones and are
uncommon in molecules designed for modern single-molecule
conductance studies,” although they are still useful benchmark
compounds® and were widely used in earlier studies.****°
However, low molecular conductance is less problematic when
studying large area molecular junctions as many molecules are
measured in parallel. Alkyl backbones are synthetically conve-
nient and were anticipated to result in dense, reasonably
ordered SAMs as observed for simple alkanethiols and struc-
turally similar species.*»®* Furthermore, it was anticipated that
the increased flexibility of alkyl chains compared to widely-
used, rigid, conjugated backbones such as oligo(phenylene
ethynylene)s'® would afford more conformational freedom to
the planar head groups, potentially permitting more efficient
contact between the SAMs and the top electrode.

oSS SH C8SH
SO SAC MeOC8SAC
©/\o/\/\/\/\/5"\c BnOC8SAc
©/\0/\/\/\/SAC BnOC6SAc
BnOC10SAc

©Ao’\/\/\/\/\/ SAc
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The studied compounds (Fig. 1) comprise two homologous
series. In the first, the alkyl chain has a constant length (C8, i.e.,
1,8-disubstituted octanes) and the nature of the head group
varies through the series: none, MeO, BnO, 9-AMO, 2-AMO or
PyrMO. In the second series the alkyl chain length is varied (C6,
C8, C10), while the head group remains the same (BnO, ie.,
benzyl ether). The different head groups were selected to
investigate the effect of the presence, size and geometry of an
aromatic anchor group on molecular conductance. The species
bearing aryl ethers were prepared by statistical desymmetrisa-
tion of a,w-alkanediols®® by reaction with the appropriate
benzylic bromide,* activation of the remaining alcohol as
a mesylate and finally a nucleophilic substitution using potas-
sium thioacetate. MeOC8SAc was prepared instead by desym-
metrisation of 1,8-dibromooctane. Full details of the synthesis
and characterisation of these molecules and their precursors
are given in the Section S1 of the ESL

SAM preparation and characterisation

The molecules were deposited onto a template stripped Au
substrate (Au™) by self-assembly as described in Section $2.1 of the
ESLT SAM characterisation is also described in Section S2.1 of the
ESL together with representative images. In brief, the deposition
of the thin film was monitored by a quartz crystal microbalance
(QCM) to confirm SAM formation by determining the density of
molecules adsorbed on the Au™ surface. Atomic force microscopy
(AFM) was used to determine the thickness of the molecular film
via a nano-scratching method.*** This provided an indicator of the
binding geometry of the molecule on the surface, as detailed in
Table S1 in the ESL{ All the measured molecules were determined
to have a tilt angle of 35°-55° with respect to the normal to the Au
substrate. This is consistent with previous reports; the typical value
for alkanethiols is 30°-35°,°* and the coexistence of regions with
a tilt angle of around 50° has also been reported.®® SAM quality was
further investigated by AFM topography. The roughness of the
measured samples was in the range of 1.2 to 2.1 A, which is
comparable with the roughness of a clean Au™ substrate (ca. 1.5
A), indicating that the contour of the molecular layer followed the
underlying gold surface.

O OW\/\/SAC PyrMOC8SAc

O SAC 9-AMOCBSAC

Fig. 1 Structures of the molecules investigated in this study. The acetyl protecting group cleaves in situ during assembly on Au surfaces.
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Electrical measurements

The electron transport properties of the SAMs were charac-
terised using cAFM (see Section S2.2 of the ESIT). The Au™ and
an AFM probe coated with a conductive layer were used as
source and drain respectively. dI/dV curves were obtained via
mathematic differentiation of IV curves collected at a constant
normal force of 2 nN shown to provide good electrical contact
but negligible compression of the molecular film.®” Histograms
shown in Fig. 2 represent dZ/dV at near 0 bias (10 mV), a region
which has been shown to exhibit the strongest dependence on
the quantum transport properties of the molecular junction.®®
Previous reports have shown that electrical transport in SAMs is
strongly dependent on the mechanically induced molecular
geometry of the probe-sample junction® arising from either
a change in the number of molecules in the junction or
a change in the tilt angle of the molecules relative to the
substrate.”””> The precise nature of possible mechanical
deformation of the SAMs reported here is beyond the scope of
this study. However, we have ensured consistent compression
of the SAMs by performing all measurements at the same low
applied force, as determined by equipment integrated thermal
calibration of the AFM probe and force curve calibrations of the
junction.

Both Pt and graphene® were used as the conductive coating
layer for the AFM probe. To estimate the number of molecules
present in each junction (Table S21), and hence the average
conductance per molecule in a given SAM, the contact area
between the Au™ and probe was estimated by the JRK’>”7* model
(as detailed in Section S2.2 of the ESI¥).

The resulting histograms of molecular conductance are
shown in Fig. 2a and b. The statistically most probable
conductance of each species is listed in Table 1. Fig. 2c¢ shows
the conductance decay of SAMs with benzyl head groups as
a function of the number of alkyl units in the molecular back-
bone in Au|SAM|Pt junctions. This follows the characteristic
relationship for conductance decay in molecular junctions: G «
e ** where G is molecular conductance, L is molecular length
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Table 1 The statistically most probable conductance values per
molecule from SAMs measured using Pt and graphene coated AFM
probes, derived from the histograms in Fig. 2a and b, and the ratio of
the most probable conductance values measured using the two
different probes

Molecule log(Gpe(S)) 10g(Ggraphene(S)) Ggraphene/Gpt
C8S —6.58 —6.31 1.86
MeOCS8S —7.81 —7.82 0.98
BnOCS8S —8.94 —8.62 2.09
9-AMOCS8S —8.89 —8.28 4.07
2-AMOCS8S —9.25 —9.13 1.32
PyrMOCS8S —10.29 —9.58 5.13

obtained from density functional theory (DFT) calculations, and
6 is the tunnelling decay constant of the molecular backbone.
For the Pt probe junctions, we measure 8 = 5.6 nm™*, slightly
below the typical range for alkanethiols and alkanedithiols in
metallic junctions (ca. 8-10 nm™").”>’® In comparison, for the
graphene probe junctions we measure 8 = 3.5 nm™ " (Fig. 2d)
which is consistent with recent studies that have shown that
metal|molecule|graphene junction architectures afford lower
B values than metal|molecule|metal junction architectures for
alkane derivatives including alkanedithiols.”®””

Transport calculations

Charge transport simulations of molecular junctions were
carried out using the SIESTA”® density functional theory (DFT)
code, combined with the Green's function transport code Gol-
lum™ (see Section S3 of ESIf). In the simulations, the thiol
terminal group is bound to a Au bottom electrode and the other
end of the molecule (usually an ether-linked head group) is in
contact with a top Au electrode. Further details are provided in
Section S3.1 of the ESI.f Where head groups are present, the
angle ¢ between the plane of the aromatic head group and the
plane of the top electrode must be considered. The following
discussion will use the formalism that § = 0° when these planes
are parallel and # = 90° when these planes are perpendicular.

C 16 deo
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Fig. 2 Experimental results for the electrical conductances of different SAMs. Conductance distribution of SAMs obtained using (a) a Pt coated
probe and (b) a graphene coated probe. The distribution of conductances versus the number of alkyl units, obtained using (c) a Pt coated probe
and (d) a graphene coated probe for molecules with a benzyl head group (average conductance is indicated by the yellow squares).
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Molecular dynamics simulations modelling a SAM of
BnOC8S showed that in the absence of a top graphene elec-
trode, the headgroups tend to be positioned in an upright
manner, with 6 close to 90° (Fig. S467). This is unsurprising as
this conformation would be expected to minimise steric clash
between neighbouring molecules. However, in the presence of
a graphene top contact, the distribution of angles is centred at
=~ 55° (Fig. S46%). This rearrangement implies a shorter
conductance pathway than would be expected for the fully
extended molecule, which is likely to result in increased
conductance. A more detailed discussion can be found in
Section S3.2 of the ESL.}

The MD simulations do not represent the distribution of
angles in the cAFM measurements described above, which will
depend upon additional factors, such as surface roughness and
molecular packing in the SAM. Due to the computational
expense of carrying out DFT simulations on large distributions
of angles, the two extremes of angle ¢ were studied for each
molecule. Fig. 3a shows the simulated transmission functions
T(E) for the molecular junctions in which the aromatic head
groups are approximately perpendicular to the top electrode (6
=~ 90°), while Fig. 3b shows the equivalent data for approxi-
mately parallel head groups ( = 0°). The electrical conduc-
tance of such junctions is approximately G = G,T(Ex), where Eg
is the Fermi energy and G, = 77 pS is the conductance
quantum.

Past comparisons between experiment and theory suggest
that Er typically lies near the middle of the HOMO-LUMO
gap,***** indicated by the shaded regions in Fig. 3. The trends
in T(Er) observed in Fig. 3a are in qualitative agreement with the
experimentally measured conductances. Starting from the
relatively high T(E) of the alkanethiol C8S, the addition of the
methoxy group causes the transmission function in the shaded
region to fall by around an order of magnitude. Fig. 3a shows
that for fully extended, near-perpendicular conformations (6 =
90°), T(Er) is lowered further by the addition of the aromatic
head groups, with the head groups which increase the molec-
ular length the most (PyrM, 2-AM) having the lowest

R
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transmission. Fig. 3b shows that when an aromatic head group
is present, near-parallel configurations (§ = 0°) are more
conductive than those in which the head group is perpendicular
to the Au lead. In the parallel configuration, the transmission of
all ether-functionalised species is similar in the HOMO-LUMO
gap. The implication is that in the experimental system it is
unlikely that the aromatic head groups lie perpendicular to the
top electrode surface. Rather, as supported by the MD simula-
tions discussed above, the head groups present in the experi-
mental junctions may display a distribution of angles between
the limits of parallel and perpendicular configurations. Real-
istic transmission curves are therefore expected to lie between
those shown in Fig. 3a and b. However, the intensive calcula-
tions required to afford such data are beyond the scope of the
present study.

Discussion

When considering the C8 alkyl chain series, two trends are
apparent in the experimental data as the number n of fused
rings in the aromatic head group changes. The first trend is that
the conductance tends to decrease as the size of the aromatic
head group increases. This result is seemingly in contrast to
previous studies. It has been reported that the electrical
conductance of planar aromatic molecules adsorbed on planar
electrodes increases with their size, when current flows
perpendicular to the plane of the molecules.*® Additionally, the
binding energy between an aromatic head group and a planar
electrode increases with the size of the head group.***> However,
these studies are concerned with aromatic systems that are
coplanar to the electrode surface. The MD simulations, the
agreement between experimental data and trends observed in
Fig. 3a, and SAM thickness analysis (Fig. S41 and S427) indicate
that in the present work the aromatic head groups are tilted
with respect to the probe. A consequence of this tilting is that
the current pathway is longer for species with larger head
groups. The observation that conductance falls with increasing
head group size (and therefore molecular length) supports the

| [——css

1 |——MeocCss

I 11 BnOC8S

L |[=——9-AMOC8S
i |[=—2-amOC8s
PyrMOC8S

v

N At

(ox
=
o
o
S
= |

=j=j
re=,
Al
1
¢

[y .
<
{

vlz‘i

N, “—

2 0 2 4
E-EFDFT (eV)

Fig. 3 DFT-based transmission functions for Aulmolecule|Au junctions. Where aromatic head groups are present (a) shows aromatic head
groups approximately perpendicular to the top Au lead (i.e., § = 90°, see inset) and (b) shows aromatic head groups approximately parallel to the

top Au lead (ie., # = 0°, see inset). EPFT

is the DFT-predicted Fermi energy. In practice, Ef

PFT may not coincide with the experimental value E,

which typically lies near the middle of the HOMO-LUMO gap, indicated by the shaded regions.
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presence of tilted aromatic units. In contrast, 9-AMOCS8S has
a similar (Pt probe) or lower (graphene probe) conductance than
BnOCS8S, despite its larger head group. In this case, the position
of the additional fused rings in the former system is such that
the effective length of the molecule remains similar to the latter.
The head group of 9-AMOCSS effectively becomes wider rather
than longer and a reduction in conductance is not observed.

The second trend is the increase in the ratio between the
conductance of Au|SAM|graphene junctions and the conduc-
tance of Au|SAM|Pt junctions (Table 1) as the number of fused
rings in the ether-linked head group, n, increases. For MeOC8S
(n = 0), BnOC8S (n = 1), 9-AMOCSS (n = 3) and PyrMOCS8S (n =
4), the ratio Ggraphene/Gpe is approximately equal to n + 1, indi-
cating that the larger aromatics are more optimised to graphene
contacts than Pt contacts. This observation can be attributed to
m-1 interactions,**® which are expected between aromatic
species and graphene but not Pt. The presence of - interac-
tions when a graphene electrode is used would favour a smaller
average value of # than for Pt, which the computational studies
above indicate would result in increased conductance. For
unsubstituted polyacenes adsorbed directly on graphene, the
calculated binding energy increases linearly with the number of
fused rings.** Therefore, in the present systems, the strength of
T—Tt interactions, and the concomitant reduction of ¢, would be
expected to increase as n increases. This accounts for the
observed trend in Ggraphene/Gpe- Additionally, the atomically
smooth graphene surface may accommodate conformational
changes in the SAM more readily than the sharper Pt probe.

Two of the studied molecules do not follow the observed
Ggraphene/Gpe = n + 1 pattern. C8S is shorter than the other
species and does not contain an ether linker, limiting its
possible conformations in a SAM. Therefore, it is not unrea-
sonable that C8S behaves differently to the other molecules. 2-
AMOCSS shows a much smaller Ggraphene/Gpy ratio (1.32) than
would be expected based on observations for the remainder of
the ether-linked series (Table 1). This may relate to the
connectivity of the anthracene unit in 2-AMOC8S where in
certain conformations the additional rings have a much larger
effect on molecular length versus BnOC8S in comparison to 9-
AMOCSS or PyrMOCSS. This geometric difference could impact
SAM packing and the energy barrier associated with deviating
from 6§ = 90° in the presence of a top electrode. It is possible
that related conformational effects are responsible for the
relatively poor fit of the conductance data for 2-AMOCSS to
a Gaussian curve in comparison to that of the other molecules
in Fig. 2a.

The above observations indicate that polycyclic aromatic
anchoring units have potential as graphene contacts in
Au|SAM|graphene molecular junctions. The model systems
studied in this work serve as a proof of concept and will inform
design strategies for future SAM based devices. In order to best
utilise the favourable interactions between aromatic species
and graphene, more complex molecular designs are necessary.
Achieving high molecular conductance will require consider-
ation of factors such as: (i) how best to include large aromatic
systems without significantly increasing molecular length; (ii)
how to minimise 6 while accounting for geometric

© 2023 The Author(s). Published by the Royal Society of Chemistry
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requirements at the Au electrode and the desirability of conju-
gated molecular backbones. To minimise 6, it may prove
important to reduce steric clash between neighbouring
aromatic head groups. Methods to achieve this could include
the use of large-footprint anchoring units*** on the gold
surface to increase head group spacing, or the use of mixed
monolayers containing functional species bearing aromatic
contact units alongside simple “spacer” molecules.?

Conclusions

The self-assembly and conductance properties of a series of
alkanethiol derivatives bearing ether-linked aromatic head
groups, and reference compounds, were investigated using AFM
imaging, QCM studies and cAFM experiments. DFT and MD
studies support the experimental observations. A sub-series of
species with increasing alkyl linker length were observed to
show an expected exponential conductance decay with
increasing molecular length, with a tunnelling decay constant
of 8 = 5.6 nm~ " in Au|SAM|Pt junctions and 8 = 3.5 nm ' in
Au|SAM|graphene junctions. Using both Pt and graphene top
electrodes, conductance was observed to decrease as the size of
the aromatic head group increased. This was attributed to an
increasing junction length caused by the head groups being
tilted with respect to the planar electrode, as larger head groups
have a greater impact on the length of an extended molecule.
The ratio of the conductances measured using graphene and Pt
top electrodes, Ggraphene/Gpt, generally increased with the
number of aromatic rings in the head group. As - interac-
tions are known to increase in strength for progressively larger
aromatic systems, this effect is attributed to an increasing
tendency towards coplanarity with the graphene electrode as
the size of the aromatic head group increases. These results
indicate the effectiveness of aromatic head groups as contacts
for graphene electrodes in asymmetric metal|SAM|graphene
molecular junctions. Furthermore, they highlight some impor-
tant considerations that must be made when designing opti-
mised molecules for such junctions. The geometry of the head
group is key; to maximise conductance it should lie near
parallel to the graphene electrode in a molecular junction and
have minimal impact on the length of the conductance
pathway. These observations contribute to the design of the
next generation of molecules for use in hybrid nanodevices.
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