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Antiaromaticity is a fundamental concept in chemistry, but the
study of molecular wires incorporating antiaromatic units is
limited. Despite initial predictions, very few studies show that
antiaromaticity has a beneficial effect on electron transport.
Dibenzo[a,elpentalene (DBP) is a stable structure that displays
appreciable antiaromaticity within the five-membered rings of
the pentalene core. We have investigated derivatives of DBP
furnished with pyridyl (Py) and F,-pyridyl (PyF,) anchor groups,
and compared the conductance with purely aromatic phenyl
and anthracene analogues. We find that the low-bias con-
ductance of DBP-Py is approximately 60% larger than that of

Introduction

One of the principle aims of molecular electronics is to relate
electron transport behaviour to chemical properties of mole-
cules, such as the degree of conjugation or the size of the
HOMO-LUMO gap. In this regard, different structure-property
studies have been performed, with many showing how trans-
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the anthracene analogue Anth-Py and 250% larger compared
to the phenyl derivative Ph-Py. This is due to a better alignment
of the LUMO with the gold Fermi level, which we confirm by
conductance-voltage spectroscopy where the conductance of
DBP-Py shows the greatest voltage-dependence. The F,-pyridyl
compounds, which have lower LUMO energies compared to the
pyridyl analogues, did not, however, form detectable molecular
junctions. The strongly electron-withdrawing fluorine atoms
reduce the donor capability of the nitrogen lone-pair to the
point where stable N—Au bonds no longer form.

port across molecular junctions depends strongly on the
molecular backbone. One clear example is the effect of
quantum interference (QI) on molecular conductance. Due to
the wave-nature of the transmitted electrons, conductance is
either enhanced or suppressed depending on the frontier
molecular orbital symmetries.” This can be quite precisely
controlled through manipulation of just single sites along the
backbone or the positioning of the anchor groups.*™ Moreover,
also the nature of the anchor groups, the electrode material as
well as the environment have all been shown to play a
significant role.”! For instance, the type of anchoring group is
known to affect the electrical conductance by modifying the
energy alignment of the frontier orbitals.*'”

Many molecular wires explored to date contain aromatic
and heteroaromatic rings, and some systematic studies have
linked the degree of aromaticity to the magnitude of the low-
bias conductance. In one of the first studies, Chen etal.,
observed that for a family of amine-terminated compounds, the
thiophene derivative had the lowest conductance, the furan
was slightly higher and the cyclopentadiene the highest."" As
thiophene is more aromatic than furan, and cyclopentadiene is
non-aromatic, the conductance is, thus, anticorrelated with
aromaticity. This behaviour was also found for a series of
compounds with tricyclic cores, although with some specific
exceptions."? Theoretical work by Borges et al. supports the
idea that aromaticity inhibits transport."® Rather importantly,
however, there are also systematic studies which have failed to
find any correlation between conductance and aromaticity,
such as the studies by Yang et al. and Miguel et al. into 5- and
6-membered heterocyclic compounds, respectively.*'
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With this slightly confused picture in mind, it makes sense
to explore molecular wires that contain 4n m-electron rings,
formally making them Hiickel antiaromatic, and to compare
them to 4n+2 aromatic analogues. One might expect the
behaviour of antiaromatic compounds to oppose that of
aromatic compounds, such that those displaying a higher
degree of antiaromaticity should generally have higher con-
ductances. This was indeed found by Fujii et al. who compared
a 16 m-electron nickel norcorrole (NiNc-SAc) with its 18 =n-
electron porphyrin (NiP-SAc) analogue."® The former displayed
a conductance approximately 20 times greater than the latter,
which was attributed to the antiaromaticity of norcorrole. Some
of this difference may be attributed to the slightly shorter
molecular length as to norcorrole has two fewer carbons within
its ring. In the junction, the rings of NiNc-SAc and NiP-SAc may
also adopt slightly different conformations, such as planar,
domed or ruffled geometries,"” that could also slightly affect
the conductance. The overall conclusion, however, is that the
antiaromaticity of NiNc-SAc dominates, leading to the increased
conductance. Conversely, Gantenbein et al. studied a series of
biphenylene derivatives, which contained a (much smaller) 4 n-
electron ring at the centre."® Compared to aromatic analogues
containing naphthalene, anthracene and fluorene units, the
biphenylene compounds were, in fact, slightly less conductive.
The authors concluded that the partially antiaromatic bonding
at the centre was too weak an effect to have a visible influence
on the charge transport.

We previously studied a DBP derivative using thioanisole
anchor groups with the molecular break-junction (BJ) technique
and compared its conductance with phenyl and anthracene
variants (DBP-SMe, Ph-SMe and Anth-SMe, respectively)."”
Both DBP-SMe and Anth-SMe had a higher conductance than
Ph-SMe, but the difference between the DBP and anthracene
compounds was close to the limits of resolution of the
technique. Theoretical simulations showed that the energetic
alignment of the frontier molecular orbital with respect to the
Fermi level controls the conductance ratio.”” Despite DBP-SMe
having the smallest HOMO-LUMO energy gap, unfavourable
energy level alignment in the junction resulted in a similar
conductance at the Fermi level compared to the anthracene
derivative. We hypothesised that if we could direct the
compounds to conduct predominantly via their unoccupied
states, a greater difference would be seen between DBP and
phenyl/anthracene. This is based on the fact that for DBP-SMe,
the LUMO is strongly coupled to the electrodes, and was
significantly lower in energy than the LUMOs of Ph-SMe and
Anth-SMe. We have previously shown that the DBP core
typically yields compounds with low-lying LUMO energy
levels.””

In this study, our goal was to direct transport through the
unoccupied levels and to assess the resulting dependence of
the conductance on the nature of the central group (aromatic
versus antiaromatic). To this end, we designed a family of
molecular wires containing phenyl (Ph) and anthracene (Anth)
(both aromatic) and dibenzo[a,elpentalene (DBP, antiaromatic)
cores, and terminated them with pyridyl anchor groups (Ph-Py,
Anth-Py and DBP-Py, respectively (upper panel, Figure 1).
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Figure 1. Structures of compounds under investigation in this study.

Pyridyls have been shown to give rise to LUMO-dominated
transport both theoretically and experimentally via the sign of
the measured Seebeck coefficients.”'?? In order to lower the
LUMO levels further, we also investigated the fluorinated
analogues Ph-PyF,, Anth-PyF, and DBP-PyF, (lower panel,
Figure 1).

Results and Discussion
Synthesis of Pyridyl and F,-Pyridyl Derivatives

The DBP derivatives were synthesized in a similar manner as
described before (Scheme 1, full details are shown in SI).'9*
Mesityl substituents were chosen to enhance solubility of the
DBP derivatives. Diol 1 was coupled in a Sonogashira-reaction
with the respective iodo- or bromopyridine derivative to furnish
2a and 2b. Due to the strongly electron-withdrawing character
of the pyridines, water elimination using pTsOH was not
successful, and trifluoroacetic anhydride at elevated temper-
ature had to be used to obtain DBP-Py and DBP-PyF, in
moderate yields of 41% and 26 %, respectively, over two steps.

The aromatic analogues Ph-Py and Anth-Py were obtained
in good yields of 75% and 73% from the
bis((trimethylsilyl)ethynyl) derivatives 3 and 4, respectively, by
deprotection of the alkynes using K,CO; followed by Sonoga-
shira-reaction with 4-iodo-pyridine. For the poorly soluble
fluorinated compounds purification was unsuccessful. Here,
another strategy developed by Alabugin et al. was used, which
involved an in situ deprotection of the TMS-groups and direct
nucleophilic attack of the formed acetylide on pentafluoropyr-
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Scheme 1. Synthesis of investigated compounds.

idine to obtain Ph-PyF, and Anth-PyF, in good yields of 59%
and 83%, respectively (for characterization as well as NICS-
calculations, see SI).2*

Break-Junction Measurements

The scanning tunneling microscope break-junction (STM-BJ)
technique was used to measure the single-molecule conduc-
tance of each compound using typical methodology under
ambient conditions and in the absence of solvent (full details
are given in the Supporting Information, Section 8). Starting
with Ph-Py, we found the conductance histogram peak position
(i.e. the average junction conductance) was strongly correlated
with the ratio of molecular junctions to empty junctions during
any particular period. Previously, we have shown this phenom-
enon likely arises due to the presence of multiple molecules in
or around the junction.* A detailed discussion of this
behaviour for Ph-Py is given in the Supporting Information,
Section 8.4. Based on this analysis, we concluded that the most
appropriate method to compare the conductances of all
compounds in this study as fairly as possible was to compare
the signal recorded during periods of low plateau percentages,
when the percentage is less than 50%. Furthermore, as it is
possible that multiple molecular junctions can still form under
such conditions, we separated plateau traces that contain a
clear jump down to the noise and back again, which we
previously termed “broken-plateaus” to distinguish them from
continuous plateaus. Broken plateau traces have the highest
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likelihood to be due to pure single-molecule junctions due to
the low probability multi-molecule junctions break and reattach
simultaneously.

Figure 2a shows the 1D conductance (G) histograms built
from the extracted broken-plateau traces recorded for Ph-Py,
Anth-Py and DBP-Py during low-percentage periods (for the
specific number of junctions recorded, see Table S3). Figure 2b
displays the corresponding 2D G-z histograms (where G is the
measured conductance in Siemens and G, is the quantum of
conductance through a single channel (G,=7.75x107° S) and z
is the distance). The maxima of Gaussian fits to each 1D
histogram are plotted in Figure 2c and tabulated in Table 1. It is
evident that the average conductance increases following the
general trend Gpnpy < Gpanpy < Gogepy (black squares). For
comparison, we also show the conductance data of the
previously reported thioanisole series (red circles, for structures
see Figure S1) which we have reprocessed to extract the
broken-plateau traces from low percentage periods to match
the data processing of the pyridyls. Despite their shorter
molecular lengths, for any given centre group the pyridyl
compounds conduct slightly worse than the thioanisoles, which
is in line with other studies comparing pyridyl and thioether
anchor groups.”? It is noteworthy that the relative conduc-
tance increase of DBP-Py over the phenyl and anthracene
analogues is slightly higher than in the thioanisole series, which
is suggestive of a slightly better energetic alignment between
the closest frontier molecular orbital of DBP-Py and the gold
Fermi level.

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

95U017 SUOWIWOD dA1TERID (et (dde sy Aq peusenob ae sajoiLie YO ‘8N JO Sajni Joy Aeiq1aUljUO A8]I/MW UO (SUONIPLOI-PUB-SWLBIW0Y" A3 1M ARed 1[eu1|Uo//:SAny) SUONIPUOD pue SWLB 1 341 89S " [7202/.0/S0] U0 Aeiq1Tauluo A3[IA ‘PLpPeN 9p BWIOUOINY PepsiBAIuN AG SE6004202 WeYd/Z00T OT/I0p/wod A3 1M Akeiq 1 jputjuo adoins-Ans iwey//:sdny wouy pepeojumod ‘0 ‘592ET2ST



Chemistry

Research Article Europe
doi.org/10.1002/chem.202400935

European Chemical
Societies Publishing

Chemistry—A European Journal

[

© 1.0 ——Ph-Py
E 0.8 Anth-Py
£ 06 —— DBP-Py
o
£ 04
£
E 0.2
z 0.0 . . : .
6 -5 -4 3 2 -1 0
log(G/G))
b
>
1
~ 3
€
) &
g 3
o
c
2
w
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
z (nm) z (nm) z (nm)
(o3
= Py ——Ph
-4.4{® SMe ° Anth
= ° ——DBP
© -4.6 o .
g 4.8
g . m
- L] .
5.0 -

0 A B
00 05 1.0 15 20 25
Length (nm)

Ph Anth DBP
Centre Group

Figure 2. a) 1D conductance histograms built from broken-plateau traces for
Ph-Py, Anth-Py and DBP-Py. b) Corresponding 2D histograms. c) 1D
histogram peak positions plotted against central group for pyridyl and
thioanisole anchor groups. d) Plateau-length histograms for pyridyl com-
pounds showing the distribution in plateau lengths measured from just after
the Au—Au junction breaks.

Table 1. Single molecule conductance and length data from STM-BJ
experiments plus optical band gap.

Molecule Measured Molecular Measured most-fre- Eg
conductance  X-X® dis- quent and maxi- (UV-
(log(G/Gy) @ tance mal? distance + vis)
(nm) 0.5 nm (eV)
[d]
Ph-Py —4.98 (0.52) 1.65 1.68 (2.14) 3.55
Anth-Py —4.89 (0.74) 1.65 1.60 (1.90) 2.57
DBP-Py —4.67 (0.69) 1.69 1.64 (2.14) 1.83
Ph-SMe —4.66 (0.64) 2.01 1.78 (—)* 3.25
Anth- —4.48 (0.88) 2.02 1.63 (2.11) 2.48
SMe
DBP- —4.40 (0.91) 2.04 1.77 217) 1.73
SMe

[a] Values in parentheses are the full-width at half-maxima. [b] X is either
N (Py) or S (SMe). [c] Values at which the fitted peak falls to 80% of its
maximum height. [d] Optical band gap from the onsets of the longest

wavelength absorption band. [e] Too little data for accurate measurement.

Figure 2d shows the plateau length distributions as meas-
ured for the pyridyl derivatives with no correction applied for
the electrode relaxation (so-called jump-out-of-contact, JOOC,
which is usually 0.5nm on average). The corrected most-
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frequent and maximal junction stretching distances are given in
Table 1 along with the calculated molecular lengths (see section
8.2 in the S| for details on how we measure the plateau
lengths). The optimised geometry of Ph-Py (calculated at the
PBEh-3c level) as well as Anth-Py yields an N—N-distance=
1.65nm, and an Au—Au distance=2.05 nm (calculated by
adding twice the radius of a gold atom plus twice the radius of
a nitrogen atom). We see that the maximum observed plateau
lengths correspond well to the Au—Au distance, which shows
the molecules can be fully-stretched within a junction.
Generally, within each anchor group family, junctions with
anthracene tend to be the shortest. In the case of the
thioanisoles, we previously suggested this is due a weaker Au—S
bond as a result of greater overall conjugation which reduces
the donating ability of the S lone pairs towards gold. Further
evidence of this conjugation-related effect was seen for a series
of fluorene compounds, in which various anchor groups were
connected either in either para or meta fashion. Para-coupling
gives rise to greater overall conjugation and, therefore, slightly
longer plateaus compared to meta. These results show that
conjugation slightly undermines mechanical stability.

Conductance Versus Voltage Behaviour

To assess the Fermi level-frontier energy level alignment in
junctions of DBP-Py, we carried out conductance versus voltage
(G-V) measurements for each compound using a wide voltage
range of +1.5V. A full description of the process is given in
Section 8.3 in the Sl. For this procedure, both continuous and
broken-plateaus were considered. We stress that such large
voltages are uncommon for molecular junctions, especially with
dative attachments, where junctions typically become unstable
and break down. We observed, however, that some junctions
survived long enough for one or two voltage ramps to be
completed. We therefore developed a selection procedure to
extract only the G-V curves in which the junction survives the
full duration of the ramp (i.e. from +1.5V to —1.5V). This
methodology favours the most-strongly bound molecules, and
the absolute measured conductance values tend to be higher
than at fixed-bias. In order to compare the change in relative
shape of the G-V traces, we normalised each individual G-V
curve to the same low-bias value. This allows us to compare the
relative change in conductance from low to high bias.

Figure 3a and b shows the averaged normalised log(G/G)-V
traces for Py and SMe anchor groups respectively. Clearly, the
conductance increases with voltage for all compounds, a
consequence of the Fermi level siting within the HOMO-LUMO
gap. Anth-SMe and DBP-SMe were previously measured over a
similar voltage range, but Ph-SMe was only measured between
+1.0V,'” and thus we repeated the measurement to extend
the bias window to +£1.5V. Generally, the increase in log(G/
Go)norm 15 small for the phenyl derivatives, increasing by Alog(G/
Go)norm ~0.25 between 0V and 1.5V for both anchor groups.
This is due to their wide HOMO-LUMO gaps (see Table 1),
where the Fermi level sits far from the closest molecular
resonance (&). The anthracene derivatives display a greater
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Figure 3. a) Normalised conductance versus voltage (log(G/Gy)-V) curves for
pyridyl and b) for thioanisole compounds measured between £1.5 V. c) and
d) Non-normalised log(G/G)-V 2D histograms for DBP-Py and DBP-SMe,
respectively. This allows the reader to see the measured conductance at a
given bias voltage.

increase where Alog(G/Gg)nom ~0.4-0.5 for both, due to their
lower HOMO-LUMO gaps. In the case of the DBP compounds, a
clear and intriguing difference is seen between the two types of
anchor group. Despite its lower HOMO-LUMO gap, the log(G/
Gg)norm-V curve of DBP-SMe is very similar to that of Anth-SMe,
which implies that when inside a molecular junction, the
difference between &, and the Fermi level is similar in both
junctions. The curve for Anth-Py is similar to that of Anth-SMe,
but interestingly, now Alog(G/Gg),om 0.8 for DBP-Py. This
means that at higher bias voltages, the conductance difference
between Anth-Py and DBP-Py grows. The significance is that
despite having similar HOMO-LUMO gaps, &, lies significantly
closer to the Fermi level for DBP-Py.

Figure 3c and d compares the (non-normalised) 2D log(G/
Gy)-V histograms for DBP-SMe and DBP-Py. The rapid increase
in conductance associated with approaching resonance is
clearly seen for DBP-Py just beyond +1.0V, but is absent for
DBP-SMe.””?® A consequence of the sharp increase in G is that
DBP-Py becomes slightly more conductive than DBP-SMe at
high bias. The bias voltage at which & comes into resonance
with the Fermi level (V,.,) can be estimated as

Vres = (EF'SO)/ne

Chem. Eur. J. 2024, e202400935 (5 of 8)

where 7 is the fraction of the bias voltage that drops between
the molecule and the contacts and e is the elementary charge.
If the left and right couplings of the molecule to the electrodes
are equal, 7=0.5."" Assuming a HOMO-LUMO gap of 2 eV for
both (based on our cyclic voltammetry (CV) study - see Table S2
in Section 7 of the Sl for all oxidation and reduction potentials)
V... would be 2.0 V if E; lies in the middle of the gap (i.e. E--&,=
1eV. This also assumes negligible change in the gap upon
binding to gold). For DBP-SMe, V.., must be greater than 1.5V
(i.e. outside the measured voltage range) due to the lack of any
sharp increase in G. This indeed implies that E; indeed sits very
close to the centre of the HOMO-LUMO gap. On the other
hand, for DBP-Py, V.., ~ 1.5V, which implies either the HOMO-
LUMO gap of DBP-Py is smaller compared to DBP-SMe in the
junction, or E; sits closer to one of the frontier levels. We do not
see an obvious reason the gap should change so much, so we
believe that the alignment is the main difference.

The CV-measured onsets of oxidation and reduction give an
estimation of the absolute positions of the HOMO and LUMO
levels before attachment to gold (Table S2 in Section 7 in the
Sl). The CV-derived LUMO positions of DBP-SMe and DBP-Py
are both significantly lower than the corresponding anthracene
compounds (—3.15eV for Anth-SMe/Py and —3.46eV and
—3.61 eV for DBP-SMe and DBP-Py respectively). The HOMOs
too become slightly more negative when anthracene is
exchanged for DBP. Overall, the observed behaviour is consis-
tent with LUMO-dominated transport in DBP-Py and fits with
previous studies on pyridyl-anchored compounds.?"

Transport Calculations

To corroborate these findings, we conducted transport calcu-
lations on Ph-Py, Anth-Py and DBP-Py using a combination of
density functional theory (DFT) and Green's function techniques
as described in Section 9 in the Sl and by Pauly et al®” and
Zotti et al®" Figure 4 (lower panel) shows the gap-corrected
transmission curves for the three compounds placed between
gold clusters in a top-binding position as depicted in the upper
panel of the same figure. Transport calculations for the
thioanisole series have been previously reported."”” We find
that transport takes place through the tail of the LUMO-derived
resonance for each compound. This resonance progressively
approaches the Fermi level from Ph-Py to Anth-Py to DBP-Py,
which follows the order in gas-phase LUMO energies (see
Table S2 for the experimentally-derived orbital energies and
Table S5 for the DFT calculated values). The trend in the
transmission at the Fermi level matches the experimental low-
bias conductances well and the results provides an explanation
for the much greater voltage-dependence of DBP-Py thanks to
the better LUMO-Fermi level alignment. We note that the
magnitude of the transmission at the Fermi level is also very
close to the experimentally determined low-bias conductance.
Interestingly, whilst the LUMO-derived resonance has a Loren-
zian line shape, the HOMO-derived resonance of DBP-Py is a
Fano resonance, which is indicative of a localised state.®*** The
gas-phase HOMO is localised mainly on the central DBP unit
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Figure 4. (Upper panel) Geometries of the junctions built for the transport
calculations of Ph-Py, Anth-Py and DBP-Py. (Lower panel) Transmission as a
function of energy for each compound.

whilst the LUMO is essentially delocalised over the entire
molecule (see Figure S44 in the SI). The HOMO — 1 is also spread
out over the entire molecule. The origin of the Fano resonance
seems to be due to interference between the HOMO-1 and the
long-axis of the localised HOMO, which sits perpendicular to
the main transport axis. Instead, in the case of Ph-Py and Anth-
Py, both HOMO and LUMO are fully extended, giving rise only
to Lorenzian line shapes.

The influence of the energetic position of the molecular
levels with respect to the Fermi level upon conductance has
been well-studied. The alignment is well-known to be strongly
influenced by the type of anchoring group.” On the other
hand, numerous studies, both at the single-molecule level and
on self-assembled monolayers, show that varying substituents
attached to the backbone of molecular wires, and hence
shifting the HOMO/LUMO energies, often has negligible effect
on conductance.”****! This has been attributed to the Fermi
level pinning effect which essentially restricts significant overlap
between a frontier orbital and the Fermi level.*® Here,
conversely, the difference in conductance between phenyl and
anthracene can be explained by the smaller gap of the latter,
which brings both HOMO and LUMO closer to the Fermi level.
In the case of DBP, as this group has more effect on the
energetic position of the LUMO, we only see the effect of the
lower gap upon transport when the anchor groups are pyridyl
and, hence, LUMO transport.

Fluorinated Compounds

Finally, we discuss the results of the F4-pyridyl-terminated
compounds. Our spectroscopic characterisation (Section 7, Sl)
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shows that fluorination of the pyridyl groups results in slightly
narrower HOMO-LUMO gaps and significantly lower-lying
LUMO levels. This should result in an enhanced molecular
conductance, particularly for DBP-PyF4. We attempted to
measure the freshly-prepared samples, however, on each trial,
we were unsuccessful in forming convincing molecular junc-
tions (see section 8.5 in the S| for analysis and further details).
This is despite a previous report on fluorinated dipyridyl
compounds, where junctions did seem to form.*” Here, we
propose that, analogous to the way anthracene reduces the
availability of the N lone pairs, the fluorine atoms deactivate
them to the point that stable molecular junctions can no longer
form. We computed the binding energy of the Py as well as the
PyF4 series in the junction. The total binding energies for the Py
compounds were similar and close to 1.4 eV (i.e. ~0.7 eV per
side) whilst those of the PyF4 compounds were between 0.7-
0.8 eV (~0.35eV per side). This corresponds to an average
reduction of about 50% in the binding strength of the
fluorinated compared to the pristine compounds, supporting
the experimental observations. The shorter compounds inves-
tigated by Velizhanin et al. will have less overall conjugation
than those here, which explains why they could still form
molecular junctions.

We conclude that F,-pyridyls are, therefore, generally not
good as anchor groups when attached to relatively highly-
conjugated backbones.

Comparison with other Aromatic and Antiaromatic
Compounds

We finally compare our conductance results with compounds
measured by other groups. Firstly, Ph-Py has been measured by
several groups, and to facilitate the comparison, we first discuss
the most-probable conductances for the histograms generated
using all the plateau-containing traces for both low and high-
percentage periods. A single Gaussian curve fit to the low
percentage histogram peak (Fig. S39a) gives a conductance of
log(G/Gy) =—4.91. The high percentage peak, on the other
hand, does not fit well to a single Gaussian and the
(approximate) centre of the peak is log(G/G,) = —4.35, which is
almost four times higher. The low-conductance onset of both
histograms is, however, very similar (ca. log(G/G,) = —5.5), which
shows that the multi-molecule junctions formed during the
high-percentage periods probably decay to a single-molecule
junction just before complete rupture. Grunder etal. deter-
mined the conductance of Ph-Py using the mechanically-
controllable break-junction technique with a reported value of
3.5x107° G, (log(G/G,) = —5.46) obtained as the position of the
peak maximum of the linear-scale histogram.*® This has been
shown to correlate with the low-conductance onset of the peak
in the log-scale histogram which, in our case, is in very good
agreement.®® Manrique etal. also measured the same com-
pound, reporting a conductance of (log(G/G,) =—4.5, i.e. at the
maximum of the log-histogram) with 100% junction-formation
probability. This is similar to the position of the peak in our
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high-percentage data, which suggests this measurement was
dominated by multi-molecule junctions.”

The conductance of DBP-Py is about a factor two lower
than DBP-SMe, despite its &, lying closer to the Fermi level, and
is essentially the same as Ph-SMe, despite this compound
having a much wider HOMO-LUMO gap. This demonstrates the
influence of the electronic coupling (normally represented as I')
which is clearly poorer for pyridine versus thioanisole. A simple
explanation of this is that the nitrogen-based lone pair in
pyridine are orthogonal to the aromatic n-system and thus act
more as mechanical linkers. Gantenbein at al. measured several
pyridyl-endcapped biphenylenes, which are mildly antiaromtic.
The 1,4 derivative (labelled compound 1 in their study) has a
similar N—N distance as DBP-Py and a comparable conductance
of log(G/G,) =—4.6, although in this study the plateau percen-
tages were not reported. The conductance of a derivative of
norcorrole attached with thiols (NiNc-SAc) was measured by
Fujii et al, who found a value of log(G/Gy) = —3.4, significantly
higher than DBP-Py. This increase can mainly be explained by
the thiol anchors, which are known to produce junctions with
low contact resistance (i.e. they have large I'). This is further
borne out by Ph-SAc, which also forms gold-thiolate bonds,
and has a log(G/G,) peak at —3.7,"" making it about one order
of magnitude more conductive than DBP-Py at low bias.

The main point of this study was not to produce the most
highly-conducting molecular junctions, rather to demonstrate
that antiaromatic units can boost single-molecule conductance
when paired with appropriate anchor groups. Our results show
that it is unlikely that distortions to the n-system as a result of
binding to the electrodes significantly affect the conductance
as proposed.”” This highlights the difficulty in drawing robust
comparisons with charge transfer studies and single-molecule
conductance experiments.*" Looking forward, other robust
LUMO-aligning anchor groups need to be explored that can
produce junctions with much lower contact resistance than
pyridyls. When paired with antiaromatic groups like DBP, we
expect such compounds will produce junctions of higher
conductance than their aromatic counterparts.

Conclusions

We have studied the single-molecule conductance of a family
of pyridyl-terminated compounds containing a central phenyl,
anthracene or dibenzopentalene (DBP) group. The phenyl and
anthracene derivatives are fully aromatic compounds, whereas
the DBP contains a central 8 m-electron antiaromatic subunit.
Antiaromaticity leads to a low-lying LUMO level in the DBP
compound resulting in the highest conductance and the
greatest conductance-voltage response. The behaviour is more
pronounced than in an analogous series using thioanisole
anchor groups which is due to the way the anchor group
affects the alignment of the molecular levels with respect to the
Fermi level. These results show that the enhancement of
molecular conductance due to antiaromaticity is anchor group-
dependent, and is controlled by the relative positions of the
frontier orbitals.
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Supporting Information

Detailed description of materials and methods, synthetic
procedures, chemical characterization, break junction method-
ology and details of the theoretical calculations are available in
the Supporting Information file. The authors have cited addi-
tional references within the Supporting Information.“2-®

Notes

The raw data that support the findings of this study, including
individual traces (G-z and /-V) for the STM experiments, are
freely available after acceptance of the manuscript at Zenodo
under the following DOI: 10.5281/zenodo.10600543.
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Dibenzopentalene paired with pyridyl
anchor groups is shown to conduct
better than aromatic analogues con-
taining phenyl or anthracene inside
single-molecule junctions. Compared
to thioanisole anchors, pyridyls
provide better molecular orbital level-

Fermi level alignment. The result is a
significant conductance-voltage
response especially for a sub-2 nm
long molecule. The conductance
increases nearly ten-fold overa 1.5V
range.
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