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Abstract

Open-shell materials bearing multiple spin centres hold the key to efficient charge transport in single-
molecule electronic devices. They have very narrow bandgaps, and their partially occupied molecular
orbitals align very efficiently to the Fermi level of the metallic electrodes of the single-molecule junction,
thus allowing transparent electronic transport and higher conductance. Maintaining and stabilising
multiple open-shell states, especially in contact with metallic electrodes is however very challenging,
generally requiring a continuous chemical or electrochemical potential to avoid self-immolation of the
open-shell character. To overcome this issue, we designed, synthesised, and measured the
conductance of a series of bis(indeno) fused acenes, having a diradicaloid structure in resonance with
a close-shell quinoidal conformation, providing steric protection with 3,5-dimethylthioanisole anchors to
the electrodes and electronic protection against oxidation with tris(isopropyl)ethynyl substituents at the
heart of the acene. We show here that these compounds have extremely anti-ohmic behaviour, with
conductance increasing with increasing length at an unprecedented rate, across the entire bias window
(£ 1.3 V). Density Functional Theory (DFT) calculations support our findings, showing the rapidly
narrowing bandgap unique to these diradicaloid structures is responsible for the observed behaviour.
Our results provide a framework for achieving efficient transport in neutral compounds and demonstrate
the promise that diradicaloid materials have in single-molecule electronics, owing to their great stability

and unique electronic structure.
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Introduction

Open-shell materials (radicals) hold immense promise in many applications. They have unique
magnetic and optoelectronic properties, which makes them ideal materials for organic spintronics? and
organic photonics? and spearhead the next generation of molecular devices.? In the field of molecular
electronics, organic radicals have been demonstrated to have enhanced charge transport efficiency*°
and Seebeck coefficient,6-8 thanks to their low-lying molecular orbitals being more efficiently aligned
with the Fermi level of the electrodes. Recently, it has been demonstrated that molecular wires bearing
multiple spin centres (e.g. diradicals) behave like one-dimensional analogues of topological insulators,®
granting long-range charge transport. Fabricating stable single-radical junction is however not trivial.
Most studies rely on an external chemical®® or electrochemical potential®-12 to keep the molecular wire
in its open-shell state, as self-immolation of the open-shell state!? by charge transfer to/from the metallic
electrodes is likely to occur at room temperature. In fact, while many open-shell molecular wires have
been reported having retention of their radical nature at low temperature even in the absence of an
external potential,141%> very few studies exist on the same happening at room temperature, and these
are limited to exceptionally stable structures bearing a single radical state such as Kuhn’s Verdazyls,*

CFs-stabilised Blatter radicals,® or fluorenyl species.6

Quinoidal polycyclic hydrocarbons are a uniquely tailorable source of open-shell materials.1’:18 In these
materials an open-shell, diradicaloid aromatic structure is in resonance with its close-shell quinoidal
counterpart. Depending on the degree of aromaticity and the number of m-sextets available the
diradicaloid character y can be tuned, with y = 1 representing pure diradical behaviour.'® Particularly
attractive in these materials is that the synthetic process is relatively mild, with only a late-stage
oxidation or reduction step delivering the reactive open-shell species, thereby allowing large freedom
in designing the synthetic pathway. Bench stability is generally imparted by steric protection, decorating
the edges of the polycyclic hydrocarbon with bulky t-butyl or mesityl substituents, thereby reducing the

chance of dimerization or decomposition.

In this contribution, we show that diradicaloid species base on the (di)indenoacene family can be used
to fabricate single-molecule junctions, showing outstanding properties. The diradicaloid character is
tuned by the size of the acenyl core, and the efficiency of charge transport across the molecular wires

increases as the molecule is made longer, resulting in a negative conductance attenuation . Most
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importantly, the negative B is consistent across the entire bias spectrum, as opposed to materials
characterised so far where negative values for 8 have only been observed at high bias voltages,?%-23
with generally rapid conductance decay with length at low biases. Driving our devices at V > 1V allow
us to achieve unprecedented values of beta in excess of —1 A=1. Furthermore, the fabricated devices
show highly nonlinear I — V characteristics, a desirable technological property for the development of
high-performance molecular circuits,?425 arising from transport resonance closely aligned to the Fermi

level of the electrodes enabling a resonant transport regime at relatively mild biases.

Results and Discussion

We focussed our efforts on the design of compounds R1-R3 (Figure 1a). In all three cases, we settled
on 3,5-dimethylthioanisole termini as contacts to the metallic electrodes, necessary to fabricate single-
molecule junctions (Figure 1b). The methyl groups twist the thioanisolyl rings out of the acene plane
and breaks conjugation into the electrodes, thereby providing to both steric protection against
dimerization and electronic protection against self-immolation upon junction fabrication. We also
provided electronic stabilisation against oxidation to R2 and R3 by adding triisopropylsylilethynyl
substituents on the naphthyl or antracenyl core. Reports in the literature highlight the greatly enhanced
stability of such compounds compared to the bare acene?®2” while also providing the steric bulk
necessary to direct the synthesis towards the desired isomer. We computed the diradicaloid character
vy using the Thermally Assisted Occupation (TAO) implementation of DFT28 to calculate the partial

occupancy of the frontier natural orbitals, and then applied the method originally developed by

NHONO ~MLUNO

Yamaguchi?® which gives y=1—§ where T = . While originally developed for

72
unrestricted Hartree-Fock calculations, TAO-DFT has been shown to perform exceptionally well for
such calculations in acenes.®® Our calculations predict an increase in the value of y from ~0.15
(indicating a weak diradicaloid character) for R1 to ~0.3 for R2 and ~0.5 for R3, in consistency with

literature on similar compounds.?6:31 The chosen compounds have therefore diradicaloid character

increasing with the [n]acene size.
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Julg's Aromaticity J
@

Figure 1: a) Structures of the molecular wires used in this study, in both their diradicaloid
conformation and the quinoidal resonance structure. For R2 and R3, R = tris(isopropyl)silylethynyl.
The value of y expressed is calculated with TAO-DFT (6 = 22), ULDA/6-31G* level of theory. b)
Depiction of a single molecule junction fabricated with R1. ¢) Julg’s aromaticity vs degree of
diradicaloid character y.

We then proceeded to the synthesis of the three target compounds. Key in all three cases was the
synthesis of the intermediate carbonyl compound, which was attained by series of Pd-catalysed Suzuki
cross-coupling reactions. In the case of R1, the bis(carboxylic acid) ester was cyclised to the
corresponding diketone with sulfuric acid and then treated with 4-lithio-3,5-dimethylthioanisole, followed
by dehydration with stannous chloride. In the case of R2 and R3, the carbonyl compound was reacted
with 4-lithio-3,5-dimethylthioanisole, cyclised with boron trifluoride etherate and then oxidised to the
quinoidal/diradicaloid target compound with DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone). All

compounds proved to be bench stable, and crystals suitable for X-ray diffraction studies could be grown
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by vapour diffusion of pentane into concentrated acetonitrile solutions. Detailed synthetic procedures,
characterisation and crystal structures can be found in the Sl. The degree of diradicaloid character is
clearly reflected in the crystal structures as an increase in Julg’s aromaticity parameter J of the central
arene/acene (benzene for R1, naphthalene for R2, anthracene for R3). The parameter can be

2
calculated from the crystal structures as | = 1 — %Z?:l (1 - d"/&) , where d,, is each individual C-C

bond length, and d is their mean value.32 The less aromatic a system is, the lower is J, and for benzene
(the archetypal purely aromatic system) J = 1. As a compound is more stable in its diradicaloid
electronic configuration, the central unit acquires a more aromatic structure and the deviation of bond
length from their mean value is reduced. Plotting Julg’s aromaticity / vs y indeed shows a linear
relationship (Figure 1c), highlighting the increasing destabilisation of the quinoidal resonance towards

the aromatic diradicaloid structure across R1-R3.

We then used the scanning tunnelling microscope — break junction (STMBJ) technique to fabricate and
characterise charge transport through single-molecule junctions fabricated with R1-R3. In this technique
the STM z piezoelectric transducer is used to drive a Au tip into a Au-on-mica substrate under constant
DC bias to fabricate a microcontact of conductance G > G,, where G, is the conductance of an atomic
point contact. The tip is then withdrawn at constant rate (10 nm s~ in this study) to thin down the contact
size to a single atom, having G = G,, and rupture it to yield a pair of atomically sharp nanoelectrodes.
The experiments are performed in the presence of the molecular wire of interest as a dilute solution in
mesitylene, so that the single-molecule junction can self-assemble in the freshly formed nanogap
through the formation of coordinative bonds between the aurophilic 3,5-dimethylthioanisole termini and
the apical undercoordinated Au atoms on the two nanoelectrodes. As the junction is in place, we
recorded the conductance vs electrode separation by continuing the withdrawal process until junction
breakoff, under constant bias. The process is repeated thousands of times, and the results are analysed
statistically in the form of histograms and density maps, to estimate the most probable conductance

value (as G/G,) and appreciate its distribution as a function of electrode separation.
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Figure 2: STMBJ Results. (a) Comparison of the single-molecule conductance histograms for R1-
R3. (b) 2D conductance — electrode separation density map for R1. (c) Conductance attenuation
plot for R1-R3 showing a negative g factor of -0.61 A~1. (d) 2D conductance — electrode separation
density map for R2. (e) Correlation between single-molecule conductance and degree of
diradicaloid character y for R1-R3. (f) 2D conductance — electrode separation density map for R3.
All STMBJ data acquired at 600 mV source-drain bias. All statistical plots compiled with 100 bins
per conductance decade and 100 bins per nanometre. All experiments performed in freeze-pump-
thawed mesitylene, with R1-R3 at 1 mM concentration. No further effort were made at excluding
oxygen from the STM liquid cell.

The results of our STMBJ investigations are reported in Figure 2. A continuous increase in conductance
can be observed across the R1-R3 series (Figure 2a), and the 2D density maps (Figure 2b,d,e) show
that junctions can be stretched to increasing length, well commensurate with the S-S length of the
corresponding molecular wire. Within the Landauer formalism based on a coherent tunnelling
mechanism, the conductance G is expected to follow a logarithmic decay with conductance G = Ae~Pt,
where the pre-exponential factor A is dependent on the chemical nature of the oligomeric series and L
is the width of the tunnelling barrier. In our case, using the S-S distance determined by single-crystal
X-Ray Diffraction (XRD) as L, we obtain a negative value of f = —0.61 A", amongst the highest
reported for single-molecule junctions at similar bias voltages. As first approximation, the negative

conductance attenuation with length series can be rationalised through the increase in diradicaloid
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character across the R1-R3 series inferred from the TAO-DFT calculations discussed earlier. Plotting
the single-molecule conductance vs the degree of diradicaloid character y returns an almost perfect
semilogarithmic correlation, thereby suggesting that the degree of open-shell character is key in giving

these materials their outstanding properties.

Performing measurements on R3 at a lower source-drain bias, however, resulted in a lower
conductance: Gaussian fits of the histogram peak are 10~*7G, at 200 mV and 10~%2 G, at 600 mV (see
S| for conductance histograms and 2D density maps). This large difference in conductance over a
relatively mild increase in voltage suggest strong deviation from the low-bias Ohmic behaviour generally
observed in molecular wires, which is a signature of resonant transport through a molecular orbital close
in energy to the Fermi level of the electrodes.3?® Open-shell species, with their molecular orbitals being
much better aligned to the Fermi level of the electrodes, are indeed ideal platforms for the study of
these phenomena, and we have already reported evidence of nonlinear behaviour in a 6-oxoverdazyl
derivative bearing a single spin centre.* We therefore acquired single-molecule I — V characteristics of
the junctions fabricated with R1-R3, using a modified STMBJ procedure. In this case, after formation of
the metallic microcontact, the tip is withdrawn in a stepwise manner, with steps of height commensurate
to the size of the junction evaluated in the corresponding 2D density map. Between steps, the source-
drain bias is held at a constant value for 25 ms, then stepped and ramped between +1.3 V over a period
of 50 ms, and finally held constant again for further 25 ms. Data is then sliced and processed using the

automated algorithms described in our previous publications where we used this technique.*34
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Figure 3: Single-molecule I — V measurements. (a-c) I — V density map for R1-R3. (d) Comparison
between the Gaussian fittings of the I — V density maps for the R1-R3 series. The dashed lines
correspond to the linear fitting of the low-bias regime (£100 mV). (e-f) G — V density maps for R1-
R3. (h) Conductance attenuation rate g vs bias V plot. All density maps compiled with 100 bins per
decade and 100 bins per V. Data compiled from datasets consisting of 8672 (R1), 8454 (R2), and
10260 (R3) traces. The sharp feature at V = 0 in the G — V curves is an artifact of our preamplifier
due to low-bias currents being below the sensitivity of our instrumentation (bottom limit ~20 pA).

The results of our I — V investigations are reported in Figure 3. The behaviour observed in the static
STMBJ measurements is found across the entire bias window, with current I consistently in the order
Izs > I, > I, at each value of source-drain voltage. Gaussian fitting of individual vertical slices of the
2D maps (Figure 3a-c) enabled us to plot the comparison in Figure 3d. The low bias regime (£ 100 mV)
was fitted to a linear Ohmic behaviour (dashed lines) to appreciate the increasing nonlinearity of these
system and estimate the zero-bias value f, = —0.54 A='. Deviation from an Ohmic behaviour is
observed at ~0.5 V for R1, ~0.3 V for R2 and 0.1 V for R3, suggesting that a transport resonance
becomes more closely aligned with the Fermi level of the electrodes as the bis(indeno)acene is made
longer and its diradicaloid character y increases. This deviation from linear Ohmic behaviour is
particularly evident in the ¢ —V maps (Figure 3e-g) which were used to calculate the dependence of
the conductance attenuation factor f on source-drain bias. As can be observed in Figure 3h, the low-

bias 8 of approximately —0.6 A~* increases to a remarkably high value of —1.2 A~ at 1.2 V bias.

To study quantum transport through the diradicaloids R1-R3, the ground state geometry was found
using the SIESTA?3 implementation of Density Functional Theory (DFT). The frontier orbitals for each

spin component of R1-R3 were then calculated and plotted to identify spin-states and frontier orbital
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patterns (more details in section 5 of the Sl). Our results show identical spin-component orbital patterns
and energy levels for R1-R3, with the wavefunctions delocalised over the entire polycyclic molecular
backbone. The energy levels of the ground states of R1-R3 configurations show a gradual narrowing
of the HOMO-LUMO gap from 1.10 eV in R1 by approximately 0.3 eV to a gap of 0.83 eV in R2, and
even further to a gap of 0.62 eV in R3. It should be noted here that for R2 and R3 we performed our
calculations with trimethylsilyl as acetylide termini rather than the experimentally synthesised
tris(isopropyl)silyl derivatives to achieve higher computational efficiency. Given the low wavefunction
density around the silyl units, this change is not expected to influence the behaviour of shifting energy
levels. The ground state geometry used for orbital calculations gave us the baseline for attaching two
pristine gold electrodes to SMe anchors of R1-R3 and calculate the transmission probability T(E) of
electrons with energy E traversing from one electrode to the other using scattering theory.3¢ Example
scattering regions for R2 and R3 are shown in Figure 4a. Given the singlet ground state spin
configuration of these material, all orbital spin-components show no polarization with the same ground
state geometry, and the non-polarized DFT mean field Hamiltonian of each junction was combined with

the transport code GOLLUM?" to calculate T(E).
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Figure 4: DFT Calculations. a) DFT-optimised configurations of R2 and R3 coordinated to the Au
electrodes. b) Transmission coefficients T (E) for R1-R3. c) Room-temperature conductance as a
function of the DFT Fermi energy. d) Room-temperature conductance as a function of the DFT
molecular length at likely Fermi energy ranges (divided evenly into 20 points between -0.4 eV and
-0.2 eV). The energy that gives the closest agreement with the experimental data is highlighted in
blue.
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T(E) results show a clear pinning of the DFT Fermi energy to the LUMO due to the choice of methyl
thioether anchors (Figure 4b). With the LUMO pinned to Er, the HOMO resonances for R1-R3 shift to
higher energies giving higher transmission for a wide energy range within the bandgap. Taking values
at any position within the gap for R3 (that has the smallest gap) shows an increase in T(E) from R1 to
R3 and hence a negative beta factor. The change in bandgap width is larger between R1/R2 compared
to R2/R3 in the orbital calculations (see section 5 of the Sl), and this pattern is also reflected in our
transmission curves. The rapid shrinking of the bandgap overcomes the natural tendency of molecular
wire to display attenuated conductance with length,38 leading to the observed increase of T(E). To
demonstrate the effect of molecular length on electrical conductance, the room temperature
conductance values for R1-R3 were also calculated (Figure 4c). Measurements of S-S length using the
ground state geometry was found be 16.5 A, 17.3 & and 18.3 & for R1-R3 respectively, in agreement
with the lengths measured in the single-crystal XRD structure and the experimental STMBJ breakoff
distances (see Figure 2). Using the calculated molecular length and conductance values, we plot the
length dependence conductance for various Fermi energies within the HL gap (in the range -0.4 eV to
-0.1 eV, see Figure 4d). The estimated ranges from g = —0.88 A=1 for E, — 0.4 eV to f = —0.46 A1 for
Er = —0.1 eV. The best agreement with the zero-bias experimental value of § = —0.54 A~ is obtained

at Ep = —0.22 V.

Conclusions

We demonstrated here that bis(indeno)acenes are a promising new scaffold in single-molecule
electronics, allowing long-range efficient charge transport in single-molecule junctions. We synthesised
three derivatives of increasing length, having indenofluorene (R1), fluorenofluorene (R2) and
bis(indeno)anthracene (R3) structures. Single-molecule conductance was then measured using the
STMBJ technique, and our results show increasing conductance with increasing length, with a clearly
non-ohmic behaviour associated with a negative conductance attenuation factor g = —0.6 A=* at low
bias. Single-molecule conductance appeared to be bias-dependent, and we therefore measured the
single-molecule I — V characteristics of these molecular wires, in the + 1.3 V bias window. Deviation
from a low-bias ohmic behaviour was observed at decreasing bias, resulting in a bias-dependent
attenuation factor reaching an unprecedented —1.2A~! at 1.2V bias. In stark contrast with other

systems that have been described in the literature having negative values of g, such as porphyrin
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tapes?® or cumulenes,?? in this family of molecular wires the attenuation factor maintains its negative
sign throughout the entire bias window of interest, with an extrapolated zero-bias value of g =
—0.54 A1, These outstanding properties arise from their open-shell character, that creates a bandgap
of decreasing size as the bis(indeno)acene is made longer, contributing to more efficient mid-bandgap
transport. Most important, the open-shell state is inherent to the structure of the molecular wire, and it
is not dependent on an external chemical or electrochemical potential to remain stable within the bias
window of interest. These results show the promise that diradicaloid systems have in electronic

applications, owing to their greatly tuneable bandgap and diradicaloid characters.

Methods

All synthetic procedures, details about the STMBJ technigue and the instrumentation used in this study,
and parameters for the DFT calculations, along with further extended data can be found in the

Supplementary Information.
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