Long-Lived Charged States of Single Porphyrin-Tape Junctions
Under Ambient Conditions
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The ability to control the charge state of individual molecules
wired in two-terminal single-molecule junctions is a key challenge
in molecular electronics, particularly in relation to the
development of molecular memory and other computational
componentry. Here we demonstrate that single porphyrin
molecular junctions can be reversibly charged and discharged at
elevated biases under ambient conditions due to the presence of a
localised molecular eigenstate close to the Fermi edge of the
electrodes. In particular, we can observe long-lived charge-states
with lifetimes upwards of 1-10 seconds after returning to low bias
and large changes in conductance, in excess of 100-fold at low
bias. Our theoretical analysis finds charge-state lifetimes within
the same time range as the experiments. The ambient operation
demonstrates that special conditions such as low temperatures or
ultra-high vacuum are not essential to observe hysteresis and
stable charged molecular junctions.

Introduction

Porphyrins and their oligomers represent one of the most
studied classes of molecular wires in single-molecule
electronics. In such studies (oligo)-porphyrins are trapped
between a pair of electrode contacts, typically gold, and their
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electrical properties are recorded by monitoring current flow
through the junction at fixed bias voltage or by sweeping the
bias to record /-V traces. For these measurements anchoring
groups are required at each end, such as thiol=3 or pyridyl*
moieties, although a broad series of other contacting groups
have also been explored.> Techniques typically used to wire
individual molecules are the STM break junction method (STM-
BJ),® mechanically controllable break junctions (MCBJ)”8 or a
non-contact variant of the STM-BJ method called the /(s)
technique.®1 All techniques are capable of forming junctions
down to the single molecule level and all require that large
datasets are recorded and statistically analysed. In addition,
longer polymeric porphyrin strands and bundles have been
analysed within micro/nano fabricated devices.11.12

Single-molecule electrical studies of (oligo)-porphyrin
molecular wires have revealed their rich and attractive
electrical properties. For example, they have been shown as
efficient conduits of electrical charge at both shorter and
longer lengths, and are found to conduct by phase-coherent
tunnelling up to lengths of at least 5 nm at low and moderate
bias voltages.*#'315> Low conductance-attenuation with length
(represented by the so called 8-value) has been observed in
both the butadiyne-linked? and ethyne-linked®® series of
monomer, dimer and trimer porphyrin wires. More recently,
the bias voltage dependence of such B8-values has been
analysed in detail.* For the butadiyne-linked compounds, the
low-bias B8-value of 2 nm- reduced to less than 1 nm-tat 0.9 V.
Furthermore, in the same study it was found that 6 can
become negative at higher bias for the fused oligomers, even
within a phase coherent tunnelling regime. In other words,
molecular wires can exhibit increasing conductance with
length, a feature that contrasts with both metallic chains and
ohmic conductors and has not been previously observed for
other single-molecular bridges. Porphyrin monomers and
oligomers have featured in a host of other single-molecule
electrical studies. This includes studies of the influence of
inter-ring connectivity on the oligo-
porphyrins,’®  the effect of pendant anchoring group
positioning with respect to a porphyrin monomer,1718
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mechanically induced atropisomerisation,’® the influence of
binding geometry,’®21 two-state switching arising from
conformational changes,?2 the effect of changing the
coordinating metal,?3 bias-modulated hybridisation (depending
on the backbone)?* and highly conductive junctions through
coordination at the axial metal centres.?®

Oligo-porphyrins have rich and tuneable electronic and
redox properties,?® which have been exploited in molecular
dyads,?28 with potential applications including dye-sensitised
solar cells and photocatalysis.?? Extensive investigations have
the photochemical/photophysical
properties of porphyrin-containing dyads. These have shown,
for example, enhancements of the photocurrent generation
using longer porphyrin oligomers and the ability to form long-
lived charge-separated states with high quantum yields.3931 On
the other hand, the redox properties and charging of
porphyrin wires have barely been exploited in direct single-
molecule electrical platforms. An exception here is the study of
porphyrin/fullerene single-molecule wires by the Lindsay
group, where photo-induced redox-charging of a porphyrin
following intra-molecular charge transfer to a fullerene
acceptor implicated in the appearance of high-
conductance and long-lived excited states observed in STM-
BJs.32 Given the status of oligo-porphyrins as archetypical
single-molecule wires and their documented redox properties

been undertaken for
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they are good candidates for fundamental investigations of the
influence of charging phenomena on molecular conductance.

Although switching between redox states of molecular
can be achieved under electrochemical
in solid-state gated 3-terminal

junctions,3*37 it is also recognised that charging can be induced

wires potential

control,®33 or molecular
by the bias voltage in 2-terminal molecular junctions. In this
latter case charging phenomena can lead to pronounced
nonlinear current-bias voltage characteristics accompanied by
marked hysteresis.3® Examples of such behaviour have been
found in several organometallic compounds3®*? and 1,3-
azulene derivatives.3843 Such studies were performed at low
temperatures (50 K) under ultra-high vacuum (UHV) in MCBJ
configurations with gold electrodes. Bias voltage sweeping led
to voltage-induced charging of localised molecular orbitals
(MOs) which are weakly coupled to the enclosing electrodes.
This creates a charge-hopping channel (so called “slow
channel”) alongside a “fast” coherent one which is usually
associated with a fully delocalised frontier molecular orbital.
The slow channel is only activated at appropriately high bias
voltages and has the ability to alter the alignment between the
strongly coupled molecular states and the Fermi level in the
electrodes. This dual channel mechanism accounts for both
the conductance boost and switching, as well as hysteresis in
the forward and reverse -V curves. The appearance and
relative longevity of the hysteresis during bias voltage sweeps
is explained by the weak coupling of the particular MOs. A first
theoretical model for the described mechanism was proposed
by Migliore and Nitzan, who applied a combination of Marcus
and Landauer-Buttiker theory, describing electron transfer
rates in the slow channel and resonant tunnelling in the fast
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channel, respectively.3® Charging was also discussed as a factor
in the conductance of thiophenedioxide when subjected to a
high bias voltage leading here to negative differential
resistance (NDR).%

Despite the fact that bias-voltage charging phenomena
have been characterised in two-terminal single-molecule
junctions at ultra-low temperatures in UHV, it remains far from
clear whether such charging could be achieved with sufficient
longevity in single-molecule junctions under ambient
conditions. Demonstrating and exploiting this hysteresis in
two-terminal single-molecule junctions will have important
implications for molecular electronics. First, future devices
operating under ambient conditions would have greater
potential applications than low temperatures ones. Second,
two-terminal molecular devices would be more achievable
than gated 3-terminal ones. Third, hysteretic /-V behaviour and
long-lived charged junction states might offer future
inspiration for memristor architectures or
molecular memories.*>*® Nevertheless, although such future
devices seem distant, STM break junction studies provide a
strong platform for fundamental investigations of room-
temperature conduction mechanisms in oligo-porphyrins and
the impact of bias voltage-induced charging phenomena. From
the perspective of obtaining charged states, fused-porphyrin
tapes represent ideal candidates thanks to their ultra-low
HOMO-LUMO gaps and the fact they can be synthesised with
groups that provide weak to moderate coupling, as is the case
with the phenylacetylene units used here. This forms the basis
for this study in which we will show that edge-fused
porphyrins can be made to switch between a low (uncharged)
and high (charged) conductance state and remain in this high
state for seconds at room temperature. Our theoretical
treatment finds similarly long-lived charge states which last on
average for 4-6 seconds.

redox based

Results and Discussion

Figure 1 shows the structures of compounds P1 (monomer),
fP2 and fP3 (fused porphyrin dimer and trimer, respectively)

fP2 (N=2), fP3 (N=3)

Figure 1. Structures of the compounds investigated. P1 (monomer), fP2 (fused-
porphyrin dimer) and fP3 (fused-porphyrin trimer). Rt = OCgH,7, R? = Si(CgH13)3.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. a) Mean log(G/Gy)-V traces for fP3 using different bias voltage windows. b-d)
2D histograms of the log(G/Go)-V behavior for individual junctions for the bias range +
1.0 V. All G-V curves recorded in each junction are represented by the 2D histograms.
The solid black lines are the mean conductance curves. Corresponding G-z traces are
shown in Figure S13. Panel b) shows mean log(G/Gy)-V traces with a characteristic ‘U’-
shape, while c) shows mean traces with a ‘V’-shape. d) shows a junction which switches
between ‘U’-shaped and much flatter traces, indicative of molecular charging.

which were synthesised as described previously.’* Such
compounds have obvious parallels with graphene nanoribbons
(GNR).#” The electrochemical and optical HOMO-LUMO gap
decreases substantially along the series (reaching less than 1
eV for the trimer). The thiophenylacetylene linker groups
provide a relatively weak coupling of the central porphyrin unit
to the electrodes while the presence of bulky side groups
prevents significant aggregation and supresses potential Au-mt
interactions. In this work, we focus primarily on the fused
trimer fP3, which has the lowest HOMO-LUMO gap of the
three, and also the P1 which primarily serves as a
comparison/control. The results for fP2 are given in the
electronic supplementary information (ESI).

The voltage-dependent transport behaviour of single
porphyrin junctions was studied using a home-built scanning
tunnelling microscope (STM), employing the break-junction
(BJ) technique operating under ambient conditions. Full details
of the procedure can be found in the ESI Section 1. Briefly, the
STM tip is driven in and out of contact with the surface, during
which time the current is recorded as a function of z-piezo
movement. When a molecule becomes trapped, producing
characteristic current-distance plateaus (see ESI Section 1.4 for
examples), we pause the piezo motion at regular intervals and
carry out bias sweeps to record current-voltage (/-V) traces,
which are plotted as log(G/Go)-V, where G = I/V and Gy = 77.5
US. The voltage is first ramped to the maximum positive value,
from where we perform an ‘out and back’ bias sweep during
each piezo pause, starting and ending the ramp at the
maximum positive voltage (+V to -V, coloured black and -V to
+V, coloured red; for examples see S| Section 1.4). After each
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Figure 2. Percentage of G-V traces with ‘U’ and ‘non-U’ shapes within the various
voltage ranges studied for fP3. There is an uncertainty of a few percent for each range.
‘U-shaped traces are associated with the neutral state of the molecule. Non-‘U’-
shaped traces are associated with the molecular charging. The total number of G-V
traces recorded at each voltage were: 12673 (+ 0.8 V), 7084 (+ 1.0 V) and 6567 (+ 1.2
V).

out and back sweep, the piezo is moved to the next position,
and the process repeated until the junction breaks down.
Between /-V measurements the current is recorded at a bias of
0.2 V in order to obtain full information about the junction
during the stretching and construct a complete G-z trace.
Stretching the junction allows us to explore different coupling
strengths of the molecule to the electrodes, which is important
as the charge-state lifetime is dependent on this parameter.

Charging the Molecule

In the following we will show that increasing the upper
limit of the bias voltage sweep changes the average shape of
the G-V curves. Figure 2a shows the mean log(G/Go)-V curves
for fP3 measured by either ramping the voltage between * 0.8
V (black line), £ 1.0 V (red line) or + 1.2 V (blue line). The speed
of retraction in this series of experiments was 2.6 nm/s and
the voltage ramp was performed at a rate of 0.7 V/s. When the
voltage is restricted to + 0.8 V, the average shape of the
log(G/Go)-V curves generally resembles an ‘open-U’. Increasing
the voltage window does not, however, simply extend the
same mean log(G/Go)-V curve further. Instead, opening the
bias range to + 1.0 V results in a change to the mean curve,
which now appears more ‘V-shaped’, particularly at low bias
(see Figure Sic for individual examples). The mean shape
changes further still when extending the range to £+ 1.2 V,
becoming more of an ‘open-V’ (see Figure S1d for individual
examples). For some junctions, the mean G-V curve is a good
representation of the shape of the individual traces, such as in
Figure 2 b and ¢, where the black line is the mean log(G/Go)-V
curve for all the individual traces recorded on a single junction,
which is superimposed on the 2D histogram of all traces. On
the other hand, in some junctions, the shape of individual
traces can vary significantly. Figure 2d shows such an example
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Figure 4. Example of the charging and discharging of a single fP3 molecule junction. (a)
Full conductance plateau. The inset shows a zoom of the region where the junction
first becomes charged. (b) G-V curves recorded before charging occurs (recorded
during the orange highlighted section in the inset to (a). The black trace (starting at +
1.0 V) precedes the red trace. Arrows indicate the corresponding voltage-sweep
direction. (c-d) G-V curves recorded during the red highlighted section in the inset of
(a) The maximum time the molecule remains in the high conductance charged state is
0.7 s between (c) and (d). The zero-bias high-low conductance ratio is about a factor
50.

in which both ‘U’-shaped and much flatter traces are present.
In this case, the mean trace is not a good representation of any
of the individual traces. In other examples, traces can display a
steep rise followed by a levelling-off above a certain voltage
(see Figure S1b). When this happens, it indicates that one of
the molecular levels has become aligned with the Fermi
level.#84% Others show only a steep rise (Figure Sla). Further
examples of the individual generic shapes we find are shown in
Figure S1.

The change in the average curve suggests a change in
transport mechanism at higher bias voltage. It is clear,
however, from Figure 2d that looking at averaged traces hides
important information about junction behaviour. The average
trace here (black line) is not truly representative of any of the
individual traces in this junction (represented by the 2D-plot of
the data).

To understand this behaviour in more detail we carried
out an unsupervised k-means clustering subdivision of the G-V
traces (for details please see reference 50). Such
methodologies have been applied recently in single molecule
conductance studies to separate G-z traces.?%-32 A priori, it is
unclear how many blind subdivisions to request. From the
mean G-V traces shown in Figure 2a it seems clear that as the
bias voltage window is increased the percentage of ‘U’-shaped
traces diminishes. As such, we can divide the traces into two
groups, those with predominantly ‘U’-shape and those with
other shapes. A visual inspection of the data, however, shows
that the absolute shape of individual traces can vary
significantly. To carry out the division, therefore, we initially
divided traces into as many groups as necessary such that the
general shape in each group is similar. We then combined all
groups of predominantly ‘U’-shape into a single group, and
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combined the rest into a further group (Figure S15). The
percentage of each group for each voltage window are
represented in Figure 3 using a bar chart. Here we see that the
ratio of ‘U’-shaped traces to other shapes is initially high when
the bias voltage window is + 0.8 V, but steadily decreases as
the window is expanded. At + 1.2 V, there are virtually no
clearly ‘U’-shaped traces. A visual inspection of the individual
traces at + 1.2 V shows that there are a handful of ‘U’-shaped
traces, but not enough to result in a distinct group during the
clustering process.

We carried out the same clustering analysis for the
monomer P1 which showed far fewer non-‘U’-shaped curves
when exploring the same + 1.2 V range. To be precise, out of
over 6000 G-V curves recorded on P1, we found only about 1%
could be described as non-‘U’-shaped (see Figures S22). In
general, the G-V traces are much flatter than for fP3, tending
not to level-off at high voltage, and the vast majority do not
show any hysteresis (see Figures S2-5 for examples). The
behaviour described for fP3 is therefore very different in
comparison to P1.

The behaviour of the mean G-V traces for fP3 combined
with the clustering analysis suggests that the Fermi level
alignment of the molecular tunnelling channels might be
significantly altered when exploring higher bias voltages for
this molecule. To gain further insight, we now focus on the
behaviour of individual junctions which exemplify the G-V
behaviour. Figure 4a shows a single molecule junction of fP3 in
which G-V curves were recorded between + 1.0 V along its
entire stretching length as the tip is moved away from the
substrate. Initially, the G-V curves can be described as ‘U’-
shaped but with some levelling at high bias, and fully
reversible (Figure 4b, recorded at a distance as shown by the
orange highlighted region in the inset to Figure 4a
corresponding to a real electrode gap of 1.3-1.4 nm allowing
for the initial jump-out-of-contact or “snapback”). This shape is
indicative of off-resonant transport at low-bias. A sudden
change is seen, however, in the subsequent curves (Figure 4c)
obtained at slightly larger z-extension in the red highlighted
region in the inset of Figure 4a. The reversible behaviour is
lost, and the traces start to behave differently. As seen in
Figure 4c, when the bias is swept from 0 V to -1 V (black trace),
the conductance initially increases in a manner similar to
before, but jumps to a higher level at about -0.6 V, continuing
to rise only slightly thereafter. In the return (red) trace, the
conductance initially follows the previous (black) trace, but
rather than decreasing to below log(G/Go) = -4, it remains
above log(G/Go) = -3 for the entire return sweep. In the
following bias sweeps (Figure 4d) the conductance switches
back and forth between the high and low states. The junction
continues with this switching behaviour as it is stretched
further (G-V curves not shown here) until rupture at circa 2.2
nm in Figure 4a (2.6 — 2.8 nm real electrode separation, which
is about 1 nm less than the full molecular length). In this
particular junction, the longest time the molecule remained in
the high conductance state was 0.7 s from panel (c) to (d), with
a high:low conductance ratio of about a factor 50 around zero-
bias. This behaviour is consistent with that described by

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Data illustrating charging and hysteretic G-V behaviour for fP3. Panel a)
shows a slow retraction trace displaying log(G/Gy) versus displacement and time (rate =
0.26 nm/s, bias voltage = 0.2 V). The dashed arrow indicates the direction of junction
evolution. To obtain the total charge-state time, the time spent performing the G-V
curve must be added. The respective bias sweeps are shown in panel b). The bias is
swept from -0.1 V to 1.0 V and back. The initial (black) and return (red) trace in b was
recorded at a distance marked by the vertical black arrow (the actual displacement is
1.4-1.6 nm considering the initial snapback). The blue trace in b was recorded at the
position of the blue arrow (2.3 nm tip-surface separation). c and d show examples of G-
V traces where the junction charges and discharges during the course of the bias
sweep. In c the charging appears discreet whereas in d it is a more gradual process. The
corresponding full G-z traces are shown in Figure S14.

Schwarz et al.**3 in which a localised MO on the molecule
becomes charged resulting in closer alignment between the
HOMO/LUMO and the Fermi level. We therefore ascribe the
sudden jump observed in the black trace of Figure 4c to the
spontaneous charging of the junction, with subsequent jumps
corresponding to either charging (jump up) or discharging
(jump down).

For fP2 we have measured the bias-voltage dependence
for the ranges 0.8 and +1.0 V, and the clustering analysis for
these is shown in Figures S19-21. For the +0.8 V window all G-
V curves could be classed as ‘U’-shaped and thus showing no
evidence of charging. For a window of +1.0 V, however, 8 %
were classed as non-‘U’-shaped and associated with charging
behaviour. This demonstrates that for the same bias voltage
window, fP2 can be charged as can fP3, but with a lower
probability.

Measuring Long-Lifetime Charged Junctions

In order to measure the charged state lifetime more
accurately, we designed a further set of experiments based on
a pump-probe methodology. The idea was to begin at low bias
and quickly ramp the voltage up to a high value and then back
again and record the current as a function of time. We decided
to maintain a slow speed of electrode separation between bias

This journal is © The Royal Society of Chemistry 20xx

sweeps, however, as at room temperature it is difficult to
control the intrinsic drift suffered by the microscope (which is
approximately 0.05-0.1 nm/s in the XY plane). Retracting the
tip at 0.26 nm/s avoids the possibility that the drift will cause
the junction to close, potentially sandwiching the molecule
and does not significantly limit the level of accuracy achievable
under these conditions. We began the ramp at low bias (-0.1
V) and ramped the voltage to +1.0 V and back. Figure 5a shows
representative behaviour for junctions showing charging
phenomena. In the first example (G-z trace shown in Figure 5a
and the corresponding G-V curves in 5b) we find the junction
initially in the low conductance state between log(G/Go) = -4
and -5. At a distance of 1 nm (1.4 nm actual separation) the
voltage was ramped to 1.0 V (black trace in Figure 5b) and we
observed a pronounced jump up in conductance between 0.6
V and 0.7 V. Upon returning to low bias (red trace) the
conductance remains close to log(G/Go) = -2, which persists
during the slow retraction as seen in Figure 5a. Another G-V
curve (blue curve, Figure 5b) confirmed that after several
seconds the junction still remained in the charged state,
closely resembling the previous trace. Further retraction
caused the conductance to decay and ultimately for the
junction to rupture at a separation of about 2.5 nm (ca. 3 nm
absolute separation, which is close to the maximum
theoretical junction length of 4 nm). In this junction we
determine that the molecule remained in the high-
conductance charged state for 6-8 s. Potentially this time
could be greater, but it is possibly limited by the movement of
the tip and we speculate that the high conductance state could
have survived even longer lived if all motion had been
eliminated, which is very difficult under ambient conditions. To
the best of our knowledge, we do not know of any other
example of such a long-lived transient charged-state under
these conditions.

When hysteresis is seen, the most common outcome is
for the junction to return to the low conductance state before
the end of the bias sweep (i.e. the molecule charges and
discharges during the same voltage sweep). The example
shown in Figure 5c shows a relatively abrupt jump up in
conductance at 0.5 V (black trace) and down again at 0.2 V
(red trace) within the same out and back sweep. Here the time
in the high conductance (charged) state is about 1 s. In Figure
5d a more gradual conductance increase is seen in the black
ramp before the trace ultimately levels off. In the return (red)
trace the conductance drops to almost the original value of
log(G/Go) = -5 at zero bias, but clearly follows a different
trajectory, with the trace more like an open-‘V’. Here it was
not possible to discern a clear point at which the molecule
discharges. Instead, it is possible that many sequential
charging and discharging events took place during the sweep,
leading to an average curve between neutral and charged
states (it is known that the charging rate depends strongly on
the coupling to the electrodes??). If so, this implies that in
cases such as this the charging/discharging takes place on
timescales smaller than the time interval between points in
the voltage sweep (which is about 2 ms). The red trace in
Figure 5d is typical of the general shape found when applying a
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bias window of + 1.2 V in the previous experiments (see Figure
S17). This could indicate that the typical lifetime under these
conditions is relatively low, and the longer-lived states are thus
less common.

Other studies, using different methods, have found
evidence that charge states can persist for similar timescales
as found in this work. Long-lived charge-separated states of a
photo-illuminated porphyrin-fullerene dyad were observed in
single-molecule junctions formed between gold and ITO
electrodes.>?® We also note that long-lived charged states, with
lifetimes on the order of seconds, have been observed in
plasmon-excited molecular tunnel junctions as determined by
Surface Enhanced Raman Spectroscopy (SERS).>*

Conductance switching during the stretching of a single
molecule junction is found to some degree in virtually all
junctions, regardless of the compound being studied. This is
normally attributed to changes in the binding between the
anchor groups and the electrodes, where the absolute
conductance depends on the coupling strength and produces
no correlation with the shape of the G-V trace. Whilst we fully
expect such processes to occur here, leading to conductance
jumps, these events cannot explain the hysteretic G-V
behaviour observed in tandem with a conductance jump. As a
way of showing this, in the single level model (SLM) of electron
transport, the degree of curvature of a G-V curve can be
shown to depend primarily on the relative position of the
frontier orbitals and the Fermi level.>> If only the coupling was
changing, then a higher conductance across the entire voltage
range should be seen. In Figure S28 we show the results of a
SLM analysis which shows that changing the coupling by
changing [ (the single level broadening term) shifts the
calculated G-V traces along the vertical (conductance) axis and
does not significantly change their shape. Such behaviour is
not what we observe in the examples of Figures 4 and 5 in
which all the out-and-back traces have essentially the same
conductance at high bias, differing only at low bias. On the
other hand, if the frontier orbital-Fermi level difference
changes (represented by go in the SLM) this produces an effect
consistent with the described behaviour (see Figure $29). Such
a realignment is expected when the molecular charge state
changes.

Assuming that transport takes place via coherent
tunnelling within the HOMO-LUMO gap for ‘U’-shaped curves,
we can determine the level alignment by differentiating the /-V
curves and determining the peak in the di/dV. We have done
this for the traces recorded on the junction shown in Figure 4b
(by averaging several traces, see Figure S15 for the final dI/dV
curve) finding the peak lies at close to + 0.8 V. For a molecular
junction wired to two electrodes, then assuming symmetric
couplings, the position of the level is given by half the voltage
(at positive or negative bias) at which the peak is found
(Vpeak/2). This, therefore, gives an energy offset of 0.4 eV
between Er and the frontier molecular orbital. In the following
section we will show that charging of the molecule reasonably
explains the observed behaviour, which causes a frontier
orbital to align closely with the Fermi level. This can logically
account for the hysteresis in which the forward and reverse G-
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Figure 6. a) Transmission function, b) spatial localisation of the frontier MOs and c) the
transmission peak of the HOMO-1 on an enlarged energy scale as calculated for the
junction with molecule fP3 from NEGF-DFT.

V curves have a similar conductance at high bias, but a
different conductance at low bias.

Theory Section

In order to obtain the transmission functions and the spatial
localisation patterns as well as eigenenergies of the relevant
MOs close to the Fermi level for P1, fP2 and fP3 we have
performed NEGF-DFT calculations. In the following section we
will focus on fP3, while the detailed results for the P1 and fP2
junctions are given in the SI. As shown in Figure 6, we find that
the conductance of fP3 is determined by the frontier orbitals,
which result in broad peaks, while the HOMO-1 is rather
decoupled from the electrodes with almost no localisation on
the anchor groups. We note that the HOMO-1 is derived from
the aj, orbitals of the porphyrin monomers, having nodes at
the meso positions and as such does not couple to the anchor
groups. The HOMO is derived from the a,, orbitals which have
large coefficients at the meso positions and thus couples
strongly to the electrodes. Thus, the resulting peak derived
from the HOMO-1 in the transmission function can only be
made visible when the energy scale is highly enlarged. Such a
decoupled MO close to the Fermi level allows for a charged
state on the molecule with measurable lifetimes as the
probability of a charge to move on to the next electrode is
quadratically proportional to the coupling. We also assessed
the potential role of the Zn ion in the hopping process by
looking at the density of states projected onto the Zn. The
results (shown in section 2.5 of the ESI) reveal that the Zn
states are located far away in energy from the Fermi level and
thus do not play any role in the transport.

For such cases, a two-channel model has been
proposed,3241 in which the conductance is defined by a “fast”

coherent tunnelling channel through delocalised MOs and a

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. a) Bias dependent G curves for the neutral and charged state. b) A
representative run simulating the switching of G between the two states. The x-axes
represent voltage and the y-axes conductance. c) Calculated reaction rates for the
oxidation and reduction via filling/emptying of the molecular HOMO-1. d) The charged
state lifetime and its temperature dependence (bottom right) for the fP3 junction. The
parameters used are €yomo1 = -0.40 eV-Eg, I = 3.5x10° eV, A = 0.01 eV and their source
is described in the SI.

“slow” hopping channel through a localised MO, which leads
to conductance switching (and hysteresis) between a neutral
and a charged state. We simulate G-V curves incorporating
conductance switching by using this stochastic two-channel
model3%4! which combines NEGF-DFT to describe the coherent
tunnelling for the “fast” channel and DFT-based hopping rates
according to Marcus theory!* for the “slow” channel for
molecule fP3 (Figure 7). The hopping path leads to a transient
charging of the compound which results from a competition
between the redox process and the experimental sweeping
rate.33'39'41‘43

Pronounced switching between the uncharged and
charged state of the molecule can be seen in Figure 7b, where
7a shows the two “pure” G-V curves for the two states. The
charged G-V curve is derived from a transmission function
obtained from a DFT calculation where a positive charge has
been localised on the molecular bridge using the Delta SCF
technique.>® The relevant quantities determined from fitting a
Lorentzian distribution to the weak coupling transmission peak
of the HOMO-1 are given in Table 1 with further details
described in the ESI.

P1 P2 fP3
E
EHOMO-L7Ef -0.96 -0.49 -0.40
[ev]
Coupli
Rk 6.510° | 1.310% | 3.5107
strength I" [eV]

Table 1. Intrinsic parameters used for the slow channel of the switching model, namely
the onsite energy with respect to the Fermi level of the junctions and electronic
coupling strength of the molecular HOMO-1 in the junction. A detailed description of
the determination of these values is provided in the ESI.

The switching does not happen in every simulated run,
but in 7 out of the 16 runs. The lifetime varies significantly
between different runs, which is a consequence of the

This journal is © The Royal Society of Chemistry 20xx

stochastic model used for the simulation, described in more
detail eleswhere*? and the ESI. However, in general the
lifetime of the switching is remarkably long. In one of our
simulation runs the switching was stable for about 9 s. This is,
however, an extreme example and on average the switching is
stable for about 4—6 s.

In Figure 7c we show the oxidation rate Rox for molecules
P1, fP2 and fP3, which defines the rate for the corresponding
junction to be charged depending on the bias. Only for fP3
this significantly high within the
experimentally swept bias window of + 1.0 V because only for
this molecule is the HOMO-1 close enough to the Fermi level.
This explains why charging is observed for fP3 in a significant

does rate becomes

proportion of the measurements. For fP2 charging is still
possible, but much less likely, hence the lower occurrence
experimentally of non-‘U’-shaped G-V curves (Figure S21).

For a more rigorous way of defining the mean lifetime of
the charged state the actual rate of the electron-transfer
reactions inducing the switching can be used. These reaction
rates are calculated from DFT#% and the mean value of the
lifetime can be estimated as t = Rreq’}(V). The reduction rate
Rred is chosen since it corresponds to the rate of discharging
the charged state again. Since Req is a function of the applied
bias, so too is T, as can be seen in Figure 7d where the
temperature dependence of t(V) is also illustrated. We
determine T = 4.28 s at low applied biases, while at high biases
close to 1 V the lifetime increases to 8.56 s. Between the two
extremes (as defined by magnitude of the electronic coupling)
the lifetime varies smoothly and the shape of (V) is a function
of both the temperature and the reorganisation energy.

The clustering analysis of the G-V curves into ‘U’ and non-
‘U’ shaped sets allows us to set limits to the average location
of the frontier molecular orbitals. Given that we find the
percentage of non-‘U’-shaped (associated with
charging) increases from about 15% within a bias window of +
0.8 V to close to 100% within a bias window of + 1.2 V (Figure
3), we can confidently place the charging level closer than 0.6

traces

eV from Eg (taking the bias voltage on average to drop linearly
to 50% at the centre of the molecular junction). Bearing in
mind that the electrochemically measured HOMO-LUMO gap
of fP3 is 0.78 eV and the optical gap is 0.89 eV, then in the
limiting case that there is no significant change in the gap upon
binding to gold, and that the Fermi level sits close to the
centre of the gap, the frontier orbital-£E¢ difference should be
between 0.40 — 0.45 eV (n.b. it could be smaller than this due
to image charge effects®’ or if there is a shift in Eg). The
position of the frontier molecular orbital found from the data
in Figure 4b was 0.4 eV (determined from the peak of the
di/dV curve, Figure S15), and is representative of the average
position. Thus, the energy difference as determined from the
di/dV curve agrees well with the spectroscopic gap. This
therefore allows us to determine the energy difference
between the frontier MO (the HOMO in the case of fP3
according to our theory) and the charging orbital (the HOMO-
1) which is thus no more than 0.2 eV (i.e. 0.6 eV — 0.4 eV). This
energy difference is consistent with our theory shown in Figure
6 which shows the difference between the HOMO and HOMO-
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1 is about 0.1 eV, although we note that a direct quantitative
comparison is tricky here because the dI/dV peaks in the
experiments correspond to many-body states while the MOs in
the theoretical simulations are single particle Kohn-Sham
states.

Clearly, looking at the 2D histogram in Figure S16 from
the experiments performed with a bias window of + 1.2V, the
most common shape of a G-V trace is that of a ‘V’ shape,
similar to the red curve in Figure 5d. Because this is the shape
with possibly the lowest charge-state lifetimes in our
experiments, its frequent appearance suggests that the
average charge-state lifetime may be much lower than a few
seconds, on the order of milliseconds or less. Clear stochastic
charging events (as seen in Figures 5b and d) can only be seen
when the coupling to the molecule is sufficiently low and the
charge-state lifetime sufficiently high so that it brings the
charging/discharging rates down to the level of the sweeping
rate in the experiments, thus making the phenomenon
observable.*l It is unsurprising that we do not see the
stochastic events all the time as during the break-junction
experiment we do not control the orientation of the molecule
in the junction. Porphyrins can slide along the electrodes
during stretching,® which will increase the coupling of the
porphyrin backbone to the gold. It is, therefore, difficult at
present to quote a meaningful average charge-state lifetime
from the experiments as this would require the molecule to
have fixed defined orientation, preferably fully stretched. The
fact, however, that theory and experiment both find charge-
state lifetimes on the order of seconds shows it is possible for
the experiment to produce a situation similar to the
theoretical case. Finally, another uncontrolled factor during
the experiment is the environment. This may play a role in
determining the lifetime of charge states by affecting, for
example, the reorganisation energy. It remains to be seen how
modifications to the environment may affect the behaviour of
the molecules in relation to their switching ability, and this will
be the focus of future studies.

Conclusions

We have demonstrated the reversible charging of 2-terminal
fully-electrically wired single porphyrin-tape molecules, at
room temperature under ambient conditions. We identified
the occurrence of charging via a change in the average G-V
profile upon increasing the size of the bias window and the
appearance of hysteresis in many forward/return traces. For
the trimer, this occurred predominantly when the bias voltage
was ramped to 1.2 V. In contrast, a porphyrin monomer
showed almost no evidence of charging under identical
conditions which is attributed to its wider HOMO-LUMO gap.
Numerous examples showed that the charged state could
survive on the order of seconds, 6-8 s in one example. The
average experimental lifetime is less, which is likely in part due
to the lack of control of the molecule-electrode coupling and
the environment. Our theoretical analysis of the trimer gave a
mean lifetime of 4-6 s, and a maximum of 9 s in one example,
agreeing well with the longer events observed experimentally.

8 | J. Name., 2012, 00, 1-3

Additionally, it explains the virtual absence of switching in the
monomer as a consequence of a larger HOMO-LUMO gap,
where the localised state, which nonetheless exists in this
molecule, becomes inaccessible for the hopping process. This
study provides a strong basis for the logical improvement of
charge-state lifetimes in single-molecule junctions. It also
provides a potential means by which a single, charged,
molecule could be probed using an external input such as light
or magnetic field in situ in a two-terminal device, without the
need for a gate electrode. Furthermore, this work shows how
to obtain (near) resonant transport at low-bias, a phenomenon
which has proven elusive in molecular electronics. This may
pave the way for high-efficiency molecular thermoelectric
devices which depend on the proximity of frontier molecular
levels to the electrode Fermi level.
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