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ABSTRACT: We report an acid-mediated regulation of single-molecule
junction conductance achieved using an electron-deficient unit, diazapenta-
lene, functionalized with thiophene extending units and thiomethyl
aurophilic terminal groups. This diazapentalene derivative exhibits a
protonation reaction in the presence of trifluoroacetic acid, as characterized
by UV−vis absorption spectroscopy, and the protonated species shows a
voltage-dependent single-molecule conductance, which is not observed for
the pristine molecules. Specifically, under a high bias voltage of 850 mV, we
observe a conductance value for the protonated molecule larger than that
for the deprotonated one by a factor of 4. Density functional theory-based
transport calculations show a slight broadening of the HOMO and LUMO
frontier orbitals, as well as a reduced HOMO−LUMO gap when the molecule becomes protonated; this implies an increased
conductance under protonation that is consistent with the experimental conductance data. Our work demonstrates a new molecular
design for versatile control of molecular conductance through the use of acid in the solvent environment.

When a molecular-scale device contains molecules that
undergo protonation or deprotonation reactions in an

acidic or basic environment, the protonation state of the
molecule often plays an important role in determining the
charge transport properties of the molecular junctions and
ultimately the functionalities of the devices. Thus, addition of
acid/base into the solvent environment of a single molecule
junction becomes an easy and effective means for regulating
the junction conductance.1,2 A range of pH-responsive
molecular components, including the commonly used chemical
linker groups such as amines and carboxylic acids,3,4 a less
common phenol linker,5 and backbone components such as
imidazoles,6,7 pyrazoles,8,9 diketopyrrolopyrrokes,10 pyri-
dines,11−13 pyrimidines,14 spiropyrans,15,16 azulenes,17,18 pep-
tides,19−21 etc.,22,23 have been used for constructing single-
molecule junctions with conductance properties that are
regulated by pH. Given the effectiveness of pH as an external
control for molecular devices, methods for implementing a pH
control and mechanisms underlying the pH-regulated single
molecule junction conductance are continuing to be
investigated.
In this work, we synthesize a strong electron acceptor

diazapentalene flanked by two thiophenes with the terminal
thiophenes containing the thiomethyl terminal groups for
stable binding to Au electrodes. Protonation reactions at the
diazapentalene unit occur in the presence of organic
trifluoroacetic acid (TFA), as confirmed by UV−vis spectrom-
etry, and the protonated diazapentalene shows an increased
single-molecule conductance compared with that of the
deprotonated species. Specifically, we perform conductance

measurements of this diazapentalene compound using the
scanning tunneling microscope break-junction (STM-BJ)
technique under different bias voltages and show that the
protonation reaction at diazapentalene affects the single-
molecule junction conductance in a voltage-dependent
manner. The protonated compound shows a conductance up
to four times that measured for the deprotonated one under a
high bias voltage. We further carry out DFT-based trans-
mission calculations; we find that, when the molecule becomes
protonated, the frontier molecular orbitals HOMO and
LUMO are broadened and HOMO−LUMO peak positions
become closer, resulting in larger transmissions at energies
between these two frontier orbitals, agreeing with our
experimental observation.
We design and synthesize diazapentalene compound 1

following the synthetic procedure as shown in Scheme 1
(details of the synthesis and compound characterization are
provided in Supporting Information Parts I, V, and VI). The
Stille coupling reaction between compound 2 and 3 afford the
compound 1 as a blue solid in 73% yield. The compounds 2
and 3 were synthesized according to the published
procedures.24,25
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Previous work on diazapentalene-containing polymers has
suggested that a 20-fold excess of TFA was needed for
protonating the diazapentalene unit, as TFA (pKa = 0.2) is
considered a weak acid (e.g., for HCl, pKa = −6.0).26 To
determine the amount of trifluoroacetic acid needed for
inducing the protonation reaction of 1 (illustrated in Figure
1a), we performed UV−vis absorption spectroscopy of 1 under
a series of acid concentrations. We find that, when 1 is
protonated, a new, intense absorption peak at 767 nm appears
(Figure 1b). We also observe an increase in absorption at
around 397 and 544 nm and a decrease in absorption intensity
at around 633 nm, as indicated by the arrows in Figure 1b.
These changes in absorption spectra agree well with previous
works of other diazapentalene-containing compounds,24,26,27

indicating the 1 to 1H reaction. We find that, under lower
molar ratios of 1:TFA of 1:1−1:5, we do not successfully
protonate compound 1 as no changes were observed in the
absorption spectra (Figure S1), suggesting that an excess
amount of acid is needed to protonate the diazapentalene unit
when it is connected to an extended backbone structure here.
Based on the absorption spectra, we do not reach a saturation
limit of protonation in the concentration range tested. We note
that, although the diazapentalene unit bears two nitrogen sites

that could undergo a protonation reaction, only one of them is
protonated as shown in previous works.24,26,27 When we
prepare a solution of 1 in 1,2,4-trichlorobenzene (TCB)
solvent, the color of the solution changes from green to dark
purple upon addition of TFA (Figure 1c); the solution with
different molar ratios between 1 and TFA will then be used for
conductance measurements. We find that, from both color
change (Figure 1c, last solution) and absorption spectra, the
protonated structure is likely not stable over 48 h or longer;
therefore, we use a freshly prepared molecular solution for the
charge transport measurements each time (a measurement
performed ∼20 days after a molecular solution was prepared is
provided in Figure S2).
We next measure the single-molecule conductance of 1 in

the absence and presence of organic acid TFA using the STM-
BJ technique (experimental details in Supporting Information
Part II).28−30 We use a gold tip and a gold-coated substrate to
repeatedly form and rupture gold point contacts in solutions of
0.1 mM 1 in TCB with added TFA at 1:0, 1:40, 1:80, and
1:200 concentration ratios between the target molecule 1 and
TFA. Figure 2a−d shows the one-dimensional (1D)
conductance histograms of 1 measured under these four
different concentrations of added acid. We find that 1 (Figure

Scheme 1. Synthetic Scheme for Compound 1

Figure 1. (a) Protonation reaction of compound 1. (b) Normalized absorption spectra of 1 (normalized at the peak ∼697 nm) in deuterated
chloroform with different amounts of trifluoroacetic acid (TFA) added; the concentration ratios between 1 and TFA are listed on the right. (c)
Photograph of a solution of 0.002 mM 1 in 1,2,4-trichlorobenzene with different amounts of TFA added. The molar ratio between 1 and TFA is
provided at the bottom. All solutions have been freshly made except the one on the right, which was left in air for 48 h prior to the photo being
taken.
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2a) and the protonated 1H (Figure 2b−d) both form single-
molecule junctions with Au electrodes and show clear
conductance peaks. We perform conductance measurements
of 1 and 1H under 250 mV, 650 mV, and 850 mV bias voltages
(for comparing 1D histograms of 1 with the addition of
increasing amounts of TFA, see Figure S3). Based on the cyclic
voltammetry measurement of 1 (Figure S4), the molecule has
an electrochemical HOMO−LUMO gap of ∼0.87 eV, which is
comparable to the large bias voltage of 850 mV. We are not
certain if the high bias is beyond the oxidation potential of the
molecule and hypothesize that, based on the conductance data,
the molecule likely does not undergo oxidation reactions under
these applied bias voltages.
We first focus on the conductance distributions of 1 and 1H

under different applied bias voltages. We find that, under a
high bias voltage of 850 mV, the conductance peak becomes
broader. To analyze this effect, we compile individual
conductance-displacement traces into two-dimensional (2D)
histograms, as shown in Figure 2e,f (a summary of all 2D
histograms is provided in Figure S5). We find that both 1 and
1H show a similar junction elongation length under all
measured bias voltages (Table S1), indicating that protonation
does not substantially affect the dynamics of the junction
evolution during tip withdrawal. From most of the measured
2D histograms, we observe a sloped conductance plateau with
a shoulder around 10−2 G0, which contributes to the broad 1D
conductance peak. We hypothesize that the broad conductance
distributions are a result of the conductance variations from
junction to junction, primarily due to the variations in the
molecular junction conformations and binding geometries.
Next, we compare the conductance peak values of 1 and 1H,

which are plotted against the applied tip bias voltage in Figure
2g. We see that, under the 250 mV bias voltage, 1 and 1H
show similar conductance. Under higher bias voltages of 650

and 850 mV, we observe a general trend of a larger junction
conductance of 1H compared to that of 1. The largest increase
in conductance is observed under 850 mV when a conductance
value for 1H under a molar ratio between 1 and TFA of 1:40
was measured to be four times that measured for 1 in the
absence of TFA (Table S1). We do not observe a systematic
conductance increase with an increasing amount of acid in the
molecular solution and suspect that the TFA being volatile
(boiling point 72.4 °C) and the evaporation of TFA and TCB
(boiling point 214.4 °C) over the course of the measurement
affects the amount of the protonated 1H, thus affecting the
measured single-molecule conductance. Indeed, when we
compile 1D conductance histograms of the initial 1−1000
traces and the final 9001−10000 traces in one measurement,
we see a conductance decrease with time, more prominent for
molecular solutions with a molar ratio between 1 and TFA of
1:80 and 1:200 under 850 mV than that for the 1:40 case
under the same bias voltage (Figure S6). We additionally see
that this conductance shift resulting from likely the evaporation
of the acid during one experiment is more significant than
variations in conductance from experiments performed on
different days (Figure S7).
We find that, as protonation attenuates the electron

negativity of the nitrogen and enhances the electron deficiency
of the diazapentalene ring, increased charge transport across
the molecular wire occurs. The appearance of the absorption
peak at a red-shifted position of 767 nm upon protonation
corresponds to a smaller optical HOMO−LUMO gap,
indicating a possible higher molecular conductance. To further
investigate the different transport characteristics of 1 and 1H,
we next turn to density functional theory (DFT)-based
calculations. Assuming coherent electron tunneling across
these molecular junctions under zero temperature, the current
is expressed as the following in the Landauer model,31

Figure 2. (a−d) Logarithmically binned 1D histograms for 1 measured under a molar ratio between 1 and TFA at (a) 1:0, (b) 1:40, (c) 1:80, and
(d) 1:200 under 250 mV, 650 mV, and 850 mV tip bias voltages. (e, f) 2D conductance-displacement histogram for 1 measured at molar ratio
1:TFA = 1:200 under (e) 250 mV and (f) 850 mV bias voltages. (g) Conductance peak values of the single-molecule junctions for 1 or 1H at four
molar ratios between 1 and TFA of 1:0 (red), 1:40 (blue), 1:80 (green), and 1:200 (purple), respectively, as functions of applied tip bias voltage.
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where e is the magnitude of the electric charge carried by a
single electron, h is the Planck constant, V is the applied bias
voltage, and T(E) is the energy-dependent transmission
function.
Figure 3 presents the calculated transmissions T as a

function of energy for the 1 (top) and 1H (bottom) junctions.

T can be roughly understood as the tunneling probability of an
electron with a certain energy.32 The first noticeable feature is
the downward energy shift in the protonated form 1H,
resulting from the downward shift in MO energies due to the
positive charge. This shift is largely an artifact of our
computational setup, in which the electrodes are modeled as
small finite gold clusters (with a constant density of states
added in the transport calculation; see Supporting Informa-
tion). In a realistic junction scenario, the positive charge would
be at least partially screened, so it appears likely that, for both 1
and 1H, the Fermi energy is somewhere between the HOMO
and the LUMO. What we consider robust features of our
simulations are (1) the broadening of the HOMO and LUMO
peaks in the transmission upon protonation (the HOMO level
broadened by 0.09 eV and LUMO level broadened by 0.05 eV;
details can be found in the SI section IV) and (2) the peaks
moving slightly closer together (in the unprotonated case, the
HOMO−LUMO gap for the molecule in the junction, as
evaluated from the central subsystem MOs, is 1.83 eV, and
after protonation, the gap becomes 1.64 eV), both resulting in
a larger transmission in the energy range between them.
Provided the dominant mechanism for electron transport is

coherent tunneling, which is likely for short molecules as
studied here, the zero-bias conductance can be estimated from
T as G(0V) = G0T(EF).

32 As a first shot at T(EF), the
minimum of T between the two peaks is around 0.7 × 10−2 for
1 and around 1.5 × 10−2 for 1H, which would correspond to
zero-bias conductances of 0.7 × 10−2 G0 and 1.5 × 10−2 G0,
respectively. This agrees well with the experimentally observed
increase in conductance upon protonation. At first sight, this
would also agree quantitatively with the experimentally
observed most likely conductance value for 1. Note, however,
that the Fermi energy EF is notoriously difficult to predict from
DFT calculations, as it depends on many factors such as the

detailed atomistic structure of the electrodes, solvent, or
further adsorbed molecules in addition to the bridging one.33,34

A value between around −5 eV and −4 eV would appear
reasonable. This implies that the Fermi energy could be
actually closer to the HOMO rather than in the middle of the
two peaks, consistent with observations of hole transport being
dominant in many conjugated hydrocarbons.35 While this
would not change our qualitative conclusions on the increase
of conductance upon protonation, it would result in a higher
simulated conductance. Rather than suggesting a mismatch
between theory and simulations, this is in line with the known
tendency of DFT to overestimate conductance by about an
order of magnitude,36−39 thus suggesting that our atomistic
structures are a good representation of the structures
responsible for the measured most likely conductances.
The broadening of the transmission peaks and their

movement closer together is mirrored by the frontier
molecular orbitals for the isolated molecules (Figure 4):

Upon protonation, the MO coefficients at the anchoring
groups increase, leading to larger electronic coupling to the
electrodes, while at the same time, the energy gap between
them decreases. Both effects favor larger transmissions and,
therefore, higher conductances, in line with the experimental
observations. This suggests that an inspection of frontier
molecular orbitals for the isolated molecules can help predict
conductance trends upon protonation, at least for cases where
the effect of charging does not play a dominant role.
To summarize, we present a quantitative comparison of the

single molecule charge transport properties of a diazapentalene
compound in deprotonated and protonated state. The
formation of diazapentalene single molecule junctions is
enabled by the synthetic means to functionalize the
diazapentalene with thiophene units and aurophilic contact
groups. We find that addition of organic acid such as
trifluoroacetic acid into a nonpolar solvent environment can
successfully protonate the diazapentalene compound, provid-
ing an easy access to protonation without the requirement of
an ionic solution and the use of a wax-coated tip. DFT
calculations suggest that the higher conductance observed for
the protonated molecule in comparison to the deprotonated
one under high bias is a result of both broadened HOMO and

Figure 3. Transmissions for a single-molecule junction formed with
deprotonated 1 (top) and protonated 1H (bottom).

Figure 4. Energy level diagrams for HOMO and LUMO in both
deprotonated 1 (left) and protonated 1H (right) molecules.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c02203
J. Phys. Chem. Lett. 2024, 15, 9037−9042

9040

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02203/suppl_file/jz4c02203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02203/suppl_file/jz4c02203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02203/suppl_file/jz4c02203_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02203?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02203?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02203?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02203?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c02203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


LUMO peaks and a reduced HOMO−LUMO gap. The lone
pair electrons on the nitrogen in diazapentalene, similar to
those in pyridine, are in the same plane as the ring; both
diazapentalene and pyridine show a pH-regulated single
molecule conductance.13 We expect a lot to be learned about
the pH-mediated modulation of single-molecule conductance
in other nitrogen-containing cyclic systems in the future. The
molecular material reported herein contributes to the
continued development of novel molecular designs for the
effective regulation of molecular conductance.
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