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Abstract: Sensors play a significant role in the detection of
toxic species and explosives, and in the remote control of
chemical processes. In this work, we report a single-molecule-
based pH switch/sensor that exploits the sensitivity of dye
molecules to environmental pH to build metal-molecule-metal
(m-M-m) devices using the scanning tunneling microscopy
(STM) break junction technique. Dyes undergo pH-induced
electronic modulation due to reversible structural transforma-
tion between a conjugated and a nonconjugated form, resulting
in a change in the HOMO-LUMO gap. The dye-mediated
m-M-m devices react to environmental pH with a high on/off
ratio (~100:1) of device conductivity. Density functional
theory (DFT) calculations, carried out under the non-equilib-
rium Green’s function (NEGF) framework, model charge
transport through these molecules in the two possible forms
and confirm that the HOMO-LUMO gap of dyes is nearly
twice as large in the nonconjugated form as in the conjugated
form.

The miniaturization of electronic components involves
a continued shrinkage in terms of device size and increased
sensitivity of the sensing unit. The ultimate limit would be at
the single-molecule level.'” To build a single-molecule pH-
based electrical sensor requires that we wire a single tailored
molecule into a circuit, in other words “soldering” the
molecule to at least two electrodes so that electrons can
flow through such a single-molecule circuit when a voltage is
applied between the two electrodes.®” In addition, the

In this work, we explore the concept of the single-
molecule pH electrical sensor by deliberately choosing two
dyes (Figure 1), malachite green (MG) and pararosaniline
(PA), as molecular sensing units. As pH indicators, dyes show
distinctive color differences when the pH of the solution
changes, indicating an electronic perturbation often caused by
pH-induced structural changes in the molecules. For example,
in the present study, MG is in a conjugated form in neutral or
slightly acidic solution, showing a blue-green color (Fig-
ure 1B). However, in basic solution (pH > 13) MG loses its
internal conjugation and becomes colorless; in other words,
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Figure 1. Molecular structures of pararosaniline (PA, panel A) and
malachite green (MG, panel B) at different pH values. At pH 5.5, both
PA and MG are in the conjugated form; in basic solution (pH 13.6),
PA and MG lose conjugation by the introduction of an OH group to
the central carbon atom which is thereby converted from sp? to sp’
hybridization. Photographs show the dramatic change of solution color
of PA and MG at different pH. C,D) UV/Vis spectra of PA (C) and MG
(D). E) The frontier molecular orbitals for these molecules. The
HOMO-LUMO (H-L) gap is also listed for each molecule.
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MG molecules undergo a pH-induced electronic modulation
due to a reversible structural transformation between a con-
jugated and a nonconjugated form (Figure 1). Such a pH-
triggered structural modification shifts the HOMO-LUMO
gap, indicated by the color change of the solution and
perturbations of the absorption peaks in the UV/Vis spectra
(Figure 1D). Density functional theory (DFT) calculations on
these molecules reveal that the HOMO-LUMO gap changes
from 2.7 to 4.7 eV for MG and from 2.8 to 5.0 eV for PA when
going from the conjugated to the nonconjugated form (Fig-
ure 1E). Also, for both molecules the LUMO energy
increases significantly (see Table 1). The pH-induced changes
in the molecular structure and electronic properties of dyes
suggest that dye-mediated junction devices present a unique
opportunity to fabricate single-molecule pH sensors based on
their electrical switching function.

First, we carried out single-molecule conductance (SMC)
break junction experiments using (amine-terminated) PA in
a weakly acidic solution (pH 5.5) where the molecule is in
a conjugated form and has a wine-red color (Figure 1 A). The
UV/Vis absorption spectrum shows a strong peak at 520 nm
(red curve in Figure 1C). When the solution pH is changed
from 5.5 to 13.6, the orbital hybridization of the central
carbon atom changes from sp* to sp’, and the molecule loses
the conjugation between the aniline rings, resulting in the
disappearance of the 520 nm peak and the appearance of new
peaks around 250 nm (Figure 1 C). The large absorption peak
shift due to the pH change suggests a dramatic increase of the
molecular HOMO-LUMO band gap, as confirmed by the
DFT calculations (Figure 1E).

The procedures for SMC experiments are described in the
Supporting Information and elsewhere.®'” Several typical
stepped current—distance traces are shown in Figure 2B
(inset, blue) for PA measured at pH 5.5. The presence of
steps in the current-distance traces corresponds to the
formation of molecular junctions,™ in which the electrical
current (/) through the junction (molecular conductor)
remains approximately constant as the electrode separation
increases (I = G,, V,, where G, is the molecular conductance
and V is the voltage bias between the two electrodes). To
obtain the junction resistance of the m-M-m device, we
construct logarithmic current histograms (Figure 2B) using
all the current—distance traces without data selection. The all-
data point histogram for PA in Figure 2B was constructed
from 3000 recorded current-distance traces and shows
a current peak around 2.7 nA, which corresponds to the
SMC of 67.5nS (8.7x107* G,), for Vj,,=0.04 V. The SMC
values measured from different experiments on different days
were averaged (see Table 1).

We also carried out SMC experiments on MG, which
shares a similar core structure with PA but whose anchoring
groups are N(CHj;), instead of the NH; groups in PA. The
current histogram (Figure 2C) shows a clear current max-
imum and the average SMC value for MG at pH 5.5 solution
is (65.6 £12.8) nS, comparable with the conductance of PA
[(71.6 £ 8.6) nS, Table 1]. As MG and PA have the same core
structure and different anchoring groups for connection to the
gold electrode, the comparable conductance for the two
molecules suggests that these two types of anchoring groups
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Figure 2. A) Representation of an STM break junction single-molecule
pH electrical sensor. B) All-data point current histograms constructed
from 3000 current—distance traces for PA, and C) from 2000 current—
distance traces for MG, measured in pH 5.5 solution at V,;,,=0.04 V
(insets show stepped traces. D) Current histogram constructed from
2000 current—distance traces measured in pH 5.5 solution, without
adding dye, as a control. Typical individual current—distance traces in
the control experiment are shown in the inset.

Table 1: Summary of SMC of PA and MG in acidic and basic pH
environments and several other quantities obtained from calculations.

pH SMC[nS]  HOMO[eV] LUMO[eV] HOMO-LUMO
gap [eV]
PA 55 71.6+86 —5.61 —2.83 2.78
MG 55 65.6+12.8 —5.25 —2.59 2.67
PA 136 0.73+0.10  —4.95 0.08 5.03
MG 136 0.72+0.10  —4.71 0.03 4.74

have similar “contact resistance” (for details see the Support-
ing Information).

Control experiments were carried out under exactly the
same experimental conditions but without added dye mole-
cules. The resulting individual traces do not show evidence of
the characteristic current steps and the histogram shows no
discernable current peaks (Figure 2D).
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Break junction experiments for PA and MG were also
performed in basic solution (pH 13.6), in which the loss of
conjugation makes PA and MG solutions colorless (Figure 1).
The absence of absorption in the visible spectral range
suggests a dramatic increase of the molecular HOMO-
LUMO gap. The current histogram for PA (Figure 3A)
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Figure 3. A,C) Logarithmic plotting of sample individual current—distance traces for PA
(A) and MG (C) measured in pH 13.6 solution at V,;,,=0.1 V. B,D) All-data point current
histograms constructed from 5000 current—distance traces without data selection for PA
(B) and MG (D). E,F) Sequential cycles of pH-induced conductance modulation of PA

(E) and MG (F) between “on” and “off” states.

clearly shows a current maximum at 0.07 nA. The mean SMC
value, 0.73 nS +£0.10 nS for PA at pH 13.6 solution, deter-
mined by averaging histogram current peak values from
different experiments, is about two orders of magnitude
smaller than in acidic solution, indicating a switching and
environmental-sensing behavior caused by a pH-induced
change of electronic properties of the dyes. Similarly, the
SMC for MG in basic solution (pH 13.6) is determined to be
(0.72 £0.10) nS, almost two orders of magnitude lower than in
acidic solution (65.6 nS), which further confirms the con-
ductance switching triggered by the conjugation and elec-
tronic changes of the sensing units (dyes). We modulated the
conductance by performing experiments in solutions of the
two dyes at different pH showing the robust and reversible
conductance change between the “on” (high conductance)
and “off” (low conductance) states (Figure 3E,F).

Previous work investigated the conductance switching
effects on single molecules through -electrochemical
gating "% photo switching,™™*"! and mechanically control-
ling molecular configurations.! The few prior reports of the
modulation of molecular conductance through changes in the
solution pH show either a small switching effect (on/off ratio
of about 2),*) or the detection of only one state at one pH,
presumably the high conductance state, while the conduc-
tance value of the second state was not detected, either
because a junction could not be formed or the conductance
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was too low.”>3! In this work, we detected both the on and off
states, revealing an on/off ratio of roughly 100:1.

To confirm that the observed conductance “on/off” switch
is triggered by the response of the sensing unit (dye
molecules) to solution pH through a conjugation change, we
carried out SMC experiments at different pH values using
octanedithiol, whose conjugation and elec-
tronic structure are not affected by solution
D pH. The results (see Figure S3 in the Support-
ing Information) show that the SMC of octa-
nedithiol remains approximately the same
when the solution pH was changed from
neutral to acidic and/or basic, supporting our
assertion that pH-induced structural and elec-
tronic changes are essential for the observed
single-molecule sensing behavior.

To understand the pH-sensitive switching
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Counts were carried out for these molecules bridging
Au electrodes. Using the non-equilibrium
<« OV Green’s function (NEGF) formalism with
A (PH5.5) density functional theory (DFT), we calculated
* the transmission spectra for these systems,
<« (p:r?:gﬂe) which represent the probability that an elec-
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tron with a given energy will transmit through
the molecule between the electrodes (see
Figure 4). This technique has been discussed
in detail elsewhere,>>¥ and a brief summary
of our approach is provided in the Supporting
Information. The two-probe structures for the
two molecules at pH 5.5 and 13.6 are shown in
Figure 4.

The transmission spectra for the four systems (top: PA,
bottom: MG, black: pH 5.5, red: pH 13.6) are also shown in
Figure 4. The key result is that the transmission through either
PA or MG is more than two orders of magnitude higher
through the molecule at pH 5.5 than through the molecule at
pH 13.6, in agreement with the experimentally measured
conductance. It should be pointed out that we cannot make
a direct comparison of the calculated transmission and the
experimentally measured SMC. This is because computa-
tional cost made it necessary to use electrodes of finite cross
section, resulting in a different Ep and electrode-molecule
coupling than in the experiment. Therefore, we can only
compare the relative values (ratio) for a given molecule at
pH 5.5 and 13.6. Indeed the black plot is overall higher than
the red plot at most energies for both molecules. There is one
exception for PA at pH 5.5, where there is a dip in trans-
mission near —1.2 eV. This is an interference feature due to
the particular structure and symmetry of this molecule.

The reason that the overall transmission is higher at
pH 5.5 is because there is a transmission peak just above Ejy
which corresponds to electrons passing through the LUMO of
the molecule (see the Supporting Information for linear-scale
transmission spectra and scattering state analysis). At
pH 13.6, the LUMO is much higher in energy, resulting in
the transmission peaks near 2 eV relative to Ep in Figure 4
(red plots).
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Figure 4. A,C) The two-probe structures used in the electron transport
calculations for PA and MG at the two pH values. The main difference
is that at pH 5.5, the central carbon atom is sp? hybridized, while at
pH 13.6 the central carbon is sp® hybridized as an OH group binds to
it. B,D) Transmission spectra for PA (B) ande MG (D) under different
pH conditions (E=—3.35 eV).

In summary, we have demonstrated single-molecule pH-
sensing behavior using a new type of electrical switch based
on the pH-induced conjugation and electronic change of dye
molecules. The m-M-m devices fabricated can be reversibly
switched between the on and off states by means of the pH of
the media solution at an on/off conductance ratio of about
two orders of magnitude. The present work not only shows
that solution pH can be used as a simple parameter to trigger
the conductance change, but also illustrates that -N(CH3), can
be used as an anchoring group to bind to gold electrodes. DFT
calculations confirmed the increase in the HOMO-LUMO
gap when the hybridization of the central C atom changes
from sp? to sp®, which is driven by the solution pH. Electron
transport calculations agree with experiment showing a differ-
ence of roughly two orders of magnitude between the
conductance of the molecule at these different pH levels,
which is due to the shift of the LUMO level.
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