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ABSTRACT: We report bistability in current—voltage curves from di(PEP)PorZn in an electromigrated molecular junction.
Bistability was observed at 0.3 V at 300 K but did not occur at 4 K. No bistability was identified at 300 K for another porphyrin
molecule (di(Xyl)PorZn), where the phenyl-ethnyl-phenyl (PEP) side groups were replaced with a flexible p-xylene. Molecular
dynamics simulations show that bistability may be due to conformation changes related to the fluctuation of the dihedral angle
surrounding the zinc and/or the rotation of the porphyrin central plane of the molecule. Results suggest that other mechanisms

may play a role in the current—voltage characteristics observed.
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olecular electronics are an attractive option for
decreasing the size of devices to nanometer scale.
Because only a few electrons contribute to the conductance of
these devices, the overall power consumption is reduced
compared to conventional electronic devices. Additionally,
molecules can offer a range of functionalities similar to existing
microelectronics. For example, the electrical properties of
molecules can be used to build a variety of electronic
components, such as transistors, rectifiers, and ampliﬁers.l_3
Another promising application is the use of molecules to mimic
electrical switches. Upon applying an electric field, it has been
found that some molecules can change from a high to a low
conductance state due to the bistability of the molecule.*””
Although most of these studies have been performed using a
scanning tunneling microscope (STM), very few studies have
examined bistability in a two-terminal device at room
temperature. Fabricating and effectively controlling the
behavior of these molecular switches requires a fundamental
understanding of the electronic transport across a metal—
molecule—metal junction and of the origins of the bistability of
the molecules.®™"?
In this study, we investigated the transport properties of a
highly conjugated aromatic system of porphyrin molecules with
a zinc (Zn) atom ligated to the central porphyrin: di(Xyl)-
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PorZn (Figure la) and di(PEP)PorZn (Figure 1b). The
molecules were synthesized using Cu(I)-catalyzed azide—
alkyne cycloaddition, or “click chemistry”’* from known
starting materials in the formation of the final complex (see
Supporting Information (SI)). This method leads to a highly
synthetic yield of porphyrin and may allow for rapid
modification of the side linkers. A single or a few molecules
of di(Xyl)PorZn or di(PEP)PorZn were positioned in a 2—3
nm gap"® created by electromigration. Gold nanowires of ~50
nm width and 200 nm length with $/25 nm of titanium/gold
(Ti/Au) were fabricated on a silicon substrate with 100 nm
thermally grown oxide using electron beam lithography. Larger
contact pads (1500 ym X 1500 ym) with 5/100 nm of Ti/Au
for wire bonding were made by photolithography. After the lift-
off process was completed using acetone, the porphyrin
molecules were deposited on the nanowires by placing the
samples in a 0.01 mM solution for 12 h. Electromigration was
completed in a Class 100 clean room to form ~2—3 nm gaps.'®
From the device geometry and because the molecule size is
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(a)

(b)

di(PEP)PorZn

Figure 1. Schematic of zinc porphyrin molecules: (a) di(Xyl)PorZn and (b) di(PEP)PorZn.
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Figure 2. Typical I-V characteristics from di(PEP)PorZn in an electromigrated nanogap. (a) At 300 K, bistability was observed at +0.3 V, and (b) at
4 K, no bistability was observed. The voltage sweep was 0 - —0.5 — 0.5 — 0 (V).
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Figure 3. Typical I-V characteristics from di(Xyl)PorZn in an electromigrated nanogap. (a) I-V curve measured at 300 K and (b) bistability
observed near 5 and —30 mV at 4 K. The voltage sweep was 0 V — —40 mV— 40 mV— 0 V.

~4.8 nm, we expect a single or at most a few molecules will
bridge the gap forming the molecular junction. Current—
voltage (I—V) curves were measured by applying a direct
current (DC) bias to the sample, and the current was measured
by a Keithley digital multimeter.

At 300 K, we observed bistability in I-V curves from
di(PEP)PorZn molecular junctions formed by electromigrated
nanogaps. A characteristic -V curve is shown in Figure 2a.
The voltage was swept from 0 - —0.5 = 0.5 —» 0 (V). The
curve shows bistability near +0.3 V. We found that near 0.3 V
the current increased and then decreased near —0.3 V.
Bistability was observed for four molecular junctions tested at
300 K that exhibited measurable current. However, for these
devices, the bistability did not occur at the same voltage values
previously mentioned. However, all samples showed an increase

to a higher current at a positive bias and a decrease to a lower
current at a negative bias (see SI). A similar behavior was
observed by Qiu et al. for Zn(Il) etioporphyrin L' We
attribute the bistability at different voltage values to the fact that
each electromigrated nanogap may not be identical in size
because the latter can vary from 2 to 3 nm. Therefore, for each
nanogap a different electric field exists across the junction (the
importance of electric field will be discussed below). Bistability
was always observed between —1 and 1 V. Molecular junctions
with di(PEP)PorZn were also tested at 4.2 K. A characteristic
I=V curve is shown in Figure 2b. From the same molecular
junction tested, at least five additional I-V curves were
measured (see SI). None of the curves exhibited bistability. All
of the curves were measured within a voltage range from —0.5
to 0.5 V.
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Figure 4. (a, b) Local conformational changes corresponding to the fluctuation of the dihedral angle ® made by the 4 nitrogen atoms surrounding
the Zn atom for di(PEP)PorZn. (c, d) Global conformational changes corresponding to the rigid rotation of the porphyrin central plane of the
molecule composed of the carbon and nitrogen atoms as highlighted for di(PEP)PorZn. The angle W represents the angle between the normal

vectors of the plane at time t — 1 and &

To better understand the bistability of the porphyrin
molecular junctions, we measured -V characteristics at 4.2 K
of di(Xyl)PorZn. Compared to di(PEP)PorZn, this structure
lacks the rigid, aromatic phenyl-ethnyl-phenyl (PEP) side
groups. Instead, a more flexible p-xylene linker was added also
using “click chemistry”'* (see SI). The voltage range was
applied from —40 to 40 mV. The bias voltage was kept low to
protect the sample from further electromigration. At 300 K, the
I-V curve was measured, and no bistability was observed (see
Figure 3a). In Figure 3b, bistability appeared at 4 K in the I-V
curve at 5 and —30 mV. The voltage sweep was repeated several
times. After the third I-V sweep, the bistability remained only
in the positive bias range and disappeared in the negative bias
range (see SI). For these results, we did not investigate the
cause of the disappearance of the bistability. However, it is
suspected that successive sweeps of the voltage may have
changed the molecular junction. Besides bistability or
conformational changes of the molecule that may be
responsible for this behavior, the disappearance of bistability
could be due to hybridization changes at the molecule—metal
interface'” or contact geometries at the molecule—metal
interface.'® Conductance curves showed changes in the slope
corresponding to the bistability observed in the I-V curve (see
SI).

Molecular dynamics (MD) simulations were performed to
explain the bistability observed in the porphyrin molecular
junctions. Self-consistent charge density functional tight
binding (SCC-DFTB) MD simulations were carried out using
the DFTB-plus 1.2 software package.'”*® Geometry optimiza-
tions were performed using the conjugate gradient algorithm as
implemented in DFTB-plus using a force criterion of 0.01 eV/
A. The set of parameters used for the simulations are the
following: the mio packagezo’21 for carbon, oxygen, nitrogen,

hydrogen, and sulfur atoms and the znorg package*” for the Zn
atom of the porphyrin molecule. The time step used in all
simulations was 1 fs, and the coordinates of all of the atoms
were saved every 10 fs. The initial velocities were chosen
randomly according to a Maxwell—Boltzmann distribution. The
temperature was kept at the desired value using a Nosé—
Hoover thermostat™”** with a coupling strength of 3127.6
ecm™', which corresponded to the highest vibrational mode
frequency of the system.”® We used a tolerance of 1077 for the
SCC loop calculations with an Anderson mixer parameter of
0.5.

In the present calculations, we do not consider the gold (Au)
electrodes. We assume that porphyrin molecules are attached to
the two electrodes by fixing the two terminal parts, which
contain the sulfur (S) atoms bound to Au (10 atoms, CH;-CO-
S-CH,). MD runs of 100 ps in a vacuum for the di(PEP)PorZn
molecule were performed at two different temperatures (T = 4
and 300 K) with an applied voltage of S00 mV to reproduce the
experimental procedure. To do so, an electric field E, = —=V/L,
is applied, where L, is the length of the molecule initially
aligned along the y axis. In addition, another MD run of 100 ps
at T = 300 K, but without applied voltage, was performed for
the di(PEP)PorZn molecule. Finally, an MD run at T = 4 K and
V = 500 mV was performed for the di(Xyl)PorZn molecule.

The two porphyrin molecules (di(Xyl)PorZn and di(PEP)-
PorZn) investigated experimentally were studied. From MD
simulations, the local (Figure 4a) and global (Figure 4c)
conformational dynamics of di(PEP)PorZn were investigated
to determine an explanation for the bistability at 300 K. Figure
4b (red curve) shows the changes in the local conformation
corresponding to the fluctuations of the dihedral angle (®)
made by the four nitrogen atoms surrounding the zinc atom. At
300 K, two distinct events were observed at —15° and 15°. In
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Figure S. Probability distribution function (P) of the dihedral angle ® and the angle W between the porphyrin planes computed from MD
simulations of di(Xyl)PorZn and di(PEP)PorZn molecules. (a) P(®) computed for di(PEP)PorZn molecules at 4 K (blue) and 300 K (red) with an
applied voltage of 0.5 V and at 300 K with no voltage (green). (b) P(®) computed for di(Xyl)PorZn (magenta) and di(PEP)PorZn (blue) at 4 K
with an applied voltage of 0.5 V. (c) P(¥) computed for di(PEP)PorZn molecules at 4 K (blue) and 300 K (red) with an applied voltage of 0.5 V
and 300 K with no voltage (green). (d) P(¥) computed for di(Xyl)PorZn (magenta) and di(PEP)PorZn (blue) at 4 K with an applied voltage of 0.5

V. For clarity, all of the distributions have been normalized to the maximum value P_,,.

contrast, at 4 K, there was no change in the dihedral angle over
the time span of 100 ps (blue curve in Figure 4b). Figure 4d
shows the global conformational changes corresponding to the
rotation of the porphyrin central plane of the molecule. The
plane is made of the carbon and nitrogen atoms, as highlighted
in Figure 4c. The angle (VW) associated with this rotation
represents the angle between the normal vectors of the plane at
time t — 1 and t. Similarly, there was very little fluctuation in
the rotation of the porphyrin at 4 K (blue curve in Figure 4d).
However, as shown in Figure 4d (red curve), there were large
fluctuations in the angle (—90° to 90°) for di(PEP)PorZn.
These local and global conformations account for the bistability
(and lack thereof) observed in the I-V curves shown in Figure
2.

To investigate the relationship between the structural
changes of the porphyrin and the experimental I—V measure-
ments, we performed a statistical study of the conformational
changes as a function of experimental parameters. This study
investigated changes in temperature T for a given applied
voltage V (Figure Sa and c) and vice versa for the
di(PEP)PorZn as well as the difference between the two
molecules di(Xyl)PorZn and di(PEP)PorZn at the same
conditions for T and V (Figure Sb and d). Statistical analyses
of the porphyrin conformational changes are shown using the
probability distribution function (P) with MD simulations for
the characteristic angles ® and V.

First, we investigated the local conformational change. Figure
5a shows P(®) for the di(PEP)PorZn molecule as a function of
T and V. Similar to the angle trajectories shown in Figure 4b,
P(®) at 4 K shows one peak near ® = —15, whereas P(®) at
300 K shows two peaks near @ = —15 and +185, which have the
same probability. The initial configuration in our MD
simulation of di(PEP)PorZn was ® = —15; however, by
symmetry, we would observe the same behavior starting from
@ = +15. At T = 300 K and without applied voltage V, we
observed a statistical difference for P(®). Although P(®) shows

two peaks at @ = —15 and +15 for V= 0.5V, the two peaks are
no longer equiprobable for V' = 0, indicating that the local
conformational change depends on the applied voltage.
However, this result is due to finite MD simulations, and this
observation will not hold at much longer simulation times. We
extended our analysis to the local conformational change for
di(Xyl)PorZn at 4 K, which showed bistability in the
experimental I-V curve (Figure 3b). As shown in Figure Sb,
P(®) is characterized by a single peak, as is the case for the
di(PEP)PorZn molecule at 4 K. This observation indicates that
the local conformational change around the Zn atom was not
the only reason for the experimental observation and/or points
to different mechanisms between the di(Xyl)PorZn and
di(PEP)PorZn molecules.

Second, we investigated the global conformational change
using the same procedure as described earlier. Figure Sc shows
P(P) for the di(PEP)PorZn molecule as a function of T and V.
As shown in Figure 4d, the rotation of the porphyrin plane is
restricted to angles changing between —10 and +10 at 4 K,
whereas at 300 K, ¥ can take all values between —90 and +90.
In addition, P(¥) at T = 300 K shows higher probabilities for
[P at large values (~60) compared to values around zero. At V
=0, P(¥) shows the same distribution for V = 0.5 V. The only
minor change corresponds to a larger probability around the
value of zero for V = 0 than for V = 0.5 V. By comparing P(¥)
for di(Xyl)PorZn and di(PEP)PorZn at 4 K as shown in Figure
Sd, we observed that the nature of the molecule has a large
influence on the global conformational change and could be the
reason why we experimentally observe bistability in the I-V
curve at 4 K. For di(Xyl)PorZn at 4 K, ¥ can take values
between —20 and 20, which is two times larger than the values
for di(PEP)PorZn at the same conditions for T and V.

On the basis of our studies, we conclude that the global
conformational change observed in the MD simulations of the
di(Xyl)PorZn and di(PEP)PorZn molecules seems to be a
plausible explanation for the experimental bistability because it
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is observed for both molecules at different T. However,
according to our simulations, it is unlikely to be the only
reason, and the local conformational change observed for the
di(PEP)PorZn molecule could be another explanation. This
implies that the mechanism for bistability can be slightly
different for the two porphyrin systems studied. Another
explanation to be considered is that the conformational changes
observed in the MD simulations can be directly related to the
existence of phonons of relatively low frequencies (@ < 600
cm™"), which correspond to large amplitudes for the normal
modes of the molecules (see SI). The transport phenomenon
across porphyrin molecules could excite phonons and therefore
contribute to the conformational changes and bistability
observed experimentally in the I-V curves.

We investigated the current voltage characteristics of
di(PEP)PorZn and di(Xyl)PorZn confined in an electro-
migrated nanogap. Bistability was observed for di(PEP)PorZn
at 300 K, which did not appear at 4 K. These results were
rationalized using MD simulations, which showed two distinct
bistable events at 300 K for di(PEP)PorZn related to the local
conformation dynamics of the dihedral angle made of the four
nitrogen atoms surrounding the Zn atom. We also found that
there is a relationship between the conformation change and
the applied bias voltage for di(PEP)PorZn. For di(Xyl)PorZn,
I-V curves showed that bistability at 300 K did not exist, but at
4 K, the angle between the porphyrin planes is a possible
explanation for the bistability. We also suggest that low
frequency phonons can contribute to structural changes and
bistability in the porphyrin systems. These investigations
provide insight into the electron transport behavior of
porphyrin molecules in an electromigrated nanogap for the
design of molecular devices.
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