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ABSTRACT

ARTICLE HISTORY

DFT calculations show that a combination of an electric field and electronic excitation is a promising mechanism to force a molecular switch based on amino-imino tautomerisation into one of its
two states. By calculating the effect of an electric field in the direction of the moving hydrogen on
the shape of the barrier in the ground and low-lying excited states of previously proposed molecular switches consisting of 5- and 7-membered rings with adjacent amino and imino groups, we
demonstrate that electric fields and photons in experimentally accessible ranges introduce sufficient
asymmetry to push the switch into the desired configuration. Excitation to states with inverted order
of the preferred geometry allows reversible switching without reversal of the electric field.
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Statement of article significance
This manuscript demonstrates that a combination of
electronic excitation and an electric field is a viable
switching mechanism for previously proposed candidate switches for molecular electronics. Using DFT, it is
shown that switching can be achieved with field strengths
and photonic energies in experimentally accessible
ranges.
In future, networks of such switches might act as transistors or other electronic devices at a size not accessible
by current semiconductor-based microelectronics.
This will be of great interest to experimental groups
working on molecular electronic devices and all resear
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chers interested in molecular electronics. It may even
bring the ‘molecular computer’ closer to reality.

Introduction
The incredible progress in the power of electronic devices
seen over the past decades, starting with the first working silicon transistor in 1954 [1], revolutionised almost
all aspects of our life. The miniaturisation of integrated
circuits allowed the creation of ever more complex electronic devices. It followed an apparent ‘law’ of doubling the number of transistors per area roughly every
18 months, dubbed Moore’s Law [2]. This development
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has now reached its physical limits [3], and alternative
approaches to decrease the size of electronic components
are being sought. One promising methodology is the use
of molecular electronics, where single molecules act as
switches or transistors.
Research on molecular switches has blossomed over
the last few decades, and papers reviewing this area
have started to appear in the literature [4–6]. Molecular
switches can be switched in a variety of ways, depending
on the properties of the molecule, including conformational change, different spin states, charge states, dipole
orientations, and bond formation. Switching can be initiated by external stimuli such as light, an electric field,
temperature and chemical reactions. Usually a switch has
two different states between which it can interconvert;
however, recently a molecular switch that can photoswitch between eight different states via controlled rotations around three adjacent bonds has been presented [7].
Wavelengths required for switching are typically in the
UV range, although switches that are triggered by irradiation with visible light have been reported as well [7,8].
Light offers many advantages over other stimuli, such as
the ability to focus on a small area and to be switched
on and off on a short timescale using, for example, laser
pulses.
We recently proposed a type of molecular switch
based on amino-imino tautomerisation in ring molecules
[9,10]. One advantage of this type of switch is that the
switching mechanism is based on the movement of a very
light particle (a single hydrogen atom) over a very short
distance. This would enable high clock rates (number
of possible switching events per second) in a molecular
electronic device. While not competitive with the GHz
range of switching frequencies common in current semiconductor chips, a single switching event based on the
movement of just a hydrogen atom, triggered by a pulsed
laser, should be feasible on a much shorter timescale
than other, heavier, molecular switches, even with current technology. The switching mechanism is similar to
that observed in molecules lying flat on a metal surface,
such as naphthalocyanine [11] and azophenine [12]. To
be useful in molecular electronics, it would be desirable if
the direction of the bonds affected by the switching process were not parallel to a metal surface, as the surface
would short-circuit any conduction in this direction.
The prerequisites of a working, reversible, switch are:
bistability (i.e. the existence of two minima of equal or
similar depth on the potential energy surface); a difference in conductivity between those structures (for
example, single versus double bonds in the pathway of
a current, assuming that conjugated double bonds conduct electricity, whereas single bonds do not); and a
means to switch between the two states. In previous work,

we have shown that bistability can be achieved using
molecules with an odd-membered ring, which have a
symmetric transition state for the tautomerisation process [10]. To trigger the switching process, this symmetry
has to be disrupted to favour one of the two states. This
can for example be done by the application of an electric
field in the direction of the hydrogen movement during
the tautomerisation [9]. To build a molecular electronic
device, switches need to be connected into a network by
molecular wires. Molecular wires are chains that conduct electricity in one dimension [13,14]. Figure 1 shows
a proposed network of 7-membered ring molecules as
switches and ethyne fragments as molecular wires. Tautomerisation on the central ring changes the location of
the double bonds and changes the pathway comprised
of alternating single and double bonds. This will change
the pathway of current flow through conjugated double
and triple bonds, as indicated in Figure 1. Ethyne is a
simple model of a molecular wire used before in a computational study [15]. In practical studies, molecular wires
often consist of conjugated rings connected by ethyne
linkages, such as oligo(phenylene ethynylene) [16].
In the current paper, we consider the previously
proposed odd-membered ring molecules aminotroponimine (IUPAC name 7-iminocyclohepta-1,3,5-trien1-amine) and its five-membered ring analogue, 5iminocyclopenta-1,3-dien-1-amine (see Scheme 1) [10].
Aminotroponimine has been synthesised before [17]. We
will refer to these two ring molecules as the 7-ring and 5ring, respectively, from here onwards. We propose combining an electric field with optical excitation to excite
the molecule into an excited state with smaller or nonexistent barrier to one of the two states of the switch. This
may allow us to use molecules with a high barrier in the
ground state or to use photons as a means of triggering
the switch. The barrier heights in the ground and excited
states will affect the function, stability and reversibility of
the switch. The barrier in one direction should be sufficiently high to prevent spontaneous switching, whereas
the energy of the excited state relative to the ground
state determines the wavelengths needed for inducing
the switching process. Earlier work showed that, in the
ground state, the 5-ring has a slightly higher tautomerisation barrier than the 7-ring, and is therefore more
resistant to spontaneous switching [10]. Calculation of
the switch rate at different temperatures showed that, for
the 7-ring, some molecules can be expected to change
configuration in a macroscopic assembly, even at liquid
nitrogen temperatures. Whereas this is not desirable in
a traditional electronic device, it may be acceptable in a
system where the final state is measured statistically, e.g.
in neural networks where fault tolerance is an intrinsic
part of the method [18–20]. Thus, both ring molecules
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Figure 1. Network of molecular switches (aminotroponimine molecules), connected by ethyne molecular wires, showing the change in
flow of current (indicated by the blue arrows), upon switching the circled hydrogen as indicated by the arching arrow.

are viable candidates for molecular switches and both will
be further investigated in the current paper.

Methodology
Calculations were carried out with the PBE0 [21] hybrid
density functional, augmented with the D3 empirical dispersion term [22] and Becke–Johnson damping [23], and
the def2-TZVP basis set [24], using Gaussian 16 [25].
The structures of the 5-ring and 7-ring were optimised
at this level of theory. We also optimised the two different rings with ethyne units attached to the two nitrogen
atoms and the carbon on the opposite site of the ring
from the nitrogens (C3 in the 5-ring; C4 in the 7-ring;

see Scheme 1 for the atom labelling), to model molecular
wires. Frequencies were calculated to confirm the optimised structures are true minima. This was done for both
(symmetry-related) minima along the reaction coordinate of the tautomerisation. A relaxed scan was run,
increasing the distance between the hydrogen atom initially attached to the amino nitrogen, starting at the optimised minimum geometry, in steps of 0.01 Å, from either
minimum. For the 7-ring, 150 steps were taken, and 200
steps were taken for the 5-ring, to assure the energy minimum with the hydrogen attached to the other nitrogen
was reached for the ground and all excited states considered. The geometries with the hydrogen atom beyond the
energy maximum were combined to achieve a symmetric

4

H. FRÜCHTL ET AL.

Scheme 1. Structures of the 5- and 7-ring, showing the atom
labelling

energy profile. To achieve an energy profile that reflects
the symmetry of the molecule and is not biased towards
one minimum, we use as the reaction coordinate the projection of the coordinate of the moving hydrogen onto the
bond connecting the two carbon atoms attached to the
nitrogens (the C1-C5 and C1-C7 bond for the 5-ring and
7-ring, respectively). Excited state calculations were run
with TD-DFT, using the Tamm-Dancoff approximation
[26,27] on the geometries obtained in the scan, using the
same functional and basis set as before. Both singlet and
triplet excited states were considered. The excited state
calculations were repeated in the presence of an electric
field of 1 V/Å, aligned along the bond connecting the two
carbon atoms attached to the nitrogens.

Results
Figure 2 shows the energy profiles of the ground state
and five low-lying excited states of the 5- and 7-ring. The
ground state barrier and most of the excited state barriers
considered are larger for the 5-ring than for the 7-ring.
The third and fourth excited state in the 5-ring (pink

and blue lines), which are both triplets, show two avoided
crossings. In the 7-ring the third and fourth excited state
are of different multiplicity (excited state shown by blue
line: singlet; pink line: triplet) and cross each other on
both sides of the barrier. Due to the symmetry of the
transition state, which is reflected in the energies of the
ground and excited states, switching would have to be
triggered by an external perturbation. In the remainder
of this paper we investigate the effect of an electric field
as a means to break the symmetry, with the objective to
favour one of the two minima.
Figure 3 shows the energy profiles of the ground state
and five low-lying excited states of the 5- and 7-ring in the
presence of an electric field of 1 V/Å, directed along the
C1-C5 bond (for the 5-ring) or the C1-C7 bond (for the 7ring), which is approximately the direction of movement
of the hydrogen during the tautomerisation process.
The presence of the electric field causes the profiles
to be asymmetric, with one minimum favoured over the
other. For some excited states the barrier has nearly disappeared. Thus, a combination of electric field and excitation could be used to switch the molecule from one
tautomer to the other. For the 5-ring, without the electric
field (see Figure 1), the barrier is 0.92 eV. The electric field
changes this to two unequal barriers of 1.10 and 0.72 eV,
slightly favouring the minimum on the left in Figure 3.
Excitation to the first or second excited state (red and blue
lines) reduces the barrier towards the left minimum to
0.20 and 0.11 eV, respectively. For the 7-ring, the barrier
is 0.43 eV without the electric field present. This changes
to two unequal barriers of 0.74 and 0.19 eV. Two excited
states have lower barriers towards the left minimum: the
state represented by the green line (barrier: 0.16 eV) and
the pink line (0.09 eV). Exciting to these states would
make switching even easier. Reversing the direction of the

Figure 2. Energies (relative to the ground-state minimum) of the ground state (black line) and five low-lying excited states (coloured
lines) of the 5-ring (left graph) and 7-ring (right graph) as a function of the reaction coordinate. The reaction coordinate is the projection
of the moving hydrogen onto the C1-C5 (for the 5-ring) or C1-C7 bond (for the 7-ring).
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Figure 3. Energies (relative to the ground-state minimum in the absence of an electric field) of the ground state (black line) and five
low-lying excited states (coloured lines) of the 5-ring (left graph) and 7-ring (right graph) in the presence of the electric field as a function
of the reaction coordinate. The reaction coordinate is the projection of the moving hydrogen onto the C1-C5 bond (for the 5-ring) or the
C1-C7 bond (for the 7-ring).

Figure 4. Energies (relative to the ground-state minimum in the absence of an electric field) of the ground state (black line) and five lowlying excited states (coloured lines) for the 5-ring (left graph) and six excited states for the 7-ring (right graph), with wires attached in the
presence of the electric field as a function of the reaction coordinate. The reaction coordinate is the projection of the moving hydrogen
onto the C1-C5 bond (for the 5-ring) or the C1-C7 bond (for the 7-ring).

electric field would allow switching back to the original
state.
In a molecular electronic circuit a switch would be
connected to other components via conducting wires
that allow conjugation with double bonds in the switch
molecule. The simplest example of a molecular wire is
ethyne. To investigate the effect of attached wires on the
energetics of the tautomerisation, we calculated the excitation profiles of the 5-ring and 7-ring with ethyne groups
attached to the nitrogens and the carbon on the opposite
side of the ring. The profiles without electric field present
are included in the Supporting Information. Figure 4
shows the profiles of the two molecules with wires in the
presence of an electric field.
Compared to the molecules without wires, the range of
energies of the excited states has decreased for the 5-ring.
Qualitatively, the ground state and lower excited states are
very similar. We have included an extra excited state for

the 7-ring (the brown line) to show there are excited state
profiles with no barrier for switching. Both molecules
have excited states that favour the minimum on the left,
as well as those favouring the minimum on the right. This
opens the possibility of forcing the switch into the other
minimum by purely optical means, without reversing the
electric field.
Depending on the particular excited state desired,
excitation energies are in the visible or near-UV range
of the electromagnetic spectrum, and therefore easily
experimentally accessible.

Conclusions
We have shown that the two investigated molecules,
aminotroponimine and its 5-membered analogue, are
promising candidates for single-molecule switches in
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molecular electronic devices. Their switching mechanism is amino-imino tautomerisation. Both show bistability, i.e. two states with equal stability. An electric field,
combined with electronic excitation, introduces sufficient asymmetry to trigger a change of tautomeric state.
Selective choice of field strength and excitation energy
can be used to fine-tune the switching behaviour. In
some cases an excited state reverses the order of preferred tautomeric state without reversal of the electric
field, opening the possibility of switching purely based
on photonic excitation in a constant field. This may
allow devices switched with e.g. a pulsed laser, which
may permit a faster clock rate, i.e. the number of switch
events in a given time. The ultimate goal is to replace or
complement electronic semiconductor devices with networks consisting of millions of molecular components.
Initial studies may focus on anchoring individual switch
candidates, or self-assembled monolayers on crystal surfaces, to allow investigating and manipulating them using
established surface science methods. Excitation energies in the visible and near-UV range, as shown by
our calculations, together with an electric field strength
that is experimentally achievable, for example using a
scanning tunnelling microscope (STM), indicate that
experimental realisation should be feasible using current
technology.
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