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a b s t r a c t

A new model tautomeric system with intramolecular hydrogen bonding is proposed. Geometry optimi-
zations are performed at HF and MP2 levels and absorption spectra are simulated at TDDFT level. The
MP2 level of theory was chosen for studying the effect of the external electric static field (EF) on the
molecular electronic structure. The geometries of the tautomers as well as the transition states are fully
optimized for each magnitude and for opposite directions of the applied EF. Upon variation of the electric
field strength and polarity, it is possible to stabilize different tautomeric forms of the molecule. The
dipole moment, HOMO–LUMO gap and the spatial distribution of the frontier orbitals are found to be sen-
sitive to the EF strength and polarity and the different tautomeric structures are differently affected by
the field. Elongation of the conjugated system providing a large number of possible tautomeric forms
is also examined at HF level. Systems similar to the studied model system have potential use in the design
of new molecular electronic devices.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The idea of using organic molecules as functional units in elec-
tronic devices has received great attention. The assumption of Avi-
ram and Ratner [1] that a single organic molecule could perform as
a molecular rectifier may be regarded as the beginning of molecu-
lar electronics. A wide variety of molecules have been suggested as
molecular devices, such as molecular wires [2–4], molecular diodes
[5,6], molecular storage devices [7,8], molecular switches [9–11]
and molecular logic gates [12]. Among the various kinds of mole-
cules that can act as molecular devices, conjugated organic mole-
cules favor electron transport of charge carriers along the chain.
Due to the delocalization of p-electrons along the chain backbone,
particular electrical and optical properties (large non-linear optical
responses) arise [13]. It is found that molecules having quinoid
structure or molecules which acquire such a pattern after struc-
tural changes provoked by external factors like light, electrical field
(EF) possess a high degree of electron delocalization, planarity and
small energy gap [14]. These properties of such molecules can be
used to design bridge units between donor–acceptor fragments
of molecular wires. The presence or the rise of extended p-elec-
tronic conjugation of bridge units promote strong coupling be-
tween donor–acceptor fragments. Many theoretical studies are

devoted to the design of molecular devices by adopting first-prin-
ciple studies of the effect of an applied external EF on their molec-
ular properties such as electron transfer in conjugated molecular
wires [15–19] and conformational dependencies [20,21], and they
confirm that the above mentioned properties of bridge units favor
a high conductivity in molecular wires.

Another concept for the achievement of the required molecular
performance can be realized by tautomeric conversion via fast pro-
ton transfer reaction between keto and enol tautomeric forms,
each of them with distinct molecular properties. An important fea-
ture in such a reaction mechanism is the coupling between the
proton motion and the electron density redistribution known as
Proton Coupled Electron Transfer (PCET) [22]. The application of
EF in a specific direction may favor the proton transfer so as to ob-
tain a tautomer with desired properties. Studies on tautomeric sys-
tems in EF are scarce [23–25].

In some cases the tautomeric forms are near in energy and the
tautomerization barriers are low enough. Then the application of
an external EF with an appropriate magnitude and direction could
change the tautomeric equilibrium in the desired direction, that is,
EF could be used as a tool to yield a tautomer with desired
properties.

We propose a new model system with a possible keto-enol tau-
tomerism. The structure consists of three different fragments –
benzoxazolyl (Bo), hydroxypyridil (Hp) and indanedionyl (Ind)
where Hp is regarded as a bridge (Fig. 1). The presence of different
bridge units Hp (n = 1�3, Fig. 1) leads to a large number of possible
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tautomeric forms as well as to a large number of possible tauto-
meric conversions between them. Detailed study of the EF effect
on the electronic and geometric structure of compound 1 (n = 1,
Fig. 1) is performed for understanding its molecular electrical
properties.

2. Computational details

The geometries of the possible tautomers of 2-(5-(benzo[d]oxa-
zol-2-yl)-6-hydroxypyridin-2-yl)-3-hydroxy-1H-inden-1-one (1)

(Fig. 2) were located at HF and MP2 levels of theory with Pople’s
6-31G(d,p) basis set using the quantum chemistry package,
Firefly, version 7.1.H [26]. To investigate the chain length effect,
2-(5-(benzo[d]oxazol-2-yl)-20,6-dihydroxy-20,30-dihydro-[2,30-
bipyridin]-60(10H)-ylidene)-1H-indene-1,3(2H)-dione (2) and
2-(5-(benzo[d]oxazol-2-yl)-20,200,6-trihydroxy-[2,30:60,300-terpyri-
din]-600(100H)-ylidene)-1H-indene-1,3(2H)-dione (3) (see Fig. 1,
n = 2, 3), were considered. Because of the size of the molecules,
the calculations were performed at HF/6-31G(d,p) level. Li et al
[27] have performed comprehensive tests at the HF level on the
typical molecular wire, polyacetylene with a wide variety of basis
sets, showing that HF/6-31G(d) is relatively ‘‘good’’, and can be
used with sufficient accuracy and sustainable computing time.

Full geometry optimizations of the structures investigated were
performed without symmetry constraints. The local minima and
transition states were verified by establishing that the Hessians
had zero and one negative eigenvalues, respectively. Starting from
the transition state, the reaction path was generated as the steep-
est descent path in mass-scaled coordinates (intrinsic reaction
coordinate, IRC) using the Gonzalez–Schlegel algorithm, employing

Fig. 1. Structural formula of compounds 1 (n = 1), 2 (n = 2) and 3 (n = 3).

Tautomer 1A

Tautomer 1B

Tautomer 1C

Fig. 2. MP2/6-31G(d,p) optimized structures of tautomers 1A–1C with numbering of the atoms.
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a step size of 0.05 Bohr (1 Bohr corresponds to 0.53 Å). On both
branches of the reaction coordinate 30 steps were performed.
The values of Gibbs free energies (DG) and activation barriers
(DG#) were calculated for a temperature of 298.15 K.

Prior to the introduction of electric field (EF), structures 1A, 1B
and 1C (Fig. 2) and their respective transition states were opti-
mized at MP2/6-31G(d,p) level. Electric field effects on the struc-
tural and electronic properties of the proposed molecule were
studied by analyzing molecular electronic parameters by including
a field term in the Hamiltonian of the molecule during geometry
optimization. The EF strength is given in atomic units (a.u.) within
the numerical range �0.01 to 0.01 a.u. with an increment of
0.001 a.u.

Generalized Atomic Polar Tensors (GAPTs) charges [28] were
calculated via numerical derivative procedures implemented in
Firefly involving finite-field differencing of the molecular gradient.
This requires seven energy + gradient calculations to get the entire
dipole derivative matrix. The calculations can be performed at any
molecular geometry. For achieving convergence of the dipole mo-
ment derivatives, electric field amplitude of 0.0001 a.u. was used,
and the overall precision of the calculations was extra high.

Excitation energies were obtained from time-dependent DFT
(TDDFT) calculations at the MP2 optimized ground state geome-
tries (vertical excitation) using the hybrid Exchange-Correlation
(XC) functionals, B3LYP and PBE0, and the 6-31+G(d,p) basis set.
B3LYP has been applied for determination of the excitation ener-
gies of a broad range of organic compounds [29–33]. The choice
of PBE0 is based on the statement that it is reliable in the evalua-
tion of vertical excitation energies [34–37]. The spectra were sim-
ulated by associating to each transition a 50/50 Gaussian/
Lorentzian line shape having a height proportional to the oscillator
strength and a full width at half-maximum (fwhm) of 0.1 eV. The
TDDFT calculations were done using the Gaussian 09 suite of pro-
grams [38].

3. Results and discussion

3.1. Tautomeric conversions

We start our discussion considering the values of the energy dif-
ferences between the tautomers of compound 1 calculated at HF/6-

31G(d,p) and MP2/6-31G(d,p) levels of theory (Table 1). At HF level
the most stable is tautomer 1C followed by tautomers 1B and 1A,
and the energy differences are very close in gas phase at 0 K
(DH0) and at room temperature (DG298). Surprisingly, HF calcula-
tions predict the quinoid tautomer 1C as most stable. At MP2 level
when only total energy (Et) is considered, the most stable tautomer
becomes 1B. Tautomer 1A is next in energy by only 0.90 kcal mol�1

and 1C is higher in energy. The results are similar when the
zero-point energy (ZPE) is added to the total energies. The values
of the relative free energies (DG298) suggest that the most
stable tautomer is 1A followed by 1B (1.05 kcal mol�1) and 1C
(5.03 kcal mol�1). The MP2 calculated N7� � �O35 distances in the
tautomers of the compound are 2.685, 2.642 and 2.599 Å for 1A,
1B and 1C, respectively, and the N12. . .O36 distances – 2.634,
2.679 and 2.738 Å for 1A, 1B and 1C, respectively (Fig. 2). They
are near to typical values for strong OAH� � �N and O� � �HAN intra-
molecular hydrogen bonds.

The transition state structures corresponding to the intramolec-
ular proton transfer reactions were located (Fig. 3a). According to
the calculated values of the proton transfer barriers between the
tautomers of compound 1, two consecutive proton transfer
reactions should be considered. At HF level, the free energy
barriers of the reactions 1C ? 1B and 1B ? 1A are 9.31 and
7.72 kcal mol�1, respectively (Fig. 3a and Table 1). However, the
MP2/6-31G(d,p) calculations show that the two tautomerization
reactions in reverse direction should occur, i.e. 1A ? 1B and
1B ? 1C (Table 1). The value of the 1A ? 1B reaction barrier is
lower than that for 1B ? 1C. The activation energy of the tauto-
merization reactions via direct intramolecular proton transfer is
low enough and the tautomerization process should occur. Hence,
according to our calculations, when the electron correlation at MP2
level is taken into account, the consecutive tautomeric conversions
1A ? 1B ? 1C take place.

We consider the effect of chain lengthening by adding one
(n = 2) and two (n = 3) hydroxypyridine rings between the indandi-
one and benzoxazole moieties. In the case of n = 2, eight tautomeric
structures are possible. When two hydroxypyridil rings are added
(n = 3), the number of possible tautomers increases to sixteen. Be-
cause of the size of these molecules, the calculations were per-
formed at HF/6-31G(d,p) level. Here we consider only the energy
preferred tautomers of compounds 2 and 3. All the tautomeric
structures of 2 and 3, and the energy differences between them
are presented in Supplementary material (Figs. S1, S2 and
Table S1).

The total energies of the tautomers of 2 reveal that at HF level
the most stable structure 2A is followed by 2B (1.39 kcal mol�1)
and 2C (1.43 kcal mol�1) (Table 1). There is a small increase in
the enthalpy differences (DH0) between tautomers 2A and 2B
and a decrease in DH0 between 2A and 2C. The values of the rela-
tive free energies DG298 of the tautomers of 2 presented in Table 1
show a very small variation. Since the results for DG298 show the
same trend as in the case for DH0, the stability sequence according
to DG298 values is 2A ? 2C ? 2B.

In the case of 3, 16 tautomers are possible (Fig. S2) and the
geometry optimization was carried out at HF/6-31G(d,p) level.
The results suggest (Table 1) there are several low-energy tau-
tomers whose total energies are nearly degenerate. 3A is the most
stable, but it is only 0.10 kcal mol�1 below 3B. The energy differ-
ences between 3A and the next stable tautomers, 3C and 3D are
small – 1.61 and 1.75 kcal mol�1. The pattern becomes different
when the TDS term is taken into consideration. The most stable
structure of 3 becomes 3B, followed by 3A (0.87 kcal mol�1), 3C
(2.33 kcal mol�1) and 3D (2.77 kcal mol�1). As can be seen, the
influence of the TDS term is more expressed in the case of com-
pound 3 than 2 and this leads to a rearrangement of the relative
free energy sequence.

Table 1
HF/6-31G(d,p) and MP2/6-31G(d,p) calculated energy differences and barriers
(kcal mol�1), and imaginary frequencies, m# (cm�1), for the tautomers of compounds
1–3.

Compound HF/6-31G(d,p) MP2/6-31G(d,p)

DEt DH0 DG298 m# DEt DH0 DG298 m#

1A 3.33 3.51 3.55 0.90 0.24 0.00
1B 0.26 0.53 0.62 0.00 0.00 1.05
1C 0.00 0.00 0.00 4.54 4.26 5.13
TS1 (1A ? 1B) 10.82 7.88 8.34 1732i 4.57 1.71 3.05 1233i
TS2 (1B ? 1C) 11.86 8.86 9.31 1702i 6.85 4.21 5.57 1065i

2A 0.00 0.00 0.00
2B 1.39 1.43 1.53
2C 1.43 1.29 1.25
TS1 (2A ? 2B) 7.55 4.44 4.97 1594i
TS2 (2B ? 2C) 12.11 8.99 9.42 1700i

3A 0.00 0.00 0.87
3B 0.10 0.05 0.00
3C 1.61 1.56 2.33
3D 1.75 1.82 2.77
TS1(3A ? 3B) 6.94 3.77 4.89 1607i
TS2(3B ? 3C) 7.63 4.55 5.93 1584i
TS3(3C ? 3D) 12.34 9.27 10.55 1698i
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In this study we consider the possibility of consecutive conver-
sion of the tautomers of 2 and of 3 by prototropic tautomeric rear-
rangement. The TS structures corresponding to the proton transfer
reactions were localized. The predicted TS’s were verified by estab-
lishing that the Hessians each had only one negative eigenvalue.

The calculated barriers of tautomerization of 2 and of 3 and the
respective imaginary frequencies, calculated at HF/6-31G(d,p) level
of theory, are presented in Table 1.

The conversion of 2A to 2C is realized by two consecutive tau-
tomeric reactions 2A ? 2B and 2B ? 2C. Reaction 2A ? 2B has a

(b)

(c)

(a)

Fig. 3. Tautomeric conversions in compounds 1 (a), 2 (b) and 3 (c). HF/6-31G(d,p) calculated relative energies (DG298) and energy barriers (DG#
298) are in kcal mol�1.
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lower barrier (4.97 kcal mol�1) than 2B ? 2C (7.89 kcal mol�1) but
the free energy difference between 2A and 2B (1.53 kcal mol�1) is
larger than between 2B and 2C (0.26 kcal mol�1) (Fig. 3b) and reac-
tion 2B ? 2C is exothermic.

The tautomeric conversion of 3 is slightly different from that of
2. The most stable structure is 3B and the tautomeric conversion
proceeds by two consecutive tautomeric reactions 3B ? 3C and
3C ? 3D. Reaction 3B ? 3A is characterized by the lowest barrier
height (4.89 kcal mol�1). The free energy barriers of the 3B ? 3C
and 3C ? 3D reactions amount to 5.93 kcal mol�1 and
8.22 kcal mol�1, respectively (Fig. 3c).

Because of the comparatively low activation barriers and small
free energy differences, the tautomeric conversions in compounds
2 and 3 should occur.

3.2. Absorption spectra of the tautomers of compound 1

The theoretical prediction of the main characteristics of optical
absorption is useful for elucidating the electronic structure, and the
simulation of these spectra could, in principle, help the experimen-
tal recognition of the different structures. For lack of experimental

data the performance of the different theoretical models cannot be
assessed. The theoretical considerations and spectra simulations
were carried out at TDDFT level using the B3LYP and PBE0 func-
tionals. The B3LYP predicted excitation wavelengths of the
tautomers are systematically red shifted with respect to PBE0 but
by less than 15 nm and the ordering and relative positions of the
transitions for the three tautomers predicted by both functionals
is the same. Since the simulated spectra with the two functionals
are very similar, we present here only the B3LYP results (Fig. 4).
The PBE0 simulated spectra and their comparison to the B3LYP
spectra are given in Supp. data section (Figs. S3 and S4).

The simulated absorption spectra of the three tautomers are
quite distinct. In the range 320–500 nm 1A and 1B have two tran-
sitions while 1C is characterized by only one (Fig. 4). For all sys-
tems the HOMO’s are delocalized all over the molecule. The
LUMO’s of 1B and 1C are also spread over the whole system
whereas 1A’s LUMO is partially localized on the Hp and Ind frag-
ments. Due to the pronounced charge transfer (CT) character of
S0 ? S1, the transition at 462 nm (predominantly contributed by
HOMO ? LOMO) of 1A is red shifted relative to the respective tran-
sitions of 1B and 1C. There are two transitions S0 ? S1 (404 nm)
and S0 ? S2 (394 nm) in 1B with comparable oscillator strengths
and contributions from HOMO ? LUMO and HOMO ? LUMO + 1
transitions. As in the case of 1A, there are also contributions from
CT states built from the LUMO + 1 orbital localized on fragment Ind
(Fig. 5). The long wavelength band of 1C consists of only one pure
HOMO ? LUMO transition (414 nm) with high oscillator strength.

3.3. Electric field dependence

We performed theoretical investigations on the applied exter-
nal EF effect on the molecular geometry and electronic structure
of the tautomers of the title compound. We adopted the following
model to account for the external static EF: the molecules are
placed in a homogeneous external electric filed so that its direction
coincides with the x-axis of the standard molecular orientation
without a field applied. The field is set as ‘‘positive’’ when the
direction is from the benzoxazole to the indandione fragment
and as ‘‘negative’’ in the opposite direction.

The Gibbs free energy differences between the tautomers
change depending on the EF direction as presented on Fig. 6. In
positive external EFs, the effect is confined to a polarization of
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Fig. 4. B3LYP/6-31+G(d,p) calculated UV–vis spectra of tautomers 1A-1C. The
structures are optimized at MP2/6-31G(d,p) level.

Fig. 5. Graphical representation of the S0 ? S1 and S0 ? S2 electronic transitions and frontier molecular orbitals of all tautomers of 1. The calculated oscillator strengths are
given in brackets.
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the molecules and to an enhancement of the relative stability of
1A. In negative EFs a reordering of the relative stabilities of the
tautomers is observed as 1C becomes the most stable structure

at EF = �0.006 and 1A is about 3 kcal mol�1 higher in energy.
Thus, EF strength and polarity can lead to stabilization of different
tautomeric forms.

(a)

(b)

Fig. 6. Pathways between different tautomers of 1 without (a) and in presence (b) of applied electric field (EF). Relative energies (DG298) and energy barriers (DG#
298) are in

kcal mol�1.
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The prediction of the most stable structure for a given magni-
tude and polarity of the external field is feasible on the basis of
the knowledge of the dependence of the induced dipole moments
of a molecule, since the larger the induced dipole moment, the lar-
ger the stabilization in the external EF. The stabilization of 1A in
positive fields and 1C in negative fields (Fig. 6) is further confirmed
when considering the EF effect on the induced dipole moments. As
the magnitude of the field increases (Fig. 7) the calculated induced
dipole moments of 1A in positive fields remain the largest whereas
in negative fields 1C has the largest negative dipole moment. It can
be seen that the induced dipole moments increase in magnitude
with the fields in a linear manner. The slopes of these (quasi)linear
dependencies directly correspond to the molecular polarizabilities
(the polarizability is the derivative of the dipole moment with re-
spect to the applied field). The most moderate slope of 1A and the
steepest of 1C correlate with the calculated longitudinal polariz-
abilities axx at MP2/6-31G(d,p) level: 547.7 a.u., 601.9 a.u. and
669.7 a.u. for 1A, 1B and 1C, respectively. At fields higher than
0.005 a.u., the induced dipole moments deviate from linearity
(especially for 1A) and approximate a quadratic dependence on
the applied external field.

Another electronic property that changes in an external electric
field is the HOMO–LUMO gap (HLG). The decrease of the HLG
(Fig. 8) is related to the polarization effect of the EF and is not
monotonic as a function of the field strength. 1C is characterized
by a nearly symmetrical dependence on EF polarity whereas 1A
is more EF polarity dependent. When going from EF = 0.0 to
EF = �0.01 the HLG of 1A decreases by about 3 eV while for 1C this
decrease is less than 1 eV.

The spatial distribution of molecular orbitals allows to assess
the electron transport properties of a molecular system [39,40]. A
closer look at the frontier orbitals reveals a spatial redistribution
of the HOMO and LUMO in the presence of an external EF. Fig. 9
displays the HOMO and LUMO plots at two electric field strengths,
0.006 a.u. and 0.01 a.u., and at both EF polarities as well as at zero
EF for comparison. The spatial distribution at zero EF of the HOMO
is very similar for the three tautomers with this orbital delocalized
along the backbone of the molecules. The main difference may be
observed in the LUMO orbital: in 1A it is localized mainly on the
Hp and Ind fragments, whereas in 1B and 1C it is quite delocalized.

With increase of the electric field, HOMOs and LUMOs shift in
opposite directions from a delocalized to a partially localized state.
In positive external electric fields, HOMOs move towards the high-
er potential and become more localized on fragments Bo and Hp;
LUMOs move towards the lower potential, localizing predomi-
nantly on the Ind fragment, and this separation enhances with
the field strength. This redistribution is more evident for LUMOs
at EF = 0.01 a.u. In negative EFs, HOMOs and LUMOs are localized
again in the opposite parts of the molecule but to a lesser extent
– HOMO is spread over Hp and Ind whereas LUMO is on Bo and
Hp. As seen from Fig. 9 at EF = �0.01 a.u. the LUMO of tautomer
1A, in contrast to LUMO’s of 1B and 1C has a small tail over the
Ind moiety. Thus, in 1A a larger delocalization over the molecular
backbone is observed, which, in turn, leads to a LUMO stabilization
and a smaller HLG with the EF increase.

This different behavior with respect to the EF polarity is due to
the asymmetry of the molecules and their different polarizability.
On the other hand, the differences in HLG and spatial distribution
of the frontier orbitals of the three tautomers suggest that these
compounds could act differently in view of their potential molecu-
lar device applications [41].

The effect of EF on molecular vibrations is revealed by changes
in the frequencies and intensities of vibrational transitions [42].
The influence of EF on intensities can be explained by the appear-
ance of an induced dipole moment as a result of EF polarization of
the target molecule that leads to an alteration of the absolute value
and direction of the corresponding vibrational transition dipole
moments [42,43]. As it is known, the latter are related to the deriv-
atives of the molecular electric dipole moments and/or polarizabil-
ities with respect to the molecular vibrational coordinates. On the
other hand, the applied external EF distorts the molecular force
field (the position of potential energy minimum is displaced from
the original one) and, as a result a frequency shift and/or splitting
of degenerate modes can be observed [42–44]. In our theoretical
study the EF effect is accompanied by electrostatic vibrational cou-
pling between different frequency modes like C@O, NH and OH
which take place in the proton transfer reaction. We studied their
behavior with the increase of EF along the x-axis in the region
(�0.006; �0.001 a.u) where the tautomeric conversion is most
probably expected (Fig. 6).

In general, a frequency decrease is observed for the stretching
modes of C@O, NH and OH of the studied molecules with an in-
crease of EF which can be explained by the above-mentioned dis-
placement of potential energy minimum. At EF �0.006 a.u.,
tautomer 1C becomes most stable, which is accompanied by a
vibrational coupling between different C@O modes as well as be-
tween NH stretching modes. A similar picture is observed for NH

Fig. 7. Dipole moment component lx (Debye) as a function of the external EF (a.u.)
for the three tautomers of 1.

Fig. 8. HOMO–LUMO gap (eV) as a function of the external EF (a.u.) for the
tautomers of 1.
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and OH stretching modes at EF = �0.002 a.u., where tautomer 1B is
predicted to be the most stable. However, such vibrational cou-
pling is not observed for tautomer 1A in the whole region of EF val-
ues (0.016, �0.016 a.u). The predicted vibrational coupling effects
could indicate tautomeric conversion between 1A and 1B, and 1B
and 1C, on variation of the magnitude and direction of the applied
external EF.

It is helpful to analyze the changes provoked by an external EF
in the atomic charge distribution of a molecule. Since the IR inten-
sities are directly related to the GAPT charges [28], these charges
and their dependence on the EF could be informative for the charge
fluxes and dipole moment variations induced by intramolecular
charge transfer occurring during a vibration [45,46].

With an increase of the EF, the most significant deviations in the
GAPT charges are observed for the atoms of fragment Hp and much
smaller deviations are observed for the heteroatoms of the NAH
and C@O bonds of the Bo and Ind fragments (Fig. 10). For the rest
of the atoms, the calculated GAPT charges are almost independent
of the EF strength and polarity. This shows that EF influences

mainly the electronic structure of the hydroxypyridine ring, where
the EF could give rise to keto–enol conversion.

4. Concluding remarks

We propose and theoretically study a model system with small
energy differences for its tautomeric forms and comparatively low
activation barriers between them. Tautomers 1A–1C are UV–vis
distinguishable: the predicted longest wavelength absorption band
of the most stable tautomer 1A is at 462 nm, and 1B and 1C are
hypsochromically shifted by 48 nm and 58 nm. The ab initio calcu-
lations with MP2 correlated method for the EF effect on the parent
compound (n = 1) indicate that depending on the EF strength and
polarity different tautomeric forms are stabilized. The external EF
leads to a change of the electronic structures, such as reducing
the HOMO–LUMO gap and the spatial redistribution of the frontier
molecular orbitals. The distinct tautomeric structures are differ-
ently affected by the magnitude and direction of the applied EF.

Fig. 9. Visualization of the frontier molecular orbitals of the three tautomers of 1 at different values (a.u.) of EF.
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Thus, the molecular responses can be tuned by applying suitable EF
parameters. Due to the predicted asymmetry in HLG decrease upon
EF direction the proposed model systems can be used in the design
of molecular electronic devices such as molecular diodes, transis-
tors, rectifiers and switches.
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