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Abstract The effect of electric field induced electron trans-
fer on the rectification properties of molecular rectifiers
based on charge transfer complexes of tetrakis(dimethyla-
mino)ethane (TDAE) with acceptor molecules was ex-
plored. The current–voltage curves and the rectification
ratios (RR) for two different molecular rectifiers were
obtained using a direct ab initio method at M06/LACVP
(d) level of theory in the range from −2 to +2V. The highest
RR of 25.7 was determined for the complex of TDAE with
2-nitropyrene-4,5,9,10-tetraone at 0.5V (D1), while another
rectifier [complex of TDAE with 2,7-dimethyl nitropyrene-
4,5,9,10-tetraone (D2)] showed a maximum RR of only 2.9
at 0.3V. The electric field induced electron transfer occur-
ring in D1 creates a one-way conducting channel consisting
of two SOMOs involving the entire D1 complex. In the case
of D2, no electron transfer occurs at the applied bias vol-
tages due to the relatively high energy difference between
HOMO and LUMO.

Keywords Molecular rectifier . DFT . Charge transfer .
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Introduction

In recent years, molecular electronics have been considered
as one of the most promising alternatives for future nano-
scaled electronic devices [1–4]. Nowadays a great variety of
potentially useful molecular electronic devices, such as mo-
lecular rectifiers, resonant tunneling diodes, wires and

storage devices, have been designed and studied at both
experimental and theoretical level [5–10]. The first design
of a molecular rectifier is dated 1974, when Aviram and
Ratner [11] proposed a prototype of a donor-insulator-
acceptor (D-B-A) molecular rectifier, with functionality
similar to p-n junctions. In D-B-A molecular diodes, D
and A are the π donor and π acceptor, respectively, separat-
ed by an insulating sigma bridge (B).

The rectifying effect in molecular junctions of the form
metal|molecule|metal, is defined in terms of the absence of
inversion symmetry, I(V)≠-−I(−V), where I and V are the
current and the applied voltage, respectively. The dominant
factors inducing rectification are geometric asymmetry in
the molecular junction and the spatial profile of the electro-
static potential [12, 13].

Many different molecules exhibiting rectifying effect have
been designed, synthesized and studied in recent years
[14–16]. The rectifying behavior of D–B–A diodes in Lang-
muir–Blodgett (LB) layers and in dyad chromophores aligned
by self-assembly have also been investigated [14, 17–26].
Recently, molecular diodes have been obtained by the assem-
bly of ionic acceptors and donors, yielding a rectification ratio
(RR) of 100 at 1V [27]. Rectification behavior has also
been observed in derivatives of fullerene[60] acting as a
super-rectifier when operated between +2 to −2V with a
RR020,000 at 1.5V [28–30]. Electrical rectification from a
fullerene[60]-dyad based metal–organic–metal junction of a
monolayer LB film of a fullerene C60-didodecyloxybenzene
dyad sandwiched between two gold electrodes was found to
be as high as 158 at 3V [31].

Recently, a new approach to the design of a molecular
rectifier has been proposed by García et al. [32] consisting
of the use of donor-acceptor complexes as molecular recti-
fiers. Thus, for complexes of C60 with various organic
donors, RR values of up to 74 at 0.3V have been estimated.
It has been shown that the asymmetric evolution and
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alignment of molecular orbitals with the applied bias is
essential in generating the molecular diode rectification
behavior. If the energy difference between the HOMO of
the donor and LUMO of acceptor is small enough, then the
applied bias voltage is able to invert their relative energies,
causing electron transfer from donor to acceptor molecule
(Fig. 1) generating a biradical state. On the other hand, the
opposite bias voltage will result in an increased HOMO–
LUMO gap, leaving intact the electronic structure of charge
transfer (CT) complex The goal of this paper was to inves-
tigate the importance of this effect on the rectification prop-
erties of such CT complexes.

Computational details

All calculations were carried out using the Gaussian 09 suit
of programs [33] with the M06 [34] functional and 6-31G(d)
basis set for all except gold atoms; the LANL2DZ pseudo-
potential basis set was used to model gold atoms of the
electrodes—this basis set is denominated as LACVP(d).
M06 functional was shown to produce excellent results for
weakly bound and transition metal complexes [35].

The choice of donor and acceptor components was de-
termined by their HOMO–LUMO energy gap, calculated at
M06/6-31G(d) level of theory. Tetrakis(dimethylamino)eth-
ene (TDAE) was selected as a donor molecule since tetraa-
minoethylene derivatives are known to be one of the best
organic donors [36] and it is known that TDAE forms an
ion-radical salt easily with C60 [37]. The derivatives of a
known organic acceptor pyrene-4,5,9,10-tetraone; 2,7-dime-
thylpyrene-4,5,9,10-tetraone (DMPTO) and 2-nitropyrene-
4,5,9,10-tetraone (NPTO) were selected as the acceptor part
of the devices (Fig. 2).

The LUMO energies of DMPTO and NPTO are −3.235
and −3.900 eV, respectively, while the HOMO energy of
TDAE is −4.066 eV. As can be seen, the HOMO–LUMO

gap is small for those donor and acceptors making it possi-
ble to revert their relative energies when bias voltage is
applied.

To calculate I-V curves for CT complexes, the following
computational setup was used (Fig. 3).

Electrodes are represented by a fragment of an Au(111)
surface containing six atoms, located parallel to the donor
and acceptor planes. It has been shown that representing the
electrode by six Au atoms is sufficient to produce results
reasonably close to experimental values [38]. First, the CT
complex is fully optimized without any symmetry con-
straints. Then, electrodes are placed and the total system is
optimized with the CT complex frozen. The last step
involves optimization of the electrode-complex-electrode
system with frozen metal atoms leaving atoms of CT com-
plex unfrozen. The calculation of I-V curves was carried out

Fig. 1 Evolution of molecular
orbitals of charge transfer (CT)
complexes on applied bias
voltage

Fig. 2 Chemical structure of organic donor tetrakis(dimethylamino)
ethene (TDAE) and acceptors pyrene-4,5,9,10-tetraone; 2,7-dimethyl-
pyrene-4,5,9,10-tetraone (DMPTO) and 2-nitropyrene-4,5,9,10-tet-
raone (NPTO) of the studied CT complexes
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using a direct fully ab initio method described in detail
elsewhere [38, 39]. This method reproduces well experi-
mental finding at low bias voltage (0–2 V). The current (I)
is calculated according to the following equation:

I ¼ 2ΔQΔE

h
ð1Þ

Where ΔQ is the charge difference at the electrode,
before and after applied voltage, and ΔE0E0−Ev, where
E0 is the total electronic energy the system under study
without applied electric field and Ev is the total electronic
energy with applied electric field. Mulliken charges for
individual atoms at right electrode were used to calculate
ΔQ. The rectification ratio (RR) is calculated as I(−V)/I(V),
where I(−V) is electric current under voltage −V and I(V) is
electric current under voltage V.

It has been shown that unrestricted DFT (UDFT) performs
surprisingly well in the case of singlet biradicals [40, 41].
UDFT results obtained for the ground state of oligoacenes
were in excellent agreement with CASSCF calculations [42].
UDFT leads to symmetry breaking of the Kohn-Sham ground

state of singlet biradical because of a mixing of the ground
state with the lowest triplet state. Therefore, a broken-
symmetry (BS) UDFT approach was selected to describe the
ion-radical salt formed after the electron transfer from donor to
acceptor. To generate the BS solution, guess0mix keyword
was used. It has been shown that BS UDFT is adequate to
describe the open-shell singlet state provided the overlap be-
tween the open shell orbitals is small, which is the case for ion-
radical salts formed by electron transfer from donor to acceptor
[43]. Additionally CASSCF (6,6)/6-31G(d)//M06/6-31G(d)
calculations on CT complexes were carried out for comparison
with BS-UDFT data.

Results and discussion

Properties of CT complexes at zero bias

DMPTO and NPTO both form CT complexes with TDAE.
The optimized geometries of the complexes are shown in
the Fig. 4.

The complex binding energy estimated at M06/6-31G(d)
level of theory was found to be of 9.0 and 1.8 kcal mol−1 for
NPTO–TDAE and DMPTO–TDAE, respectively. Such
small binding energies considering the strong electron donor
properties of TDAE are due to bulky dimethylamine sub-
stituents impeding close contact and efficient overlapping of
π orbitals of donor and acceptor which is of importance for
good rectification properties [32]. Thus, the distance be-
tween the plane of acceptor molecules and the olefin bond
of TDAE are of 4.48 and 4.21 Å, respectively, which is

Fig. 3 Computational setup of a molecular rectifier based on a CT
complex

Fig. 4 M06/LACVP(d)
optimized geometries of CT
complexes and corresponding
molecular rectifiers
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larger than the sum of Van der Waals radii of carbon atoms.
The lengths of the olefin bond in TDAE and the
corresponding complexes are practically the same
(1.362 Å), and reasonably close to the experimental data
reported for TDAE (1.38 Å) [36]. The higher binding ener-
gy of the NPTO–TDAE complex is related to the lower
LUMO of NPTO compared to DMTO; there is a direct
correlation between the binding energy of CT complexes
and the difference between ionization potential and the
electron affinity of their donor and acceptor components,
respectively [44]. The Mulliken charges at donor moieties
are close to 0, at 0.04 and −0.05 electron, respectively.
Therefore, the binding in CT complexes NPTO–TDAE
and DMPTO–TDAE is mostly Van der Waals in nature with
little contribution from charge transfer.

Properties of CT complexes at applied bias voltage

When bias voltage is applied perpendicular to the CT com-
plex plane, the behavior of the two complexes is quite
different. In the case of DMPTO–TDAE, the voltage applied
in the range from −2 to +2V causes little change as can be
seen in Figs. 5 and 6.

The Mulliken charges at the donor atom change in the
range from −0.01 to 0.06 while the olefin C0C bond does
not change its length in the range of the applied voltage. On
the other hand, while the positive bias voltage does not
produce noticeable changes in NPTO–TDAE complex
(Figs. 5, 6), the negative bias does. As seen from Figs. 5
and 6, starting from −0.33V there is a strong increase in
positive charge at the donor. Thus, in the range of bias
from −0.27 to 0.67V, the positive charge at the donor
atom increases from 0.07 to 0.8 electrons. Simultaneously, the
olefin C0C bond of TDAE is elongated from 1.36 to 1.42 Å.
At the same time, starting from −0.33V, the restricted solution

is no longer stable for the complex. The unrestricted
solution becomes the stable one for the NPTO–TDAE
complex for biases more negative than −0.33V, suggesting
the biradical character of the ground state. Thus, the <S2>
for biases of −0.33, −0.67, −1.5 and −2.0V are of 0.43,
0.88, 0.99 and 1.01. The <S2> for pure biradical is exactly
1, representing a 50 % mixture of singlet and 50 % of
triplet states. Therefore, the electronic structure of NPTO–
TDAE is a pure biradical state for biases more negative
than −0.67V due to electron transfer from HOMO of the
donor to the LUMO of the acceptor according to Fig. 1.
The HOMO of TDAE and LUMO of NPTO are shown in
Fig. 7 As can be seen, the most important contribution to
HOMO comes from bonding π orbitals of the C0C bond,
thus explaining the increase in bond length as the electron
transfer proceeds. The complete electron transfer from
donor to acceptor also confirms CASSCF(6,6) calculations
for the NPTO-TDAE complex at −2V bias voltage when
exactly two electrons are found outside the valence shell,
which is in line with <S2> for pure biradicals.

Fig. 5 Evolution of C0C TDAE bond on applied bias voltage in
NPTO-TDAE (1) and DMPTO-TDAE (2) CT complexes

Fig. 6 Evolution of Mulliken charges at the TDAE fragment on
applied bias voltage in NPTO–TDAE (1) and DMPTO–TDAE (2)
CT complexes

Fig. 7 HOMO and LUMO in NPTO–TDAE at zero bias voltage
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Rectification behavior of molecular diodes D1 and D2

Figures 8 and 9 show V-I curves and RRs at different bias
voltages for diodes D1 and D2, respectively. As can be seen,
there are strong differences between them. In case of D1,
RR increases from 0 to 0.5 V showing a maximum of about
25. After that, RR decreases slowly to around 11 for a bias
of 2 V.

For D2, however, RR does not exceed 3 in the range from
0 to 2V. This difference is related to the relative energies of
HOMO and LUMO for diodes D1 and D2. Thus, D1 and D2
behave similarly at positive biases (Fig. 8) where the current
changes from 0 to 4.3 μA for both diodes in the range from
0 to 2V. The HOMO–LUMO gap increases slowly from
0.91 to 1.21 eV for D1 and from 1.22 to 1.24 eV for D2,
respectively. The situation changes at negative bias
(Fig. 10). Similar to the corresponding CT complex, starting

from −0.3V, the restricted solution is no longer the lowest
energy state for D1 due to electron transfer from donor to
acceptor, and HOMO and LUMO become SOMOs with
very close energies (with a difference of 0.21 eV at −0.33
V). The ground state becomes multiconfigurational for bias
voltage more negative than −0.27V. Thus, the biradical state
is created as follows from the <S2> value, which increases
from 0.13 for −0.33V to 1.02 for −2V. These close lying
SOMOs create a conductive channel in D1 when negative
bias is applied. On the other hand, such a mechanism does
not exist for positive bias where the HOMO–LUMO gap
increases with voltage and no electron transfer is possible.
In the case of D2, the applied negative bias is not sufficient
to cause electron transfer from donor to acceptor and create
SOMOs due to the higher lying LUMO; therefore, the
electronic structure of D2 is not very different for the pos-
itive and negative biases, resulting in low RR in the selected
range of voltages. Figure 11 shows the α-SOMO and β-
SOMO for a bias voltage of 0.5V where maximum RR is

Fig.8 Current–voltage characteristics for molecular rectifiers D1 (1)
and D2 (2)

Fig. 9 Rectification ratios (RRs) of molecular rectifiers D1 (1) and D2
(2)

Fig. 10 Evolution of α-SOMO (1) and β-SOMO (2) energies for D1
with bias voltage

Fig. 11 α-SOMO and β-SOMO of D1 at biases of −0.33 and −0.67V
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estimated. As can be seen, they extend over the entire D1,
thus facilitating electron transport.

After achieving maximum RR of about 25 at −0.5 V, RR
starts to decrease, reaching 10.6 at −2.0 V for D1. This is
attributed to the following phenomenon: when HOMO and
LUMO energy splitting decreases enough in response to the
applied bias, electron transfer from HOMO to LUMO cre-
ates α- and β- SOMOs in a biradical state. The electron
transfer rate can be estimated from <S2>, which is 0 when
no electron transfer occurs and 1 when electron transfer is
complete (biradical state). Thus <S2> for D1 is 0.13, 0.96,
0.97, 1.0, 1.0, and 1.0 for biases of −0.33, −0.50, −0.67,
−1.0, −1.5, and −2.0V, respectively. Therefore, the electron
transfer process occurs between −0.33 and −0.67 V, exactly
in the range where maximum RR is observed. Electron
transfer transforms HOMO and LUMO into two SOMO
orbitals. As the electron transfer advances, the energy of
SOMO derived from HOMO declines due to a decrease in
electron repulsion, while SOMO derived from LUMO
increases its energy due to the opposite trend (Fig. 11). This
leads to an increase of the energy splitting between SOMOs
and, as a result, in a decrease of the conductive channel
efficiency. On the other hand, as the electron transfer pro-
ceeds, two SOMO orbitals expand over D1, favoring con-
ductivity (Fig. 11). Those two opposite trends cause the
appearance of a maximum on the RR curve of D1.

Conclusions

The calculations presented here demonstrated that reversible
electric field induced electron transfer from donor to acceptor
to form a biradical state favors the rectification properties of
CTcomplexes due to formation of a conductive channel in the
biradical state consisting of two SOMOs extending over the
entire CT complex. The electric field induced biradical state is
formed when HOMO of donor and LUMO of acceptor are
close enough in energy, and when the electric field vector is
perpendicular to the CT plane pointing from donor to accep-
tor. When the electric field vector is in the opposite direction,
no electron transfer occurs and, therefore, no biradical state is
formed. Two molecular diodes,D1 andD2, based on a TDAE
donor molecule and NPTO and DMPTO acceptors, respec-
tively, were studied. The electron transfer from TDAE to
NPTO in D1 starts at 0.33V, resulting in nearly complete
electron transfer from donor to acceptor at 1V. The maximum
RR of 25.7 is estimated for D1 at 0.5V. In D2, no electron
transfer occurs in the range of voltages studied due to higher
HOMO–LUMO energy differences, and the maximum RR of
only 2.9 was estimated for bias of about 0.3V. Therefore, the
phenomenon of reversible electric field induced electron
transfer in CT complexes can be applied to the design of
new types of molecular rectifiers.
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