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Abstract

In this Letter, we use the perturbed matrix method, in combination with molecular dynamics and statistical mechanics, in order to
describe in details the electric field induced intramolecular charge transfer (ICT) in two p-conjugated oligomers of nanotechnological
interest. Results show a relevant relationship between the extent of ICT and molecular conformation, pointing out the highly non-linear
charge transfer field response.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Nature makes use of molecules for promoting many of
the basic electronic processes such as photosynthesis and
signal transduction. This has stimulated, in the last years,
the search for molecular systems aimed at producing elec-
tronic devices in the nanoscopic scale [1–7]. In this context,
although an impressive number of experimental data has
been obtained, much is still obscure at a fundamental level.
For instance, not completely clarified is the actual mecha-
nism of molecular conductivity and many related phenom-
ena such as conductance switching [8–12]. In this respect,
beyond the successful efforts done by experimentalists, the-
oretical chemistry may provide the key answers to the
above questions, [13–17] and it is common opinion [11] that
to understand and predict the properties of such devices it
is first necessary to understand the single-molecule physico-
chemical features. Recently, a systematic theoretical–com-
putational study has been carried out on p-conjugated
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oligo(phenyleneethynylene) systems (OPE) by Seminario
and co-workers [18,19]. These investigations, making use
of a joint application of density functional theory (DFT)
and Green function formalism, are based on the analysis
of usual monoelectronic functions (molecular orbitals)
[20]. According to their results a conducting molecular wire
is defined as the species which shows frontier orbitals fully
delocalized along two metal contacts and, moreover, whose
energy is somewhat comparable with the metal Fermi level.
This proposed mechanism has been successfully applied for
a series of differently substituted OPEs and has represented
the first attempt in this direction. More recently, other
investigators, using essentially the same computational
scheme of Seminario, have underlined the crucial role of
internal conformational transitions into the intrinsic prop-
erties of OPEs. In this Letter, with the use of perturbed
matrix method (PMM), [21,22] we address the same topic
but using a different viewpoint, complementary to the
one previously described. The basic feature of PMM is
the possibility of analyzing the effect of a perturbing elec-
tric field on the electronic wavefunction of whatever molec-
ular system at a low computational cost. In fact PMM,
based on a quantum-mechanical perturbation procedure,
ett. (2006), doi:10.1016/j.cplett.2006.12.018
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Fig. 1. Schematic view of OPE1 and OPE2.
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is able to provide the electronic properties of an atomic-
molecular system perturbed by its interaction with the envi-
ronment, i.e. an external electric field as well as its own
conformational transitions. PMM essentially approximates
a configuration interaction calculation including the per-
turbing field in the Hamilton operator. It is worth to note
that the previously cited methods, [14,17,18] make use of a
single-determinant-based approach applied to a limited
(somewhat predefined) set of atomic-molecular conforma-
tions. In this Letter, PMM was used to investigate two
kinds of OPE, shown in Fig. 1, selected on the basis of their
different phenomenological behaviour: one (OPE1) show-
ing a conductive state while the other (OPE2) presenting
a conductive state only when reduced [18]. These two
molecular systems have been addressed in this Letter as iso-
lated molecules under an external homogenous electric
field, in order to pinpoint the effects of the conformational
transitions on the intramolecular charge transfer (ICT). In
particular, we characterized the molecular field response
focussing on the non-linear features of the single molecule
charge transfer, which may play a crucial role in the exper-
imentally observed phenomena. We wish to further remark
that our aim, in the present study, is the characterization of
the possible intrinsic OPE electronic-conformational fea-
tures and not the detailed reproduction of the experimen-
tally observed process.

2. Theoretical and computational section

Molecular dynamics (MD) simulations were performed
for isolated OPE1 and OPE2 without applying any external
electric field. The trajectories were propagated for 12.0 ns
and the first 2.0 ns were disregarded from the analysis.
The temperature was kept at 300 K using the isokinetic
temperature coupling [26], constraining the roto-transla-
tional motions, [27] for obtaining results fully consistent
Please cite this article in press as: A. Amadei et al., Chem. Phys. L
with statistical mechanics [27] and with the experimental
condition where the molecules global motions are con-
strained by the electrodes. All the bond lengths were con-
strained using Lincs algorithm [28], and the force fields of
the two molecules were constructed as follows: the Len-
nard-Jones parameters were taken from the Gromos
library [24] whereas the atomic point charges were recalcu-
lated by means of quantum-chemical calculations in the
framework of density functional theory (DFT, see below
for details) using standard fitting procedures [29]. A poten-
tial energy barrier of 1 kcal/mol was used for modelling
[30] the rotation of one ring with respect to the adjacent
one. Tests carried out on a spatial grid for the potential
energy as provided by the obtained force field with the cor-
responding potential energy provided by DFT calculations,
showed the accuracy of the model employed. GROMACS

simulation software package [23,24] implemented in paral-
lel execution, was used for all the simulations.

The trajectories were analyzed using essential dynamics
(ED) [25] whose main features are reported elsewhere [25].
Briefly, by diagonalizing all atoms positional fluctuation
covariance matrix, as provided by MD simulation, we
obtained a set of eigenvectors and eigenvalues. The eigen-
vectors represent the directions in configurational space
and the eigenvalues indicate the mean square fluctuations
along these axes. Sorting the eigenvectors by the size of
the corresponding eigenvalues, the configurational space
can be divided in a low dimensional (essential) subspace
in which most of the positional fluctuations are confined
and a high dimensional subspace in which merely small
vibrations occur. In particular, we characterized the ther-
modynamics as a function of the position in the essential
plane spanned by the first and second eigenvectors. The
corresponding free energy surface, i.e. the free energy
change for any transition from a reference state to a generic
ith state, can be calculated from the corresponding proba-
bilities Pref and Pi respectively (obtained by the MD
simulation)

DAi ¼ �kT ln
P i

P ref

ð1Þ

where k is the Boltzmann constant and T the (absolute) tem-
perature. We used a 20 · 20 grid for defining the conforma-
tional states in the essential plane. In this way we obtained a
set of eight free energy minima for OPE1 and four free
energy minima for OPE2 fully describing all the relevant
conformational transitions at 300 K in those molecules.
For each minimum we then defined a corresponding free
energy basin given by its surrounding region within a free
energy variation of 9.0 kJ/mol.

The available experimental data are usually obtained
with OPE chemically adsorbed on the electrodes in such
a way their molecular roto-translational motions are essen-
tially constrained and, hence, the external field applied has
a fixed orientation in the molecular frame (basically paral-
lel to the average OPE principal axis). In order to provide
some sort of relationship between our theoretical–compu-
ett. (2006), doi:10.1016/j.cplett.2006.12.018



Table 1
Unperturbed Helmholtz free energy differences, /1, /2 and s (see text and
Fig. 1) of the eight basins of OPE1 at 300 K

Basin DA (kJ/mole) /1(�) /2(�) s(�)

1a 6.0 0 0 180
1b 5.0 �79 �60 175
1c 0.0 �20 20 176
1d 6.0 24 �20 164
1e 0.2 �8 0 172
1f 0.3 �40 20 179
1g 5.0 �80 �81 175
1h 0.3 �19 1 175

The dihedral angles (/1 and /2) provide the rotation of ring1 and ring3,
respectively, with respect to the central one. Finally, the angle s is defined
by the geometrical centres of the three rings.
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tational results and the information obtained from such an
experimental setup, we considered a statistical mechanical
ensemble where each OPE molecule, with constrained
roto-translational degrees of freedom, may only interact
with an electric field parallel to the C1! C4 unit vector
(see Fig. 1) which corresponds to a completely fixed direc-
tion in OPE molecular frame. Moreover, given the weak to
moderate field intensity used to reproduce the experimental
conditions, we assumed that the free energy basins pro-
vided by the MD simulations (not involving the external
electric field) still represent all the relevant conformational
regions in the presence of the perturbing field.

Therefore for each free energy minimum we extracted a
corresponding relaxed molecular structure which was used
to provide the basin electronic properties variation due to
the field, i.e. we assume the electronic properties of such
relaxed structure as representative of the whole basin.

The unperturbed (with no field involved) ground state
electronic structure calculations were performed using
DFT with PBE0 [31,32] functional in conjunction with
the 6-31+G(d) atomic basis set. Ten unperturbed electronic
excited states were evaluated by performing time dependent
density functional theory (TD-DFT) calculations using the
same functional and basis set. The GAUSSIAN 98 [33] pack-
age was used at these purposes.

The obtained 11 unperturbed electronic states for each
free energy basin, were then used to construct the per-
turbed (with the field applied as previously described)
Hamiltonian matrix to be used in PMM calculations [21].

The resulting perturbed electronic states were used to
provide the ICT as a function of the applied field via the
variation of the ground state dipole component parallel
to the electric field (note that the dipole components
orthogonal to the field direction do not undergo any appre-
ciable variation and the use of a field orthogonal to the
C1! C4 direction does not produce any appreciable
charge transfer effect, at least in the field range
investigated).

In this way, the ICT induced by the field may be
expressed by the corresponding molecular charge variation
(Dq) as defined by

Dq ¼ Dl � b
l

ð2Þ

where Dl is the ground state dipole variation due to the ap-
plied field as provided by PMM, b is the C1! C4 unit vec-
tor defining the field orientation and l is the length of the
molecule (ca. 1.9 nm). Note that the thickness of the molec-
ular devices is somewhat larger than 1.9 nm [5], therefore
the absolute values of the electric potential (used to report
our data) must be considered only as indicative values.

Finally, the unperturbed basin free energies (given by
Eq. (1)) and the corresponding perturbed electronic prop-
erties (ground state energy and dipole) can be used to
obtain the ensemble (thermodynamic) properties related
to the actual ICT via basic statistical mechanical relations.
Please cite this article in press as: A. Amadei et al., Chem. Phys. L
In fact, within the approximation previously described
that in each basin the electronic properties variation due
to the field is invariant and provided by the corresponding
relaxed structure, the canonical partition function of each
ith basin (Qi) may be written as

QiðEÞ ffi Qið0Þe�bD�iðEÞ ð3Þ
D�iðEÞ ¼ �iðEÞ � �ið0Þ ð4Þ

where E is the electric field intensity, �i is the ground state
electronic energy of the relaxed structure in the ith basin
and b�1 = kT. From the previous equations we readily ob-
tain the probability Pi and the charge variation expectation
value ÆDqæ

P iðEÞ¼
QiðEÞP

lQlðEÞ
ffi Qið0Þe�bD�iðEÞ
P

lQlð0Þe�bD�lðEÞ
¼ P ið0Þe�bD�iðEÞ
P

lP lð0Þe�bD�lðEÞ
ð5Þ

hDqi¼
X

l
P lðEÞDql ð6Þ

Therefore, the OPE free energy change DA(E) =
A(E) � A(0) due to the field in such an ensemble is

DAðEÞ ¼ �kT ln

P
lQlðEÞP
lQlð0Þ

ffi �kT ln
X

l
P lð0Þe�bD�lðEÞ ð7Þ
3. Results and discussion

As described in the previous section, the analysis of the
free energy surface on the essential plane provided eight
and four free energy basins for OPE1 and OPE2, respec-
tively, whose relative unperturbed free energies are reported
in Table 1 and Table 2. In the same tables, we also report the
main geometrical parameters characterizing the free energy
minima relaxed structures (schematically shown in Fig. 2),
utilized to obtain the electronic properties of each basin
as reported in the previous section. It is worth to note that
the two essential eigenvectors defining the essential plane,
i.e. providing the conformational transitions among the free
energy basins, mainly correspond in both molecules to a
concerted /1 and /2 rotation (first eigenvector), and to
the bending s mode (second eigenvector).
ett. (2006), doi:10.1016/j.cplett.2006.12.018



Table 2
Unperturbed Helmholtz free energy differences, /1, /2 and s (see text and
Fig. 1) of the four basins of OPE2 at 300 K

Basin DA (kJ/mole) /1(�) /2(�) s(�)

2a 0.0 0.0 0.0 180
2b 3.0 �25 �20 175
2c 3.0 12 18 172
2d 2.0 �76 100 176

The dihedral angles (/1 and /2) provide the rotation of ring1 and ring3,
respectively, with respect to the central one. Finally, the angle s is defined
by the geometrical centres of the three rings.

Fig. 2. Free energy minima relaxed structures, representative of the
basins, as obtained by MD simulation at 300 K for the unperturbed OPE1
and OPE2.
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Fig. 3. Intramolecular charge transfer of OPE1 (solid) and OPE2 (dashed)
molecules. The perturbing homogeneous field applied is expressed via the
corresponding electric potential difference for ca 2 nm distance, i.e. the
molecular length.
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Fig. 4. Intramolecular charge transfer of 1d (dashed) and 1g (solid) basin
structures representative of the {1a, 1c, 1d, 1e, 1f, 1h} and {1b, 1g} basin
groups, respectively. The perturbing homogeneous field applied is
expressed via the corresponding electric potential difference for ca 2 nm
distance, i.e. the molecular length.
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It is interesting to observe that the basin characterized
by a fully planar carbon framework (1a and 2a for OPE1
and OPE2, respectively), the stable structure at 0 K, only
in OPE2 corresponds to the absolute free energy minimum
at 300 K in the absence of the electric field. This is due to
the presence of the �NH2 and �NO2 substituents stabiliz-
ing, via electrostatic effects, the fully planar configuration.

In Fig. 3, we compare the ICT of OPE1 and OPE2,
expressed by the charge separation expectation value, as
obtained by PMM/MD using Eqs. (5) and (6). Note that
such a property is obtained considering the whole confor-
mational ensemble and therefore includes both the field
effect on each free energy basin electronic behaviour as well
as on the relative basin stability. Note that the curves in the
figure are not necessarily to be symmetric (they would be
somewhat symmetric only at 0 K) as indeed observed at
relatively high voltage. From the figure, it is evident the
rather different electric field response of OPE1 and OPE2
in line with the available experimental data [34]. Interest-
ingly OPE1 presents two significant switches, one at about
±6 V and the other at about ±9 V, providing the observed
higher ICT of OPE1 compared to OPE2.
Please cite this article in press as: A. Amadei et al., Chem. Phys. L
In order to identify the physical nature of the observed
OPE1 behavior, we analyzed the ICT features of each free
energy basin showing essentially two different behaviors
reported in Fig. 4. The dashed curve, providing the ICT of
the basins characterized by roughly coplanar rings (1a, 1c,
1d, 1e, 1f and 1h), is clearly responsible of the first OPE1
switch at about ±6 V, while the solid curve showing the
charge transfer behavior of the 1b and 1g basins, character-
ized by the external rings roughly orthogonal to the central
one, clearly provides the dramatic OPE1 switch at about
±9 V. Therefore, the OPE1 ICT as shown in Fig. 3, is deter-
mined by the probability balance of these two basin groups
which present a rather different charge transfer response to
the perturbing electric field. Interestingly the weak OPE2
ICT in the electric field range investigated (Fig. 3), can be
ett. (2006), doi:10.1016/j.cplett.2006.12.018
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ascribed not only to the weaker response of each basin but
also to the absence of the dramatic switch observed in
OPE1 1b and 1g basins. Remarkably OPE2 2d basin, charac-
terized by a structural organization similar to 1b and 1g, pro-
vides a dramatic switch resembling the 1b and 1g ones, at
higher perturbing field (about 12.0 V) pointing out the strik-
ing relationship between molecular structure and conductiv-
ity already considered by other authors [8,20,17].

In Fig. 5, we report the probability for the two OPE1
basin groups, i.e. {1a, 1c, 1d, 1e, 1f, 1h} and {1b, 1g}, as
a function of the perturbing field as provided by Eq. (5).
The figure clearly shows that up to about ±5 V the 1b

and 1g basins are thermodynamically rather unstable
becoming, by far, the most stable basins at higher field
and hence ruling the conductivity/conformational behavior
of the molecule in the highest field range considered.
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Fig. 5. Probability of the two OPE1 basin groups. {1a, 1c, 1d, 1e, 1f, 1h}
dashed line; {1b, 1g} solid line. The perturbing homogeneous field applied
is expressed via the corresponding electric potential difference for a 2 nm
distance, i.e. the molecular length.
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Fig. 6. Free energy variation due to the applied field for OPE1 (solid) and
OPE2 (dashed) molecules. The perturbing homogeneous field applied is
expressed via the corresponding electric potential difference for ca 2 nm
distance, i.e. the molecular length.
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Finally, we evaluated the field effect on the thermody-
namic stability of OPE1 and OPE2 molecules in terms of
the free energy change due to the electric field Eq. (7), as
reported in Fig. 6. The figure shows the OPE1 higher sta-
bility in the high field range reflecting the OPE1 higher
ICT and the presence of the dramatic charge transfer
switch at about ±9 V. Interestingly in both molecules the
free energy curve is not fully symmetric as a consequence
of the conformational equilibria involving asymmetric
structures with hence a not fully symmetric field response.

4. Conclusions

The theoretical–computational investigation described
in this Letter has demonstrated a relevant structure-con-
ductivity relationship in p-conjugated oligomers, remark-
ably pointing out the presence of conformers with a
highly non-linear charge transfer field response. Given
the multiple conformational states accessible at functional
conditions in these molecules, such a feature implies that
the observed intramolecular charge transfer are largely
affected by the conformational equilibria determined by
the proper statistical mechanical ensemble of the molecule.
Such results, in line with previous [17] computational stud-
ies, indicate the complexity of the intramolecular charge
transfer which involves both single structure conductivity
as well as conformational transitions implying that, even
for isolated molecules, a statistical mechanical approach
is mandatory in order to provide reliable results to be com-
pared to experimental data.

Finally, this investigation confirms the ability of the
combined PMM/MD procedure to provide a rather com-
plete and accurate statistical mechanical model for the
physical-chemical behavior including the electronic
properties.
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