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Abstract Intramolecular charge transfer (ICT) of gaseous
m-conjugated oligo-phenyleneethynylenes (OPE) induced by
a homogeneous applied electric field has been theoretically
investigated using a combined approach integrating molecu-
lar dynamics (MD) simulations and Perturbed Matrix
Method calculations. In line with recent investigations, our
results indicate the peculiar role of conformational transiti-
ons on OPE electronic properties which reflects on a strong
temperature effect on ICT. Electron transfer reactions indu-
cing chemical alteration on OPE, also taken into account in
this study, revealed extremely important for explaining non-
linear ICT effects and probably plays a central role in the
mechanisms underlying molecular transport junctions. Our
study further points out the necessity of using MD-based
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approach for modelling molecular electronics, even when
relatively rigid molecular systems are concerned.
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1 Introduction

Molecular electronics (ME) is a new and exciting research
area of huge potential technological impact, whose main aim
is the design, synthesis and application of molecule-based
devices to be used at nanoscopic regime [1-3].

The most fundamental devices for ME are the molecu-
lar transport junctions (MTJ) essentially based on one [4] or
more molecules physically or chemically encapsulated bet-
ween two electrodes [5]. The basic features of such juncti-
ons rely on the possibility of combining electrode continuum
levels with single molecule electronic properties and single
molecule orientation [6] offering, at least in principle, a very
large variety of technological possible applications. In this
respect, the design of MTJ, starting not only from the che-
mical intuition but also from a reliable theoretical model-
ling at atomic-molecular level, would provide an important
intellectual and technological improvement. Of course any
realistic description of the overall MT]J is still theoretically
and computationally very demanding. At the same time, it is
common opinion that to understand and predict the properties
of MTJ it would be important to understand single-molecule
physico-chemical features. For this reason, many investiga-
tors in the past few years have proposed, and successfully
applied, several approaches providing a powerful tool for
theoretically addressing single-molecule conductance pro-
perties [7—-12].
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Fig. 1 Schematic view of OPE1 (leff) and OPE2 molecules

In the very early applications of the above methodologies,
essentially all based on the application of the Green’s func-
tion, molecular geometries were kept frozen or allowed to
undergo conformational transitions along pre-defined inter-
nal coordinates.

In the past few years, also stimulated by important expe-
rimental evidences [13], new computational studies, based
on the same approach, have been insisting on the neces-

Fig. 2 Representative
structures of OPE1 (1a-1h) and
OPE2 (2a-2d) free energy
basins sampled at the highest
temperature
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sity of including conformational transitions on the determi-
nation of single-molecule conductance [14]. In this context
we have recently shown [15], by using molecular dynamics
(MD) simulations and Perturbed Matrix Method (PMM) cal-
culations [16], that even slight thermal fluctuations may pro-
duce, in the presence of a suitable electric field, dramatic
effects on the intramolecular charge transfer (ICT) of gaseous
m-conjugated oligo-phenyleneethynylenes (OPE1 and OPE2)
schematically represented in Fig. 1.

More specifically, OPE2 turned out to typically provide
a linear response to the applied electric field, in line with
previous studies indicating non-linear field response only in
the presence of a chemical modification, i.e. reduction [17].
On the other hand, in the case of OPEI1, ICT resulted lar-
gely affected by conformational equilibria determined by the
proper statistical mechanical ensemble of the system. Intere-
stingly, and in a somewhat counter-intuitive fashion, for such
a molecule non-linear ICT field response is observed when
non-planar, i.e. non-strictly conjugated species (see structu-
res 1b and 1g in Fig. 2) are populated at 300 K in the presence
of high field [18]. Beyond the above results, our preliminary
study has clearly indicated, in line with other investigators
[14], that ICT (somewhat related to the actual conductance)
should be treated as an observable of the system in strict
statistical-mechanical terms. In this respect whatever modi-
fication induced by the action of the environment able in
principle to strongly modify the ensemble, e.g. by tempera-
ture variations [ 13] and/or by the change in the oxidation state
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[19,20], should definitely influence the electrical properties
of the molecular devices.

In this paper, in which our preliminary results have been
completed and extended, we wish to reinforce such a view of
ICT by evaluating electric field response of gaseous OPEl
and OPE2, when the system undergoes changes in the tem-
perature or/and oxidation state. Our aim is not to provide
an alternative computational approach to describe electronic
conductance, but rather to further point out the importance
of including thermal fluctuations and chemical alterations in
single-molecule conductance modelling.

2 Theoretical and computational section

Molecular dynamics simulations were performed for isolated
and uncharged OPE1 and OPE2 without applying any exter-
nal field. The trajectories were propagated for 12.0ns and the
first 2.0ns were disregarded from the analysis. The simula-
tions were carried out at 10, 50, 100, 150, 300 and 500K for
both systems using the isokinetic temperature coupling [21],
constraining the roto-translational motions [22] to be cohe-
rent with the experimental conditions in which the molecule
global motions are constrained by the electrodes.

All the bond lengths were constrained using the LINCS
algorithm [23]. Note that we used the same force field para-
meters as described in the earlier article [15]. GROMACS
software package [24] was adopted for all the simulations.
All the trajectories, carried out at different temperatures, were
analysed using essential dynamics (ED) [25].

Briefly, by diagonalizing OPE1 and OPE2 all the atoms
positional fluctuation covariance matrix, as provided by the
MD simulation, we obtain a set of eigenvectors and eigen-
values. The eigenvectors represent the directions in configu-
rational space and the eigenvalues indicate the mean square
fluctuations along these axes. Sorting the eigenvectors by
the size of the corresponding eigenvalues, the configuratio-
nal space can be divided into 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
thermodynamics as a function of the position in the essential
plane spanned by the first and second eigenvectors. The free
energy change for any transition from a reference state (ref)
to a generic ith state can be calculated from the probabilities
P (obtained by the MD simulation) of finding the system in
both states i and ref

P;
AArefsi = —RT In

ey
ref

where R is the ideal gas constant and 7' the (absolute) tempe-

rature. We used a 20 x 20 grid for defining the conformational

states in the essential plane. In this way, we obtained a set of

free energy minima describing all the relevant OPE confor-
mational transitions at the different temperatures. For each
minimum, we then defined a corresponding free energy basin
given by its surrounding region within a free energy variation
of 9.0kJ/mol.

We wish to remark that the available experimental data
are usually obtained with OPE chemically adsorbed on the
electrodes in such a way their molecular roto-translational
motions are essentially constrained and, hence, the exter-
nal field applied has a fixed orientation in the molecular
frame (basically parallel to the average OPE principal axis).
In order to provide some sort of relationship between our
theoretical-computational results and the information obtai-
ned from such an experimental setup, we considered a stati-
stical 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
direction 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 provided
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.

In correspondence of each of the above structure, repre-
senting the /th basin, we described neutral (n) OPE (both
OPEI and OPE2) unperturbed-state by evaluating 11 unper-
turbed states ‘Cbgnl> (i from 1 to 11 for /th basin) using time-
dependent density functional theory (TD-DFT) with PBEO
functional [26] in conjunction with 6—31+4G (d) atomic basis
set.! The same calculations, repeated also for reduced (r)
OPE provided 11 unperturbed states ‘CD?J l>' The use of TD-
DFT was forced by  previous  unsuccessful
attempts of obtaining such a large set of unperturbed eigen-
states by adopting post Hartree—Fock methodologies such
as complete active space self-consistent field and configura-
tion interaction. As the conformational analysis was based
on the same ensemble obtained by neutral OPE MD simula-
tions, such calculations were carried out on the same struc-
tures in anionic state. Such a procedure is motivated by the
reasonable assumption that, for each temperature conside-
red, the accessible conformational space of the neutral and
reduced OPE molecule is essentially the same. In order to
avoid spurious geometrical effects on the quality of the wave

! The choice of this level of theory is explained in [15] and references
therein included.
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function, we carried out a few steps of preliminary energy
relaxations. In particular, we first relaxed carbon—hydrogen
bonds keeping frozen the MD-extracted geometry. Subse-
quently, a slight relaxation of the overall framework was
carried out by keeping the molecule within the correspon-
ding free-energy basin. Such a local optimization should not
significantly modify the basin representative structure, i.e.
basin free energy minimum structure, and hence guarantees
a proper PMM application. Quantum-chemical calculations
were performed using Gaussian 03 package [27].

The above unperturbed states were then used, for each
basin, to construct the perturbed Hamiltonian matrix, to be
used in the PMM calculations, by applying an external homo-
geneous electric field (E) along C1-C4 unit vector b (See
Fig. 1).

Perturbed eigenvectors (¢) from diagonalisation of elec-
tronic Hamiltonian in the presence of electric field E, allo-
wed us to calculate perturbed ground state dipole moment
of neutral p;(E) and reduced p,;(E) molecule for each ith
basin. These calculations, as usual, were carried out by eva-
luating ground state, i.e. state / perturbing electric dipole,
using Eq. (2) for the generic k component

i = ¢ (0 1190 e k=x.y and D @)

Using the unperturbed dipole moment for the neutral (u,;(0))
and reduced (u,;(0)) OPE and defining

Auni = Hpj (E) — ”’ni(o)
Apy = pi(E) — p;(0) (3

we calculated for each ith basin the corresponding intramo-
lecular charge variation for the neutral and reduced OPE by
the relations

Au, -b
Agni = ;j
Au;-b
Agy = =122 @)

with L being the molecular length (about 1.9 nm).

From the perturbed and unperturbed eigenvalues, Uy (E)
and Uy (0), we can calculate ICT expectation value for the
neutral OPE, i.e.(Agq),, by using the equation

(Ag), = D Pui(E)Agui )

where the equilibrium probability of the ith basin in the pre-
sence of the applied field Pyi(E) is expressed by the corre-
sponding unperturbed probability Py;(0) via

P,i(0)eAAUNE)

i SN ©
and
AUy (E) = Uy (E) — Uyi(0) @)
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Within the same approximations used in the previous equati-
ons, from the perturbed electronic Hamiltonian eigenvalues
for OPE™, Ui (E), we can define for each ith basin the Helm-
holtz free energy change due to the reduction process as

AA(E) = A (E) — A (E) = Ui(E) — Uni(E) ()

Therefore, using

Ari(E) = Ay (E) + U(E) — Uy (E) = Api(E) + AA; (E)
©))

we can calculate the (vertical) free energy, A A associated to
the reaction

OPE(y) + ¢~ — OPE,, (10)

in the presence of the applied field E
> e BAL(E)
S e FAn(®)
3 e PAnE) = BAAI(E)
> e FAn®)
—kT In Z Pyi(E)e PAAIE) (11)

1

AA = —kT In

= —kT In

Finally, the expectation value for the ICT in the reduced OPE,
i.e.(Aq),, can be calculated as

—BA(E) .
. e A
(Ag), = %
i c 11
. Zi e_ﬁAni(E)e—ﬁAA,'(E) Aqn
T3 e PANB)e—FAAE)
2 Pyi(E)e PAAIE A gy,
T Y Pu(B)ePAAIE)

12)

3 Results and discussions
3.1 Thermal effects on ICT for OPE1 and OPE2

In Tables 1 and 2 we report the relative stabilities of the free
energy basins as emerged by MD simulations at the investi-
gated temperatures for OPE1 and OPE2, respectively.

The representative structures are depicted in Fig. 2 and
the related essential geometrical parameters are reported in
Tables 3 and 4.

Results show that configurations sampled at 300 K, already
described in our preliminary study [15] basically provide
the overall conformational repertoire up to 500 K. Both for
OPE1 and OPE2 a strong configurational confinement within
the fully-planar states (1c and 2a) is observed at least below
100 K. For temperatures higher than 100 K a wider population
emerges with the planar species, however, always represen-
ting the most stable states.
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Table 1 Free energy differences (kJ/mol) calculated at each tempe-
rature using Eq. (1) for OPEI basins from MD simulations and ED
analysis (with no field applied)

100K

Species 10K 50K 150K 200K 300K 500K

la - — 10
1b - —
1c 0 0
1d - —
le - -
1f - —
1g - —
1h - — 4

[ IS B N NN« o
Y B S OV B ) W e RV e

hn ©O O O O Un
S L O O N O Ln &

N O O O O NN

0 0

The symbol () means that the corresponding basin was never sampled
during MD simulation. All the data are affected by an error of +2kJ/mol

Table 2 Free energy differences (kJ/mol) calculated at each tempera-
ture using Eq. (1) OPE2 basins from MD simulations and ED analysis
(with no field applied)

Species 10K 50K 100K 150K 200K 300K 500K
2a 0 0 0 0 0 0 0
2b — — 6 4 3 3 3
2c - - — 8 3 3 3
2d - - — 8 4 2 2

The symbol (-) means that the corresponding basin was never sampled
during MD simulation. All the data are affected by an error of +2 kJ/mol

Table 3 Geometrical parameters of the eight basins of OPE1

Basin @1(°) (%) 7(°)
1a 0 0 180
1b -79 —60 175
1c —-20 20 176
1d 24 -20 164
1e —8 0 172
1f —40 20 179
1g —80 —81 175
1h —-19 1 175

@1 and ¢ represent the rotation angles of the upper ring, lower ring
with respect the central one, and 7 the angle between the geometrical
center fo the three rings

Table 4 Geometrical parameters of the four basins of OPE2

We wish to point out, in this respect, that our simulations
were carried out by using a barrier height of 4.0kJ/mol in
line with previous computational studies [8]. Recent expe-
rimental estimations of such a barrier indicate a value of
about 3kJ/mol [28]. Hence, our simulations may be slightly
affected by a systematic error which, however, should not
dramatically alter the overall picture.

The use of PMM combined with the above MD/ED results
provides, following the equations of the Theory section, the
picture diagrammatically shown in Fig. 3 where OPE1 ICT
is plotted onto the plane defined by the temperature and the
intensity of the applied electric field (voltage).?

The sharp temperature effect on OPE1 ICT may be rela-
ted, although not directly, to experimental evidences [13].
Moreover, we may define, on the above diagrams of Fig. 3,
critical values of temperature and applied field above which
non-linear field response may be observed for OPEI.

As a matter of fact at whatever temperature above 100K
it becomes possible to modulate and control non-linear field
responses just modulating the applied voltage as depicted
in the right-down-side of Fig. 3. At the same time, at vol-
tages higher than 10V, and lower than —10.0V, different
field—response behaviours can be obtained just changing the
temperature (see right-up-side of Fig. 3). In order to provide
some relationship between molecular conformations and ICT
behaviour, following our preliminary findings [15], we com-
pared OPE1 ICT with the cumulative probability of the rota-
ted species 1b and 1g. The result, reported in Fig. 4 clearly
confirm the strong relationship between thermodynamic sta-
bility of 1b and 1g and observed ICT.

Hence, sudden ICT variations observed in our numerical
experiments are due to the presence of non fully-conjugated
species.

Differently from OPE1, OPE2 did not show any deviation
from linearity, at least in the temperature and voltage ranges
investigated. However, alteration in the oxidation state may
plausibly provide some effect as described in the literature
[19,20] and illustrated in the next subsection.

3.2 Effects of chemical modifications at 300 K

As already mentioned in the introduction, recent studies have
inferred that the application of the electric field may alter the

Basin @1(°) 2(°) T(®)
2a 0.0 0.0 180
2b -25 -20 175
2c 12 18 172
2d =76 100 176

@1 and ¢ represent the rotation angles of the upper ring, lower ring
with respect the central one, and 7 the angle between the geometrical
center of the three rings

2 As already reported in our preliminary study [15], the voltage is
calculated considering a homogeneous electric field, parallel to the
OPE longitudinal axis, and a length (2.0nm) slightly overestimating
the actual OPE length (1.9 nm). For this reason applied voltage cannot
be exactly compared to the nominal voltages used in the experimental
setups. Nevertheless we wish to stress the fact that electric fields used in
the present paper are of the same order of magnitude (sometimes equal
to) of the ones used in all the recent investigations (see, for example

(11]).
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Fig. 3 Left side OPE1 ICT,
(Ag)n (a.u.), reported on the
plane of temperature (RT,
kJ/mol) and applied voltage (in
volt/10). Right side: isothermal
section (300K) of OPE1 ICT,

(AG)n, (lower panel) and
iso-voltage section (+12V) of
OPEL1 ICT (upper panel)

Fig. 4 InsetalICT, (Aq),
(a.u.) reported on the plane of
temperature (reported in
abscissa as RT, kJ/mol) and
applied voltage (in volt/10) for
OPEL. Inset b Cumulative
probability of non-planar OPE1
conformations (1b and 1g)
reported on the plane of
temperature (reported in
abscissa as RT , kJ/mol) and
applied voltage (in volt/10) for
OPE1

06 T 1 T
(au) 4
02 .
0 100 1% (K)
| A | i 1 i
o (Volt/10) 1

RT (kJ/mol)

(formal) chemical equilibrium
OPE + Metal — OPE~ + Metal " (13)

It means that during experimental measurements, at the sta-
tionary conditions, the actual species responsible of the con-
ductance could be reduced OPEs.

In order to investigate the role of the reduced species in
ICT process, we used the following coherent, although ideal,
model reported in the Scheme 1.

Let us consider gaseous OPE molecule and gold surface
of the electrode at lower potential (the electronic donor) as
never mutually interacting.

In the first step, one electron is extracted from the gold
electrode at fixed electric potential V = Vj,, i.e. the free
electron is at the same electric potential of the electrode.

In the second step, the electric potential of the free electron
is changed to match the OPE potential Vopg, i.e. the electric

@ Springer

potential at the OPE and OPE™ geometrical centre which
has been used in PMM calculations to obtain the perturbed
electronic states. In the final step, the gaseous OPE is reduced
with a free energy variation given by Eq. (11). The maximum
work related to the above process may be therefore evaluated
by the equation:

AAoverat(E) = WF + AA(E) + e (Vope — Vau) (14)

where e is the electronic charge and WF is the gold work
function in vacuum (5.3eV) [19].

Note that in the last equation we neglect the electric field
effect on gold WF (i.e. on the gold fermi level) [29].

The free energy curves for both OPE molecules, as provi-
ded by Eq. (14), are given in Fig. 5.

Not surprisingly, in the absence of applied field, gaseous
OPEs are hardly reducible at 300K. However, it exists a
voltage for which anionic forms become well accessible
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Scheme 1 Ideal scheme for the calculation of OPE reduction
thermodynamics

600

200 |-

kJ/mol

I o 1 n I —
-1 -0.5 0 0.5 1

Volt /10

Fig. 5 Maximum work related given by Eq. (14) at 300K, for the
reduction of OPE1 (red curve) and OPE2 (black curve) as a function of
the applied voltage along OPE (see text)

(AAgverat = 0). Our idealised model indicates such che-
mical transitions to occur at formal voltages of +5.1V and
£6.7V for OPE1 and OPE2, respectively.

Using the free energy curves of Fig. 5 we may evaluate
the actual ICT expectation value, weighted by the relative
probability of neutral and reduced OPE.

For this purpose we calculated the molecular fraction of
reduced OPE (X,) using the standard relation

_ exp(—BAAoveran (E))
: 1 + exp(—BAAogyeran (E))

15)

475
0.6 r . ;
|
04 |- . =
< Aq > |
(au) |
e
= — -
OPE 2 = i
| J
02 |- 0OPE1
04 |- | -
| L | |
-1 -0.5 0 0.5 1

Volt (10

Fig. 6 Overall ICT (calculated using Eq. (16)) for OPE1 (red) and
OPE2 (black) as a function of the applied voltage along OPE (see text)

and, consequently, the actual observed ICT in the presence
of an applied electric field

(Agq) = X, {Aq), + (1 = X;) (Aq), (16)

The Application of Egs. (15) and (16) provides the overall
charge separation at 300K, shown in Fig. 6, now including
the chemical redox equilibrium. From Fig. 6 it follows that
both OPE molecules present highly non-linear ICT as a result
of the reduction process (see for comparison Fig. 3).

However, even considering the redox process, the ICT
switch for OPE1 is considerably larger than in OPE2. Inte-
restingly both systems, approaching 10V, reach a plateau
probably indicating a saturation.

Finally it is worth nothing that, although for the neutral
OPE1 conformational equilibria play a major role in modu-
lating ICT (see Fig. 4), for the reduced form given the high
intrinsic conductivity of the molecule, all the accessible con-
formations provides similar ICT behaviour.

4 Conclusions

In this work we have investigated, by using MD simula-
tions and PMM calculations, the effect of the temperature
and oxidation state variations on the electronic properties of
OPE molecules in the presence of an external homogeneous
electric field. Results indicate that non-linear Intramolecular
Charge Transfer, induced by a proper electric field, is related
to OPE conformational transitions but also to OPE chemi-
cal alterations, i.e. electron transfer reactions. This produces
a potentially strong effect of the temperature on OPE1 and
OPE2 electric properties. The present investigation, whose
aim was not to model molecular conduction for which other
specialized methodologies are present in the literature, clearly
indicates the necessity of including thermal and chemical
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effects for a more realistic description of molecular conduc-
tance at atomic-molecular level, at least when flexible mole-
cules like OPEs are concerned.
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