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Recent advances in electrochemistry and nano- and molecular elec-
tronics made it possible to prepare and study molecular species having
fractional charges (g # 0, 1, ...) that can be continuously tuned by
biases. The main focus of this communication is on the impact of
continuously tuning the fractional molecular charge on the molecular
conformation, an effect expected to be pronounced especially in
molecules possessing floppy degrees of freedom. The (4,4')-bipyridine
molecule is considered here as a benchmark case, since the torsional
angle between the two pyridyl rings is known to be related to a floppy
degree of freedom. Among the specific findings of this investigation
one can mention the fact that, to achieve planar conformation (hence
maximum electron transmittance), complete reduction (g = —1) is not
necessary; the molecular conformation becomes planar already at q
~ —0.8. Implications of the specific results reported here for molec-
ular electronics (e.g., molecular switches) are briefly discussed.

1 Introduction and background

Understanding the interplay between charge transfer across
a molecule and its conformation is an issue of broad interest,
encompassing fields ranging from surface science through
molecular electronics and electrochemistry to molecular
biology. However important the insight that could and can still
be gained by investigating native molecules or straightforwardly
prepared via ionization or electron attachment, these tradi-
tional studies are inherently limited: they only sample molec-
ular species possessing an integral charge.

Recent advances in nano-/molecular electronics’® and elec-
trochemistry”® made it possible to overcome this limitation. When
an electron travels across a molecule linked to two electrodes
under applied bias V to form a single-molecule junction, a frac-
tional (non-integral) V-dependent charge g (0 < |g| < 1) can arise.
This was demonstrated in a recent molecular electronics study,’
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wherein concurrent transport-SERS (surface enhanced Raman
spectroscopy’®) data for electromigrated nanojunctions based on
fullerene were acquired. Prior to this work, the effect of the
potential of an electrode on the molecules adsorbed on it in terms
of an effective fractional molecular charge was elaborated theo-
retically"** in conjunction with earlier SERS studies on pyrazine
molecules adsorbed on macroscopic silver electrodes under bias.*

Maximum changes in the fractional molecular charges ach-
ieved in the one™- or two-°electrode setups employed in these
less™ or more® recent experiments amount to 3g ~ 0.1. Recent
model studies drew attention on the fact that the efficiency of
the redox process can be substantially improved for EC-STM
molecular junctions (EC: electrochemical, STM: scanning
tunneling microscope).">*®>'¢ A much broader interval of
charge values, ranging from a neutral molecular species (g = 0)
to an almost complete reduced molecular species (|g| < 1), can
be sampled under this experimental platform. To demonstrate
theoretically this possibility,* available experimental data® for
EC-STM single-molecule junctions based on viologen were
employed. The active core of the viologen unit is 4,4’-bipyridine
(44BPY), a benchmark molecule used to fabricate single-
molecule junctions since the early days of molecular elec-
tronics."”” As emphasized in ref. 14, this is possible because
under EC-STM platforms, variations of the overpotential, which
plays the role of the gate potential in traditional electronics, are
much more efficient in tuning the molecular charge than vari-
ations of the source-drain voltage in two-terminal setups. The
extra fractional charge transferred to (g < 0) or from (g > 0) the
neutral molecule interacts both with the distributions of the
electrons of the isolated molecule and with the atomic nuclei. A
significant effect brought about by this possibly almost
complete charge transfer (0 < |g| < 1) has been recently studied
within microscopical calculations:'®** the possibility to contin-
uously tune the vibrational molecular properties.

Because the transferred charge interacts with the atomic
nuclei of the molecule on which it resides, it can also have
a significant impact on the molecular conformation. In a feed-
back reaction, changes in molecular conformation can have
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a significant impact on the charge transfer efficiency. One can
expect that these effects are particularly important in molecules
possessing floppy degrees of freedom® because the latter are
very sensitive even to slight perturbations.

As noted above, continuous potential variations may yield
continuous variations of the fractional molecular charges. This
opens the exciting avenue of continuously tuning molecular
conformations within bias-driven techniques.

It is the main aim of this communication to quantitatively
investigate the possibility of continuously tuning the molecular
conformation with the aid of bias-driven changes of the frac-
tional molecular charge. To the best of our knowledge, this work
represents the first quantitative analysis of the problem delin-
eated above. As a specific example of floppy molecule, the already
mentioned 4,4"-bipyridine molecule will be considered below. A
series of interesting effects related to the floppy mode on
molecular transport through this molecule were reported
recently.”*>* Because molecular electronics is one important field
for which the present study may be relevant, and because elec-
tron transport through molecular junctions based on 44BPY*"**%
and 44BPY-related” species proceeds via the lowest unoccupied
molecular orbital, we will mostly restrict ourselves below to the
case of charge addition/reduction (—1 < g < 0). Brief remarks on
the opposite case of charge removal/oxidation will only be made
at the end of this work.

2 Results and discussion
2.1 Computational details

Most numerical results reported below were obtained via calcu-
lations done performed by running the SIESTA*® trunk-462
package” in parallel.”® Unlike most quantum chemical pack-
ages available or at least at our disposal, SIESTA allows compu-
tations for non-integer charge states. For such calculations,
SIESTA employs a DFT (density functional theory) implementa-
tion developed in ref. 29. Similar to ref. 18 and 19, in our SIESTA
calculations, we used the GGA-PBE functional and split-valence
TZP (triple zeta polarized) basis sets for all atoms. As is well
known, the PBE (Perdew-Burke-Ernzerhof) functional®* is
a parameter free functional that belongs to the broader class of
GGA (conjugated gradient approximation) functionals (some-
times also called non-local functionals) for the exchange-
correlation energy. Further technical details on these calcula-
tions will not be given; they can be found in ref. 18 and 19.

2.2 Impact of electron charge addition on the torsional
angle of 4,4'-bipyridine

The most salient feature of the 44BPY molecule (Fig. 1) is its
twisting (or torsional) angle 6. It is the very low energy needed to
change this angle that makes 44BPY a floppy molecule.?***** The
impact of electron charge addition on the twisting angle is
depicted by the curve § = §(g) shown in Fig. 2, which represents the
main numerical result reported in the present communication.
At equilibrium, the neutral molecule (g = 0, 44BPY°) is
twisted. The two pyridyl rings are rotated relative to each other

(Fig. 1).
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Fig. 1 The most salient feature of the 4,4’-bipyridine molecule
(CsH4N), is the twisting angle between the two pyridyl rings.
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Fig. 2 The twisting angle ¢ between the two rings of the 4,4’-bipyr-
idine molecule as a function of the fractional molecular charge q.

From experimental side, the first value reported, § = 37.3°,
was measured in electron diffraction experiments.** Later,
values in the range 29.58° < § < 36° were estimated based on the
same experimental measurements depending on the manner of
averaging the NMR dipolar coupling constants around all
internal motions.***

The value of the twisting angle 6(g)|,—o for the neutral
species made the object of extensive theoretical studies at
various theoretical levels: Hartree-Fock, semi-empirical, and
DFT using various exchange-correlations functionals and basis
sets.?*% The differences between the various aforementioned
approaches amount to a few degrees; values in the range 35° < ¢
< 48.6° were reported.”»*° The value obtained within the
present SIESTA calculations is #(q)|,—o = 35.0° (Fig. 2). With the
same GGA-PBE exchange correlation functional, the value ob-
tained by using the GAUSSIAN 09 suite pf programs*’ and
polarized triple zeta basis sets for all atoms (g09 keywords
PBEPBE and TZVP) is 36.9°. The small difference between these
two values reflects the peculiar SIESTA's manner to construct
strictly localized orbitals, which exactly vanishes beyond
a certain radius allowing thereby a linear scaling.?®

To summarize, by and large, the present SIESTA estimate for
0(g)| 4—o reasonably agrees both with the experimental values®**
and with other previous theoretical estimates.”**~*° This indi-
cates that SIESTA's results can reasonably be trusted.

This journal is © The Royal Society of Chemistry 2016
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As amply discussed in the literature,*******” the most
important structural differences between the neutral molecule
44BPY® and its reduced form, the radical anion 44BPY'~ (q =
—1), is the fact that the latter is planar: 6(q)|;——1 = 0. This
feature is also obtained within the present SIESTA calculations
(cf: Fig. 2).

It is generally accepted that the twisting angle between the
two pyridyl rings results from the interplay between two oppo-
site tendencies. On one side, the m-electronic interaction of the
pyridyl fragments, which favors a planar conformation (6 = 0)
with m-electrons delocalized between the pyridyl rings. On the
other side, there is the steric repulsion of the ortho hydrogen
atoms, which prefers a nonplanar conformation (6 # 0)
wherein the steric hindrance is diminished. The trade-off
between these two antagonistic effects is an optimum nonvan-
ishing twisting angle 6(q)|;—o # 0 in the neutral species. By
adding an entire electron (complete reduction), the m-electronic
interaction is enhanced, with a concomitant delocalization over
the whole radical anion, which becomes planar: #(g)|,——, # 0.

Unlike other (usual) quantum chemical packages, SIESTA
also allows to compute not only the aforementioned values
0(q)|4—0 and 6(q)|4——1 corresponding to states with integral
charges, but also values 6(q) for arbitrary fractional charges of
interest (—1 < g < 0). In agreement with what one can intuitively
expect from the reasons delineated above, the curve § = 6(q)
calculated in this way (Fig. 2) indicates that the twisting angle
decreases by progressively adding electron charge. The curve
depicted in Fig. 2 reveals an aspect that cannot be guessed by
straightforward intuition nor merely based on the calculated
values 6(q)|,—o and 6(q)|4——1 is that, in order to reach the planar
molecular conformation, transferring an entire electron (g =
—1) to the neutral 44BPY molecule is not needed. A complete
redox process is not necessary. A redox efficiency amounting to

|g| = 80% suffices to achieve a planar conformation (reasons
why the planar conformation is important will be presented
below).

Because the finding that a planar conformation can be
reached without need to add an entire electron is one of the
most important result reported in this communication, it is
worth emphasizing that possible slight inaccuracies in the
determination of the f-values (like those mentioned above) do
by no means affect this conclusion: changes of a few degrees in
6 around the f#-values found by geometry optimization yield
changes in the total energy smaller than 1 meV; changes dq ~
| -1 — (0.8)] = 0.2 in the molecular charge are accompanied by
variations in the total energy of the order of 0.1 eV.

The above results demonstrate that the charge transfer affect
the molecular conformation; the torsional angle is g-dependent.
The converse is also true. Within a simplified model, the elec-
tron transmission  through molecules consisting of n = 2
rings forming a relative angle /—and 44BPY belongs to this
category, cf. Fig. 1—scales as follows*'™*

t o cos f (1)

2701 ol g

n=2

T x|t

(2)

n=2
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here, is the hopping integral ¢ between the two rings. Eqn (1) is
the consequence of the fact that, for electron hopping between
m-orbitals, ¢ is proportional to cos §.'7*

Fig. 3 depicts the curve of cos®> §—which is the RHS of eqn (2)
for n = 2—as a function of g. It shows that, by adding |g| = 60%
of an electron to the molecule, one can already reach 99% of the
maximum charge transfer efficiency.

The above discussion focused on effects related to the
torsional angle, as the most salient feature of this floppy mole-
cule. One can still note that this is not the only interesting impact
of the charge transfer in the 44BPY molecule. Another nontrivial
impact of charge addition is the change in the total molecule
length L = L(g). This effect is visualized in Fig. 4. The increase of
the total molecular length upon reduction is related to the qui-
noidal distortion, which characterizes the radical anion
44BPY" 239374 According to Fig. 4, addition of an entire elec-
tron yields an increase of the molecular length amounting to

AL = L(@)ly—1 — Lyly—o = 0.13 A (3)

Parenthetically, the value obtained within calculations using
GAUSSIAN 09 PBEPBE/TZVP* is equal to the above SIESTA-
based estimate. One can easily imagine that a change in the
molecular length as expressed by eqn (3) is quite significant for
a molecule stretched between two electrodes to form a molec-
ular junction.

In the same vein, let us still note that, although not so
spectacular as changes in conformation related to floppy
modes, even changes in the total molecular length upon charge
transfer may be of interest. For the 44BPY molecule, eqn (3)
predicts an increased length. A length increase may not be so
dramatic for a molecular junction already formed in the
absence of biases; the molecule can become slightly distorted to
withstand elongations given by eqn (3) in the presence of
applied (gate) voltages responsible for complete charge transfer.

The increase in length upon reduction is due to the fact that
the added electron that populates the LUMO is delocalized over
the bipyridine molecule. This is known to yield an overall
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Fig. 3 The square cosine of the angle 6 between the two rings of the
4,4'-bipyridine molecule—a measure of the transparency of the
charge transfer process, cf. Egn (2)—as a function of the fractional
molecular charge g.
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Fig. 4 The dependence of the molecular length, expressed as the
distance dyn between the nitrogen atoms, of the 4,4'-bipyridine
molecule on the fractional molecular charge g. Notice the complete
reduction yields a length increase amounting to 0.13 A.

weakening of the chemical bonds, which become elongated. An
opposite effect occurs in the opposite process, e.g. after electron
removal. The AL-effect may be more dramatic for a molecular
species whose length decreases.

To give a single example of this kind, let us refer to biphenyl,
a molecule having a two-ring structure similar to 44BPY. One
should still note that unlike, 44BPY-based junctions,>* in
molecular junctions based on biphenyl conduction is mediated
by the highest molecular orbital; so, electron removal is of
interest in the present context biphenyl dithiol junctions. Both
SIESTA and GAUSSIAN 09 calculations as described above
predict a decrease in the molecular length AL = —0.11 A when
an entire electron is removed; it is unlikely that a molecular
junction would survive such a process.

3 Summary and outlook

In this communication, we have studied theoretically the
impact of adding an amount 0 < |g| < 1 of electronic charge on
the torsional angle 6 of the (4,4')-bipyridine molecule. An
interesting result reported is that a complete reduction (g = —1)
is not needed to reach the planar conformation (6 = 0) known to
characterize the anionic species.

As a possible application, one can conceive to employ the
dependence of the torsional angle on the fractional charge to
obtain molecular switches. This route to design molecular
switches based on tuning the molecular conformation by
controlling the fractional molecular charge would be an alter-
native to the photoswitched conductivity of covalently bounded
single molecule junctions** and photoswitchable CP-AFM
(conducting probe atomic force microscopy) molecular wires*®
reported recently. In view of the n-dependence given in eqn (2),
considering the impact of the charge transfer on the confor-
mation of molecular species consisting of chains of n = 2, 3, 4,
... aromatic rings would be interesting. To this, one can invoke
a naive argument: the higher the exponent [2(n — 1) in the RHS
of eqn (2)], the smaller is the value of a sub-unitary number
(cos # in the RHS of eqn (2)) at that power. Oligophenylene
series extensively studied (e.g., ref. 47 and citations therein) may
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be possible candidates for further investigation, given the fact
that they possess more torsional modes, that is, more floppy
degrees of freedom.
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