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Density functional theory simulation and interpretation of inelastic electron

tunneling spectra of molecular junctions: from model to complex systems.

by Audrey Ségerie

Abstract: Using molecules to mimic the behavior and the functions of electronic components
offers a broad potential towards the miniaturization of the electronic devices. The integration of
such molecular components into nanoelectronic devices requires however a careful design to
combine with their synthesis, preparation, and characterization. Understanding the physical
phenomena at the nanoscale is another challenge to meet, where numerical simulations are very
useful.

The Inelastic Electron Tunneling (IET) spectroscopy is one of these nanoscale-oriented
techniques. It can probe the structure of single molecules sandwiched between metallic
electrodes by detecting the inelastic interactions between the tunneling electrons and the
vibrational modes of the molecule. This thesis deals with the simulation of IET spectra of these
molecular junctions by relying on a Green’s function approach combined with quantum chemistry
calculations performed at the density functional theory level of approximation and with the
analysis of the vibrational signatures in order to unravel their structural and electronic
characteristics. In particular, this thesis considers systems of increasing complexity, starting from
model dithiol-terminated compounds and going towards molecular switches, m-conjugated

oligomers, and fullerene derivatives.
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Introduction



l. Introduction

I.A. General aspects

Aviram and Ratner in 1974 suggested that a single molecule characterized by a donor-
bridge-acceptor structure placed between two electrodes can act as an electronic component,
stimulating the use of single molecule electronic devices. This so-called molecular electronics field

has since attracted a great deal of attention'®. Using single molecules able to mimic the function

[4] [5]

of electronic components such as diodesm, transistors'™, memories”" or switches[sl, presents a
great potential in terms of miniaturization of the electronic circuits and offers the possibility to
overcome the fundamental scaling limits of silicon-based electronics. Indeed, with molecular
electronics the ultimate size limit is set by the atomic scale.

The molecular electronics field offers several advantages compared to Si-based
microelectronics: i) the reduced size of the molecules (between 1 and 10 nm) interesting for high-
density electronic devices with a high speed, ii) the exploitation of the potential intermolecular
interactions to modify the electronic properties, making molecular devices sensitive to the
chemical environment, iii) the chemical design and synthesis that enable to tune the electronic
properties of such device, and iv) the structural flexibility of molecular systems to provide multiple
distinct stable geometric configurations, presenting distinct optical and electronic properties that
can not be expected from the rigid conventional silicon electronics.

The design of the simplest component of molecular electronics constituted by a single
molecule sandwiched between two electrodes (molecular junction) remains challenging as they
are hindered by several practical difficulties: i) the difficulty to ensure the presence of the
molecule inside the junction, ii) the lack of reproducibility of their properties due to possible
thermal and current-induced effects occurring during the experimental measurements'”), iii) the
control of the contact between the functional molecule and the metallic electrodes, as it greatly
affects the transport propertieslg]. Indeed, the understanding and control of the electron transport

process taking place through the frontier orbitals of the molecule being the closest to the Fermi

level of the electrodes is crucial to optimize systems, which can be later involved in many

[10 [11]

applications such as molecular electronics'®, biosensors™ and solar cells™. Variations of the

electron transport properties of a given system can be associated to its specific response towards

[9f-j,m-n]

external stimuli, such as changes of molecular configuration . In this perspective, several

studies have focused on the control of the contact configuration via a tuning of the end groups of

the molecule anchoring to the electrodes!?.



In order to get accurate descriptions of the molecular junctions at the atomic scale,
different experimental techniques and theoretical methods have been developed[“] to evaluate
the relationships between the interactions at the interface, the tunneling charge carriers, the
vibrational signatures, and the charge transport properties.

Several experimental techniques have been proposed to build nanojunctions, among which

we can mention the scanning probe microscopy with the scanning tunneling microscopy (STM)[13],

the atomic force microscopy (AFM)”‘”, the electrochemical deposition of nanogap electrodes!™,

the electromigration breakdown method™®!

, and the mechanically controllable break junction
(MCBJ) 71 This latter offers a strong control and tunability of the contact size, and enhances the
reproducibility and mechanical stability of a single contact configuration, allowing to carry multiple

measurements over several hours and thereby providing highly reliable conductance results.

I.B. Inelastic Electron Tunneling Spectroscopy (IETS)

One of the drawbacks of the STM technique is its lack of chemical sensitivity, due to the
difficulty to interpret STM images determined by the convolution of the electronic structure of the
tip and the surface. Ho™ has demonstrated that the Inelastic Electron Tunneling Spectroscopy
(IETS) technique can help to analyze STM data and allows for the identification of individual
adsorbed molecules within a limit of sensitivity typical of a vibrational spectroscopy. Studies based
on the combination of the IET spectroscopy with the MCBJ technique have shown the possibility
to get specific fingerprints relative to a controlled contact geometry[lgl.

It was in fact in 1966 that Jaklevic and Lambe!?” discovered that, when embedding a thin
layer of molecules encapsulated in an oxide layer between two metallic electrodes, the oxide layer
acts as a tunnel barrier for the electron transport from one electrode to the other and the

tunneling electron can excite vibrational modes of the molecule. It has been the starting point of

the so-called Inelastic Electron Tunneling Spectroscopy (IETS).

I.B.1. Tunnel effect: principle and applications

The term ‘electron tunneling’ refers to the motion of an electron passing through a
classically impenetrable energy barrier, i.e. when the electron energy is lower than the barrier
height (E<V). Indeed, according to classical mechanics a particle can not traverse a region requiring
its potential energy to be greater than its total energy, since it would require a negative kinetic
energy which is impossible by definition. However, as the experimental scale shrinks to molecular

dimensions, classical concepts fail and quantum mechanics takes over. Due to the wave-like



[21]

aspect of particles quantum mechanics'“™ predicts that the transmission probability will be

proportional to e 44VU~E \where A is about 1.02 eV'*? A, as defined in Fig. (I.1).

T |
Y

Fig. I.1. Schematic diagram of a wavefunction traversing a one-dimensional rectangular potential
barrier, where U refers to the height of the potential barrier, E corresponds to the energy of the
incident electron and d is associated to the thickness of the barrier. ¥, and ¥, refer respectively
to the wavefunction of the incident electron and of the one transmitted through the barrier.

z=0 z=d

Tunnel effect is involved in many scientific fields, such as nuclear physics, solid-state
physics and atomic spectroscopy. The first example that we can mention in nuclear physics

(221 explaining the alpha decay of a radioactive

concerns the model introduced by George Gamow
nucleus as an example of tunnel effect. This phenomenon concerns relatively big unstable
isotopes which need to eliminate nucleons in order to reach a stable nuclear configuration, via the
radiation of an alpha particle (constituted of two protons and two neutrons). The elimination of
this particle can be represented as a tunnel transfer since it evolves from a situation where it
undergoes an attractive nuclear potential to a situation where it is repelled by electrostatic

interactions with the other nuclear charges. Fig. (1.2) presents a simple one-dimensional model of

the resulting energy barrier in the case of a nucleus characterized by a radius d.

Energy
Coulomb
potential
E;
EZ
d 0 d z
El

Fig. 1.2. lllustration of the alpha decay of a radioactive nucleus explained by tunnel effect.



The region —d < z < d corresponds to the inner part of the nucleus where the alpha
particles are strongly bound because of nuclear forces, while in the regions outside the nucleus
limits (|z| = d) an alpha particle would mainly undergo a repulsive Coulomb potential due to the
interaction of its positive charge (+2e) with the charge of the reduced nucleus [+(Z-2)e]. We can
see that a particle stable enough is not likely to escape the nucleus (e.g. particles on the energy
level E,), while particles on higher energy levels (e.g. E; or E3) may penetrate the potential barrier
by tunnel effect to enter the repulsive Coulomb region, causing the separation between the
nucleus and one alpha particle.

We can apply a similar model to the case of the fusion of two nuclei. The major problem in
this process consists in getting ions close enough for a fusion reaction to occur, since nuclear
charges repel each other as they get closer. The nuclei can overcome the Coulomb barrier by
tunnel effect, following the same principle as the Gamow model®,

We can also mention tunnel effect processes observed in solid-state physics, as they can

241 characterized by a non-classic

occur in some semi-conductor devices, called tunnel diodes
conductance behaviour. Indeed, in a specific voltage region a tunnel diode may exhibit a negative
differential conductance observed as a negative slope in the current-voltage curve, i.e. the current
intensity decreases as the voltage increases. This phenomenon is associated to a negative
resistance and originates from a tunnel effect in the direction of the current, and appears to be
interesting for the development of oscillator and amplifier devices. These devices are mainly used
in high-speed electronics applications because of the quasi-instantaneous character of the
tunneling transfer, reducing strongly the distortions of the transmitted signal. Finally, we can
mention the Josephson effect®™ characterized by electron pairs tunneling through a thin
insulating barrier between superconducting materials.

In the early 1980s, the invention of the scanning tunneling microscope (STM)[13] by Binning
and Rohrer allowed to obtain spatially resolved images of single molecules adsorbed on
conductive surfaces with an atomic resolution®® and thereby to overcome the spatial resolution
of optical microscopes limited to ~1 um. As shown in Fig. (1.3), a metallic tip having an atomically
sharp apex is brought close to a metallic or semi-conducting surface with a tip-surface distance of
typically 1 nm (corresponding to several atomic layers) and electron can tunnel through the
barrier separating the tip and the surface. When a voltage is applied between the tip and the
surface, a tunneling current can be detected, strongly depending on the tip-surface distance, the
applied voltage and the local density of states. The exponential dependence of the current to the

distance z yields the extremely high vertical resolution of STM: a change of 1 A in z causes a



change of nearly one order of magnitude in current. The tip scan the xy plane of a sample surface

thanks to a piezoelectric control system.

current monitor: data processing
set value

I tunnel

control of the
vertical tip position

piezo

tip
tunneling :
current i

sample surface

=

Fig. 1.3. Schematic view of a Scanning Tunneling Microscope (STM).

In order to obtain STM images two different modes exist, the constant current mode (more
frequently used) and the constant height mode, and are illustrated in Fig. (1.4). Practically, in the
former, when the tip is brought close enough to the sample with respect to a convenient
resolution, the intensity of the tunneling current is measured and this preset value is kept
constant. The scanning consists in displacing the tip in the x-y plane while its z position is
controlled via a feedback loop moving the tip along the z axis in order to keep the measured
current equal to the preset value. This means that if the detected current is smaller than the
preset value the tip is brought closer to the surface, but if the detected current is higher than the
preset value the tip moves away from the sample. The variations along the vertical axis Az are
recorded and will be plotted for each scanning trajectory covering the xy plane, giving a
topography of the scanned surface.

In the case of the constant height mode, no current preset value is defined as we let the
feedback loop open and measure the variations of the tunnel current (associated to the variations
of the LDOS). A STM measurement using this mode will allow a higher scanning speed with respect
to the constant current mode, as we do not need to continuously adapt the position of the tip to
follow the structure of the surface. Therefore the constant height mode is adapted to real-time
studies of dynamic processes. However, this mode is only appropriate to the studies of flat

surfaces as the tip could be deteriorated during the scan.
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Fig. 1.4. lllustration of the constant current mode and constant height mode of a STM.
I.B.2. Principles of IETS

As we know, electron transport through molecular junctions is dominated by elastic
processes due to the short traversal time of the electrons compared to the typical oscillation
period of the molecular vibrations. When a negative bias is applied to the left metal electrode, the
Fermi level is lifted. An electron from an occupied state on the left side tunnels into an empty
state on the right side, and its energy is conserved: this is the elastic tunneling case [Fig. (I.5)].
During this process, the current increases linearly with an increase in the sample bias. When the
applied voltage is large enough to satisfy the condition eV > hw (where e is the electron charge, V
is the bias voltage, and w refers to the frequency of a molecular vibrational mode) an electron
going through the barrier from an occupied state (below the Fermi level of the metal) into an
unoccupied state (above the Fermi level of the metal), is able to excite a vibrational mode, losing a
guantum of energy hw. This vibrational excitation opens an inelastic channel for current flow, that
will add with the elastic contribution described hereabove. This inelastic tunneling process results
from electron-phonon coupling and thus leads to a small increase of the total current which is

characterized by a change in the slope of the | vs V curve, as a step in the dI/dV vs V curve and as a
h
peak or dip in the d’I/dV? vs V curve appearing at the V = Tw, i.e. at the frequency of the excited

vibrational mode as illustrated in Fig. (I.5). In addition to the natural intrinsic linewidth of the IET
peaks (related to the instrumentation), broadening effects can appear due to two different
effects: (i) a thermal broadening effect due to the the Fermi level smearing i.e. the increase in

temperature causes a broadening of the occupation of states near the Fermi level (Ef) and (ii) a

7



modulation voltage broadening. Concerning the first effect, Lambe and Jaklevic*' have observed
that the increase of temperature leads to a broadening of the peak width and to a decrease of the

peak height (even if the area under the curve appears to remain constant). The FWHM

5.4 kgT

dependence to the temperature has been predicted to be (see Fig. (1.6)), and this was also

confirmed by Jennings and Merrill who studied the widths of the IET peaks of Al-Al oxide-Pb
junctions as a function of temperature[zsl. If a given resolution is desired, there is therefore an
upper temperature limit at which the experiment can be performed. As typical vibrational
energies are in the 10s-100s of meV range, this implies that experimental investigation must be
carried at cryogenic temperatures: e.g. for a vibronic energy of 100 meV (which corresponds to a

vibrational wavenumber of 807 cm™) with a well-resolved linewidth (~ 5SmeV) and knowing that

kg=0.086 meV.K™, this implies that the working temperature has to be T~ ~10K.

5.4x0.086

The broadening originating from voltage modulation is due to the dynamical technique
used to get the second derivatives dI/dV?2. A finite modulation of the voltage is applied, and the
second harmonic of the current is detected. The effect of modulation voltage broadening has been
at first studied by Klein et al®! who have found that the function F'"’ obtained experimentally is a
convolution product of the exact second derivative ' = d?I/dV? with an instrumental function

¢ represented in Fig. (1.6), so that we have: F'" = f" * ¢ where:

3
(e?V2 —E?)2 for |E| < eV,

E)=—
¢(E) 3m (eV,)*
¢(E)=0 for |E| > eV,
and eV, refers to the modulation amplitude at frequency w, since the applied voltage ranges from

-V, to +V,, . Finally we can express the experimentally obtained peak linewidth W,,,, as a function

i i i . — 2 2 2
of the three following contributions: Wexp = [Witermar ¥ Winoawiation T Wintrinsic-
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Fig. I.5. Representation of the energy diagram of an IET process (a), illustration of the I-V (b),
conductance-V curves (c) and of an IET peak (d) that result from the opening of a vibrational mode
conduction path occurring at V=hw/e.
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Fig. 1.6. Representation of the lineshapes due to thermal broadening (a) and modulation voltage
(b), redrawn from ref [29].

1.B.3. Specificities and advantages of IETS

IETS presents several specificities and advantages in comparison with other optical
vibrational spectroscopies such as infrared (IR) and Raman, including notably a high sensitivitylgo].

Moreover, there are no rigorous selection rules defined in IETS, so that both IR- and
Raman-active modes can appear in the spectra. Indeed, electrons tunneling through a scattering
channel corresponding to a set of atomic orbitals are able to stimulate both IR- and Raman- active
vibrational modes: the interactions occurring between the tunneling electron’s longitudinal
electric field and a (induced) molecular dipole moment are similar to those happening in infrared
(Raman) excitations. In the case of the infrared absorption spectroscopy, the excitations of the

vibrational states of a molecule are due to interactions between its net dipole moment and the

transverse electric field of the infrared radiation. Similarly, in inelastic tunneling the net dipole
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moment interacts with the longitudinal electric field associated to the tunneling electron, which
will be able to give the necessary energy to excite some of the infrared-active vibrational modes.
Regarding the Raman spectroscopy, vibrational excitations are induced by the interaction of the
transverse electric field of the incident radiation with the induced dipole moment of a molecule
due to its polarizability. Again, IET involves the interaction of an induced dipole moment with the
longitudinal electric field of the tunneling electrons, what may excite some Raman-active

vibrational modes.

The first experimental study dealing with the symmetry selection rules in IETS was

1 .
B and concerns a molecular system based on anthracene in Al-

performed by Kirtley and Hansma
Al,03-Pb junctions. They have observed a very good agreement between the IET and optical (IR
and Raman) spectroscopies, to within 1meV for most of the vibrational mode energies,
comparable intensities of the Raman and infrared active modes in the IET spectrum, and smaller
intensities concerning the optically inactive modes. It has also been shown that optically forbidden
transitions (governed by the selection rules specific to the absorption and scattering of light) can
appear as strong bands. The interesting complementarity of IETS with respect to IR and Raman
vibrational spectroscopies can be illustrated with the studies of Hipps et al.l? performed on the
ferrocyanide ion, showing the IET activity of two (T1z and T,,) modes appearing respectively at 354
cm™ and 474 cm™ not visible in infrared and Raman spectroscopies. We can add that the absence
of strong combination and overtone bands makes the assignment of the observed IET bands

easier>®,

As we have mentioned, the well-known selection rules of vibrational spectroscopies

13! pased on

(infrared, Raman,...) can not been applied to IETS. Several studies of Troisi et a
symmetry considerations has focused on the derivation of approximate (propensity) rules in order
to predict the IET activity of a given vibrational mode, to understand why a given specific
vibrational mode is specifically involved in the IET activity, and to help the assignment of
experimental IETS measurements. As IET peaks are associated to vibrational modes that strongly
modulate the electron transport (i.e. the overall coupling among orbitals connected to the
electrodes at the Fermi energy), the establishment of propensity rules enables to characterize the
pathway followed by the tunnelled electrons, which is constituted by the orbitals describing the
electronic motions. In their studies, the calculation of the frequencies and intensities of the IET

peaks have been performed by using a Landauer-Imry approach[34] extended to the vibronic case

where the retarded Green’s function G,,,(E) (m and n refer to the orbitals connected to the
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electrodes) which is parametrically dependent on the set of normal modes {Q,}, is expanded in a

Taylor series around the equilibrium position {Q,} = 0. By using Group theory to predict the

Gmn(E)

. . . - 0 .
symmetry of IET active modes (i.e. modes a providing non-null 307 matrix elements) of planar

B3] connected to the electrodes through a

conjugated systems investigated in molecular electronics
S-Au bond with C,, symmetry, they came to the following conclusions:
- If m and n (orbitals localized on the terminal sulfur atoms) are both o-type (symmetric

upon reflection in the molecular plane) or both m-type (antisymmetric upon reflection in the

Gmn (E)

. d . . .
molecular plane), a; and b, modes give non-null 207 matrix elements. However, if the m-n pair

is symmetry related (m and n are interchanged by the C, axis parallel to the electrode planes),

only the a; modes strongly modulate the tunneling matrix elements and provide non-zero

9Gmn(E)
aQ«

matrix elements. In the case of n-type orbitals, these modes involve in-plane motions such
as C-C stretchings and C-C-C bending motions. We can mention that the IET intensity of the peaks
associated to o-type orbitals (channels) is expected to be very weak since o-type transport
through planar organics is much weaker than n-type transport. Finally, if the m and n orbitals have
different symmetry (one of o-type and the other of m-type), out-of-plane motions favour the
intercommunication between the o and m-type channels and thereby present important
contributions in the IET response, corresponding to a, and b, modes for molecular systems having
Con symmetry.

Note however that realistic molecular junctions can hardly be described in such a
symmetric way since several parameters may have a significant impact on the control of the
symmetry of the junction: i) the coordinative interactions between the molecule and the
electrodes may cause fluctuations of the contact geometry[36], ii) the presence of molecular
interactions (in self-assembled monolayers), iii) the experimental technique used to contact the

71 characterized by uncontrollable details of

molecule with the electrodes such as break junctions
the breaking process. For example the local shape of the electrodes and their configuration are
unknown.

Troisi et al.** have investigated junctions presenting more complex molecular structures
involving asymmetric molecules in an attempt to correlate the transport pathways followed by the
electrons with the nature of the IET-active vibrational modes. The major conclusions of this study
state that: i) the vibrational modes associated to the most favourable tunneling channel involving

T-type orbitals are mainly dominated by (symmetric) combinations of C-C stretches following the

transport pathway; ii) a coupling between the o-type and m-type orbitals is made possible thanks
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to out-of-plane motions, what allows for a better coupling of the o-type orbitals to the gold
electrodes.

In addition to the symmetry of the modes, other parameters can play an important role on
the detectability of IET active modes. According to the work of Persson and Baratoff®”), the shift of
the resonance of a molecular orbital close to the Fermi level has an impact on the amplitude of
the IET signal because the spatial distribution of this orbital influences the excitation probability of
the vibrational modes. Measurements of IET responses of a single Cgo molecule adsorbed on

B8 has highlighted the effect of the orbital alignment on the detection

different metallic surfaces
of IET modes. Indeed, when the Cg is observed on a Pb(111) surface, the IET spectrum is
constituted by a large number of peaks, while only one mode is active when a Ag(110) surface is
considered. In the former case, the Cso LUMO resonance lies only at 0.2eV above the Fermi level
(Ef), while in the latter case the position of the LUMO resonance is situated at 0.5eV above E; 9]
with a small overlap of the LUMO state with E¢. In the same way, the position of the tip above the

molecule influences the detection of IET mode!*”

and is also explained by the fact that the
coupling strength between the electron states and the molecular vibrations depends on the
spatial extent of the molecular orbital.

Recent works by Bocquet and co-workers* have proposed new propensity rules to
rationalize the IET activity of certain vibrational modes. Considering a set of phenyl derivatives
adsorbated on Cu(111) surfaces, they have shown that the ability of a given adsorbate to stabilize
the inelastic electron can have a significant impact on the IET activity and depends on the
electronegative nature and position of its substituents. Moreover, the orientation of this
adsorbate with respect to the metallic surface has also a strong influence on the activity of the
modes depending on the relative electronic density of the anchoring group making the contact
with the metallic surface. Indeed, the effect of a negative m-polarization at the metal-molecule
contact would prevent the incoming tunneling electron to enter the it channel, forcing it to tunnel
through the remaining o channel thereby favoring the IET activity of high-frequency stretching
modes. Such principles have been successfully extended to more complex systems, such as
metallo-porphyrin compounds.

Finally, we can mention that the high sensitivity of IETS to the contact geometry and to the
molecular orientation'*? with respect to the metallic electrodes can provide structural information
on the molecular junction, and enables to ascertain that the desired molecule is inside the

junction and participates to the conduction process.
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I.B.4. Theoretical methods for simulating IET responses of molecular junctions

Several theoretical methods have been proposed in parallel with the experimental
developments of IETS, offering an essential complement to assess and interpret the experimental
spectra. One of the first and still used model for simulating the inelastic tunneling process in a

STM junction was proposed by Tersoff and Hamann!*!

, who employed a first-order perturbation
theory tunneling Hamiltonian approach using the Bardeen approximation to calculate the
tunneling matrix elements. In the limit of low bias voltage, they state that the tunneling current is
found to be proportional to the surface local density of states (LDOS) at the Fermi level at the
position of the point probe (tip). Among the Tersoff-Hamann based approaches, we can mention
works using the Lorente-Persson theory[44]. It consists in a generalization of the Tersoff Hamann
theory for elastic tunneling to inelastic tunneling by considering the many-body LDOS for the
electrons interacting with the vibrational modes. The corresponding theoretical formalism is
implemented in density functional theory (DFT) calculations. In this approach, the inelastic
contribution to the change in conductance is due to the change in the LDOS caused by the
electron-vibration coupling. However, it presents limitations related to the independence of the
tip electronic structure, since the model assumes a spherical symmetry of the electronic structure
of the tip’s wave function (wave-functions which constitute the electronic structure of the tip are
s-wave), while it has been shown that atomic resolution in STM requires localized metallic p, or d,>
tip states in metal-STM imaging[45]. An alternative method consists of using Green’s functions
approaches that explicitly take into account the tip electronic structure. In 1994, Ratner and co-
workers*® have developed a model to calculate transport properties based on Lowdin’s
partitioning technique to calculate the Green’s function and transition matrix elements, and
applied it to STM. It has also been applied by Yalikari et al*”! for evaluating the influence of
molecule-electrode binding on the current-voltage characteristics. In this thesis, the elastic and
inelastic properties of the different molecular systems that we have studied have been simulated

(48]

by using the Quantum Chemistry for Molecular Electronics (QCME) code™™, which is based on the

I within the harmonic

Green’s function formalism introduced by Ratner and co-workers!*®
approximation for evaluating the vibronic couplings. The reliability of this method has been
substantiated in several works involving a variety of single molecular devices by reproducing and
interpreting experiment[49], and the formalism will be detailed in sections 1I.C.2 and II.C.3. Finally,
Fig. (1.7) illustrates typical examples of experimental measurements and theoretical simulations of

IET spectra of molecular systems of different sizes reported in the literature®®>%>1,
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Fig. 1.7. lllustration of 1,8 octanediamine (ODA, H,N-[CH,]s-NH>) (a) and 1,8 octanedithiol (ODT,
HS-[CH,]s-SH (b) single-molecule junctions. Experimental (solid lines) and theoretical (dashed lines)
IET spectra of ODA (c) and ODT (d) single-molecule junctions. These pictures are taken from ref.
[50]. (e): Experimental and theoretical IET spectra of deuterated alkanethiol SAM originate from
ref. [51]. (f): Experimental IET spectra of a Cgo molecule on Cu(111), Pb(111) and Ag(110) surfaces
taken from ref. [38].

I.C. Objectives

The aim of this thesis carried out within the frame of the ARC proposal TINTIN (Extended—mn
Conjugated Molecular TINkertoys for OpToelectronics and Sp/Ntronics), consists in predicting,
determining and interpreting the vibrational responses of molecular junctions of interest for
molecular electronics, and more particularly their inelastic electron tunneling (IET) spectra by
using quantum chemistry methods. This work is also supported by a multidisciplinary approach
combining the synthesis of organic m-conjugated systems, and the determination of their
properties through a broad range of spectroscopic techniques as well as the device engineering.

IETS is proved to be a promising tool for characterizing devices which integrate functional
molecules, and for providing structural information on the molecular junction due to its high
sensitivity with respect to several junctions parameters such as the molecule-electrode distance,

the orientation of the molecule inside the junction and the molecule-metal bonding. One of the
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main goals of this thesis is to assess the effect of these junctions parameters on the IET signatures
of molecular junctions of different sizes, going from a simple monocyclic model system to larger
systems such as the Cg molecule placed between two gold electrodes. This manuscript is
structured as follows:

Chapter Il presents the theoretical methods used to optimize and calculate the vibrational
frequencies of the molecular systems, as well as the formalism of the code employed to get the
inelastic transport properties.

The first step of our approach has consisted in selecting an adequate level of calculation
presenting the best compromise between the accuracy of the calculated transport properties and
the computational cost. The effects of the atomic basis set and of the exchange-correlation (XC)
functional on the IET spectra have been investigated by considering the prototypical 1,4-
benzenedithiol molecule and are described in Chapter Ill.

Chapter IV addresses the IET responses of an anil derivative switching between two
tautomeric forms via an intramolecular proton transfer, which is a system of interest in the field of
molecular electronics. The comparison between the IET spectra of the two forms is performed in
order to assess the efficiency of the IET spectroscopy in the characterization of the molecular
states of switches.

In Chapter V, we focus on the effect of the molecule-metal bonding on the IET response of
molecular junctions based on hydrocarbon molecules of interest for molecular electronics: the 1-
undecane thiol (C11) sandwiched between two gold electrodes, and two classes of molecular
wires oligo(phenylene ethynylene) (OPE) and oligo(phenylene vinylene) (OPV). In particular, the
analysis of the variation of IET signatures by modifying the anchoring of the molecule to the
metallic electrodes as well as their size has been carried out.

Chapter VI deals with the IET responses of a molecular junction based on a single Cego
molecule placed between two gold electrodes, which are compared to experimental
measurements in order to get useful insights on the structural information of the molecular
junction and help the understanding and assigning of experimental spectra. In addition, IET
signatures of two Cgo-porphyrin based molecules are discussed in Chapter VII. Finally, conclusions

and outlooks are given in Chapter VIII.
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Il. Theoretical and computational methods

In this chapter, the theoretical principles of the methods used in this thesis are
introduced. Section II.A describes the principles of density functional theory, while the
different kinds of orbital basis sets used in our calculations are discussed in Section II.B.
Then, general principles of quantum scattering theory are introduced in Section II.C, as well
as the formalism related to the code used for simulating the inelastic electron tunneling

spectra of our different molecular systems.

I.A. Density Functional Theory™?

IlLA.1. General approach

Ab initio methods focus on evaluating the electronic wavefunction, using it as the
fundamental quantity from which any property of a chemical system can be determined.
However, the fact that a wavefunction depends on the electronic coordinates (considering
that each electron is described by 3 spatial- and one spin- coordinates) turns out to be
inconvenient as the number of variables to consider to describe large systems can grow
drastically making the calculations harder to achieve.

In the frame of Density Functional Theory the fundamental quantity used to describe a
system is no longer the wavefunction but the electron density, from which all the
fundamental properties can also be derived. The main advantage of this alternative
approach resides in the independence of the description of the electron density with regard
to the size of the system, as it is always described by no more than 3 spatial- and one spin-

coordinates.

IlLA.2. The Hohenberg and Kohn theorems

The first theorems which allowed to adapt the formalism and methodologies of
guantum chemistry using the electron density as the main variable have been advanced by
Hohenberg and Kohn.

B) considers that the electron density p,(#*) describing the ground

The first theorem
state of a many-body system allows to determine the external potential V,,, (¥) up to a
constant, taking into account the electrostatic interactions between electrons and nuclei as

well as interactions between electrons and external electromagnetic fields. As other models
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have shown that the kinetic energy of one system can also be derived from its electron

density, one can express the ground state energy as a functional of the ground state density

po(P):
Eo [po(P)] = jpo(F) Vext )7 + Tpo(F)] + Eee [po ()] (1.A.1)

where T is the kinetic energy functional and E,, is the electron-electron interaction energy
functional. These two terms being independent of the system characteristics we can group
them in a new term, the Hohenberg-Kohn functional Fyg [po(7)]. Eq. (11.A.2) can then be

written as:
Eo [po(P)] = jPo(F) Vexe AT + Fyg [po(1)] (1LA.2)

where Fyi [po()] = Tlpo()] + E.e [po(P)]

Determining this functional in order to apply the first HK theorem is the finality of every
DFT calculation, but new approximations are needed as it is impossible to know the exact
form of Fyk . These approximations are introduced in the next section.

The second theorem states a variational principle applied to the DFT formalism, as a test
electron density p(#) only delivers the lowest ground-state energy of one system provided it
corresponds to the real ground-density p, (7). In other words, the use of any density (%)
different from p,(#¥) provides a system energy higher than the minimal energy

corresponding to the real ground-state:

Eo[po(P)] < Eo[p(P)] (.A.3)

I.LA.3. The Kohn-Sham approach

We have seen that the Hohenberg-Kohn functional F[p(7)] contains the majority of the
energetic parameters, in the form of a kinetic term and potential terms describing the
interactions between electrons. We can make a distinction between the classical Coulomb
term J[p(7)] describing the interelectronic repulsion and a non-classical term E, . [p(7)]

containing the effects of electronic correlation, exchange and self-interaction:
Flp@®] = Tlp@] + Jlp(] + Epnei [p(7)] (I.A.4)
where J[p(¥)] = %ff%dﬂd?z
The determination of the exact form of F[p(7)] is mainly constrained by the difficulty to

evaluate the kinetic energy for a set of interacting electrons. The formalism proposed by
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Kohn and Sham™ is based on the splitting of this kinetic energy functional in two parts (Eq.
II.LA.5): one term T that can be calculated exactly and considers electrons as non-interacting
particles, and a correlation correction term T accounting for electron-electron interactions.
Tlps(P)] = Tslps(P)] + Tclps()] (1.A.5)
where ps(?) is the ground-state electron density of the non-interacting system which can be
defined within an orbital formulation, introducing atomic orbitals ¥ XS denoted as the Kohn-
Sham orbitals representing the non-interacting electrons. Note that ps(?) defined from the

Kohn-Sham orbitals must reproduce the ground-state density of the real interacting system

po(¥):

N
ps(®) = Y IHSDI? = po(@) (1A
n=1

Therefore, the Kohn-Sham orbitals allow the calculation of the electron density from Eq.
(ILA.6) and constitute also the Slater determinant representing the ground-state
wavefunction.

The term Ts introduced in Eq. (Il.A.5) can also be defined from the Kohn-Sham orbitals:

1 N
Tolos(] = =5 ) (HEDIIBS) (A7)

From Eqg. (II.A.4) and (II.A.5) we can write:

Flps(] = Ts[{¥S @3 + Jlps(D] + Exc [ps()] (1.A.8)
where Ey, [pS(F)] = Enq [pS(F)] + TC[pS(F)] is defined as the exchange-correlation (XC)
functional.

In order to determine the Kohn-Sham orbitals and the XC functional, one needs to write
and solve the Kohn-Sham equation:

HXS WKS(7) = &, WKS(#)

1 p(7) . ) ) ) A (1.A.9)
[_E Vi2 + j |T_') Jl dT} + VXC (Ti) + Vext (Ti) qui(s(ri) = & 11/7{(5(7-0
ij

. . . - 5} ~KS .
where Vyis the exchange-correlation potential defined as Vy, = E’(;Cp[p], A% is the Kohn-

Sham Hamiltonian and V,,, is the external potential introduced in Eq. (Il.A.1). Note that the
resolution of the Kohn-Sham equation requires a self-consistent procedure since the
orbitals, density and XC terms are interdependent. Moreover, thanks to the transformation

described in Eqg. (Il.A.8) the challenge of a DFT calculation is no longer to find the exact
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Hohenberg-Kohn functional, but to approximate the exchange-correlation parameter in the
best way possible.

Such approximations are generally based on the early division of the XC functional into
two separate functionals of the electron density: an exchange functional Ey and a

correlation functional E, as described in Eq. (Il.A.10).

Exc [p(M)] = Ex[p()] + Ec[p(P)] (1.A.10)

IlLA.4. Approximations of the exchange-correlation (XC) functional

1ILA.4.1 Local Density Approximation (LDA)

The simplest approximation of the exchange-correlation energy assumes that it is
defined at any point in space as a function of the electron density at this point only. This
approach is therefore called the Local Density Approximation (LDA) and can be applied by
locally considering a system of interest as a homogeneous electron gas of similar electron

density p(¥). The LDA XC energy is defined as:

BRI = [ o) el (p@)d7 (11A.11)
where k24 is the exchange-correlation energy per particle in the case of a homogenous
electron gas. This value can be split into exchange (eiP4) and correlation (giP4
contributions, accordingly to Eq. (1.A.10):

e24(p(R)) = P4(p(R)) + eP4(p(7)) (ILA.12)
One of the first formulation of the exchange term in the case of a homogeneous electron gas
has been proposed by Dirac™, which describes explicitly the dependence of the exchange

energy with the local density p(7):

. 3 3\/3
E}L(DA,Dlrac[p(F)] _ -2 (;) jp4/3(77) d7 (I.A.13)

Another usual form of the exchange energy is proposed by Slater, extending Eq. (Il.A.13) to
spin-polarized systems by expressing a dependence between the exchange functional and

the Local Spin Densities (LSD) p, (") and pg (7) 6] as presented in Eg. (II.A.14). Note that the

21/3 coefficient appearing in this formulation originates from the spin-scaling relation

between spin-compensated and spin-polarized systems (61,
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1
€x [Pa ), pp (F)] =5 (EX [2p,(P)] + &x [2,0[? (F)])
(1.A.14)

5 3 /3 /3 - = 1
gLsDASlater i) — _o1/3 T <;> j(p§/3 ) + p;/3(7‘)) ar

Note that, for a closed-shell system, p, and pg are identical and the LSD expression
becomes a standard Local Density functional.

The correlation term is however more difficult to approximate independently from the
exchange term in the LDA approach. Various methods and formulations have been
proposed, among which the popular Vosko-Wilk-Nusair correlation functional (VWN)m and
the Perdew local correlation functional (PL)[8].

LDA functionals are therefore defined in a simple analytic form, and become less
accurate when increasing the inhomogeneity of the described system. Typically, LDA
functionals tend normally to overestimate binding energies, whereas they usually
underestimate bond lengths, ground-state and ionization energies. Results obtained from
LDA approximation tend to improve with the size of the system and are, by definition, better
evaluated in the cases of systems presenting small variations of the electron density. Note
however that satisfying results have also been obtained by using LDA functionals on several
systems with relatively large density gradients, what could be partially explained by the
cancellation of errors resulting from the underestimation of the exchange energy and the

overestimation of the correlation energy, leading to surprisingly good E524 values.

I.LA.4.2 Generalized Gradient Approximation (GGA) and meta-GGA methods

In order to deal with inhomogeneous systems characterized by regions with large
electron density gradients, it seems appropriate to incorporate explicitly the density gradient
in the approximation of the Ey. functional. This is the principle of the “nonlocal”
Generalized Gradient Approximation methods (GGAs), which make the exchange and

correlation energies dependent on both the electronic density p(#) and the density gradient
Vp(7):

B = [ o) e88* (o), T ) dF (1.A15)

where the term €584 can also be split into exchange and correlation contributions. Two

different approaches were considered to develop expressions of the exchange-correlation

functionals.
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The first one is based on numerical fitting procedures with experimental results
obtained for large training sets of molecules, wich led to the development of the popular
Becke88 (B)[Q] and Perdew-Wang (PW)[lol exchange functionals for example. Such functionals
perform well in the evaluation of atomization energies and reaction barriers, but lack
accuracy in the description of some important properties in solid-state physics.

The second approach is purely theoretical, based on basic principles derived from
guantum mechanics, adding corrections to the description of the electronic density and to
the density variations, and trying to satisfy exact relations on the exchange and correlation
holes. Following this principle, the Perdew86 (P)[“] and Perdew-Burke-Ernzerhof (PBE)[12]
exchange functionals have been developed, which generally perform better than the fitted
functionals in the prediction of solid-state properties, but on the other hand fail at
determining atomization energies and reaction barriers which are well described with the
former approach.

Several correlation functionals have been developed following these two approaches,
among which we can cite the popular Lee-Yang-Parr (LYP)[13] and Perdew-Wang91 (PW91)[14]
functionals. Practically, GGA exchange-correlation functionals are built by combining distinct
exchange and correlation functionals, e.g. the popular BLYP XC functional, which results from
the combination of the exchange Becke88 and the correlation LYP functionals. The GGA
functionals constitute a real improvement with respect to the LDA methods, as they
generally perform better for the evaluation of bond lengths, ground-state energies,
dissociation energies, energy barriers and structural energy differences. They also allow to
correct vibrational frequencies of molecules composed of atoms belonging to the two first
rows of the periodic table.

However, GGA functionals still fail at describing correctly some chemical aspects, such
as Van der Waals interactions, ionization potentials and electron affinities in the solid state,
(hyper)polarizabilities and excitation energies. Exchange-correlation functionals then need
to be further refined.

A natural improvement of the GGA methods is to make the exchange-correlation energy
dependent on higher order electron density gradients and, by extension, on the kinetic
energy density, leading to the development of meta-GGA XC functionals. These methods

present an improved efficiency but they turn out to be technically challenging and can
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present some difficulties in terms of numerical stability. Among the meta-GGA exchange-

correlation functionals we can cite TPSS™™> and B95[®,

11.LA.4.3 Hybrid Density Functional methods

Another solution for improving the efficiency of the GGA functionals is to include a

percentage of non local Hartree-Fock (HF) exchange to a standard GGA exchange-correlation
functional (Eq. 1l.LA.15) in order to describe the correct asymptotic —% behavior of the

exchange term, which is not satisfied with the LDA and GGA methods. This new kind of
functionals is then denoted as Hybrid-GGA functionals.

In order to optimize the weight of each exchange and correlation term in the final
functional one needs to rely on empirical data, as the exact amount of HF exchange to
incorporate can not be determined theoretically. Taking the example of the Becke three
parameter hybrid functional (B3) presented in Eq. (II.A.16):[17]

EB% = aEPF + (1 — a)E$'e*" + bEE®® + cEEWO! + (1 — )ELWN (1.A.16)
where a, b and c are semi-empirical parameters fitted to a set of experimental atomization
energies, ionization potentials, proton affinities, total atomic energies and other data. In this
case these parameters are equal toa =0.2, b =0.72, c = 0.81. The only modification brought
to this functional in order to build the popular B3LYP functional consisted in replacing the
PW91 correlation functional with the LYP correlation functional, the semi-empirical
parameters remaining unchanged. The H-GGA functionals turn out to be more efficient than
the GGA functionals, this is why they are so widely used nowadays. Among examples of
popular hybrid density functionals that we have used in our calculations, we can mention
the B3LYP™® B3P86 1> and B9711*! XC functionals which are mostly distinguished by the
amount of Hartree-Fock (HF) exchange (varying from 20 % for the B3LYP and B3P86
functionals to 21% for the B971 functional, respectively), and the nature of the DFT
exchange and correlation functionals.

Note that, following the same idea, one can build Hybrid-meta GGA functionals which
result from the combination of HF exchange with meta-GGA functionals. They depend
therefore on the electron density and its gradient, the kinetic energy density and exact HF
exchange. In this work we have used the TPSSh functional®, which is characterized by an

amount of HF exchange equal to 10%.
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ILA.4.4. Long-range corrected functionals

As mentioned above, hybrid functionals include a fixed amount (~20%-~25%) of HF
exchange added to the usual density functional exchange. However, it has been shown that
a large amount (even 100%) of HF exchange is needed to correctly describe properties that
are sensitive to the long-range behavior of echange-correlation potential, and that the
incorrect asymptotic decay of the exchange correlation potential (instead of the correct -1/r
asymptotic form one has -a/r, where a is the amount of HF exchange in the hybrid) provide
gualitatively incorrect predictions for charge-transfer excitations energiesm], or
(hyper)polarizabilities in conjugated systemsm]. One way to overcome this deficiency has
consisted in building functionals that combine generalized-gradient approximation (GGA)
exchange functionals in DFT at short range with the ab initio Hartree-Fock exchange at long
range by using the standard error function. These range-separated hybrids, which aim to add
corrections to the description of long-range interactions correspond to the second set of XC
functionals used in our simulations and they are called long-range corrected XC functionals,

or range-separated hybrids. Their scheme relies on the splitting of the interelectronic

Coulomb operator into short range and long-range parts such as:

1 _1- [a + f erf (ury,)] L + B erf (ur,) (I.A.17)

T12 T2 T2

where the relations 0 <a+ <1, 0<a <1and 0 < f < 1should be satisfied.The first

part of Eqg. (I.LA.17) describes the short-range interactions and is combined with GGA
exchange, while the second term accounts for the long-range interactions and is combined
with HF exchange. The parameter a enables to incorporate the HF exchange contribution
over the whole range by a factor of a, while the parameter £ allows its inclusion at long
range. Among the range-separated hybrids that we have used in our calculations we can
mention the LC-BLYP'*®,, CAM-B3LYP™** and wB97x!**! functionals. Fig. (11.1). illustrates the
contibutions to exchange from r;, apportioned into DFT and HF for the B3LYP, LC-BLYP and
CAM-B3LYP functionals. The contributions to exchange in the LC-BLYP functional correspond
to pure DFT (B88) at short range and pure HF at long range. In our work, all the calculations
performed by using this latter functional are characterized by a range-separation parameter
1=0.47 Bohr™*. The CAM-B3LYP functional comprises 19% of HF exchange plus 81% of Becke
1988 (B88) exchange-interaction at short range, 65% of HF plus 35% of B88 at long range,
and p=0.33 Bohr™. Finally, the wB97x functional is characterized by 16% of HF exchange plus
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84% of B97 exchange-interaction at short range, and corresponds to pure HF at long range
with a parameter value controlling the partionning of the interelectronic distance r;, equals
to 0.3 Bohr™. Finally, a summary of characteristics of DFT functionals that are discussed in

this section and used in our IET simulations is given in Table (I1.1).

B3LYP (a=0.2, a+B=0.2) 0 LC-BLYP (a=0.0, a+B=1.0) o CAM-83LYP (2=0.19, a+B=0.65)
o« o g
0.2 0.2} 0.2 HE
a+p
0.4} 0.4- HF 04l
a+B
0.6} DFT 0.6} 0.6}
DFT DFT
0.8 0.8 0.8]
1 1 1
0 ry oo 0 My oo 0 rn oo

Fig. 11.1. Schematic representation of the contibutions to exchange from r;, apportioned into
DFT and HF for the B3LYP, LC-BLYP and CAM-B3LYP functionals (taken from Ref. [24]).

Name year type a
B3LYP 1994 H-GGA 20
B3P86 1993 H-GGA 20
B971 1998 H-GGA 21
BLYP 1988 GGA 0
PBE 1996 GGA 0
PBEO 1996 H-GGA 25
SVWN5 1981 LSDA 0
TPSS 2003 m-GGA 0
TPSSh 2003 | HmM-GGA 10
LC-BLYP 2001 | RSH-GGA 0-100
CAM-B3LYP | 2004 | RSH-GGA 19-65
w-B97x 2008 | RSH-GGA | 16-100

Table. Il.1. Summary of common DFT functionals, where ‘a’ refers to the percentage of HF
exchange in the functional, ‘LSDA’ to Local Spin Density Approximation, ‘GGA’ to Generalized
Gradient Approximation, ‘H-GGA’ to Hybrid Generalized Gradient Approximation, ‘m-GGA’
to meta Generalized Gradient Approximation, ‘Hm-GGA’ to Hybrid meta Generalized
Gradient Approximation, and ‘RSH-GGA’ to Range Separated Hybrid Generalized Gradient
Approximation.

I1.B. Atomic orbital basis sets

11.B.1. Gaussian basis sets

In order to describe the electronic densities and the wavefunctions, atomic basis sets
of various types and sizes have been selected in our simulations. A basis set refers to the set
of (non-orthogonal) one-particle functions used to build the molecular orbitals. In the

Roothaan-Hall method[zel, the molecular orbitals are described as linear combinations of
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known atomic orbitals. Different approaches have been developed to define these sets of
functions called “atomic orbital basis sets”, in order to solve a chemical problem within an
expected accuracy. Quantum chemical calculations are typically performed within a finite set
of basis functions, which describe as well as possible the exact atomic orbitals but are never
a perfect representation of these, even in the case of simple hydrogenoids, due to
approximations and simplifications of their analytic formulas.

In order to introduce the basic ideas leading to the choice of a basis set we can take
the example of two-electron systems requesting only 1s orbitals. Two types of basis
functions have been commonly proposed: (i) the normalized 1s Slater-type function
centered at R having the form:

¢35 (§,r = Ry) = (§3/m)!/2e~¢IrRal (11.8.1)
where { corresponds to the Slater orbital exponent, and (ii) the 1s Gaussian-type function
centered at Ry which can be expressed as follows:

¢FL (a1 = Ry) = (a/m)*/*e=alr—Ral” (11.8.2)
where «a is the Gaussian orbital exponent. Note that the diffuseness or size of these basis
functions is represented by the orbital exponents { or a (which are positive numbers larger
than zero), so that a small exponent implies a large diffuse function, while a large exponent
implies a small dense function. The major differences between these types of functions
appear at r=0 and at large values of r. Indeed, at r=0 the Slater function has a finite slope and

the Gaussian function has a zero slope, while for large values of r the Gaussian function

e“"zdecays much more rapidly than the Slater function e ~$". For an accurate description of
the electronic wavefunctions, a priori one would prefer the Slater form whose description is
close to the qualitative features of molecular orbitals. However, the use of Slater functions is
limited to the treatment of diatomic molecules since the evaluation of their three and four-
center integrals increase the computational time, while it is more easy and less time-
consuming by using the Gaussian type functions. Indeed, quantum chemistry calculations
involve a lot of products of AO functions in the form of two-electron integrals, which turn
out to be more rapidly and efficiently carried when using Gaussian functions since a product
of two Gaussian functions provides another Gaussian function, and also because the
treatment of Gaussian functions in differential and integral calculations is extensively

documented. Defining the basis functions as linear combinations of the primitive Gaussian
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functions qbijcaIIed contractions constitutes a remedy to the 11.B.2 form, and leads to the

construction of Contracted Gaussian functions (CGF), defined as follows:

L
$SOF (r — Ry) = z Ay $SF (@™ — Ry) (I1.B.3)
p=1

where L is the length of the contraction, dpu are the contraction coefficients and a,,, are the
contraction exponents. The choice of contracting several Gaussian functions in order to
define the basis functions comes from the need to mimic as much as possible the functional
behavior of molecular orbitals, and therefore the description of the electronic density. One
of the main problems that would arise from a bad approximation of such functions concerns
the accurate description of the cusp effect of the wavefunction observed at the nuclear
position (r=0). Indeed, a single Gaussian function presents a zero gradient at r=0, making it
unable to describe correctly such cusp behavior, and the use of an optimized contracted
function intends to fit as much as possible the primitive wavefunction. Following the
optimization of the CGFs and the fixation of the L, d and a parameters giving the best
description of the atomic orbital wavefunctions possible, these functions will be practically
used as CGTOs (Contracted Gaussian Type Orbitals) in the course of ab initio calculations. An
application of this procedure that has been widely used is to fit a Slater-type orbital (STO) to
a linear combination of n=1,2,3...primitive Gaussian functions: this is called the STO-nG
procedure. Among these CGTO basis sets, we can mention the minimal (in the sense of
having the least number of functions per atom required to describe the occupied atomic
orbitals of that atom) or “single-{” basis sets for which each atomic orbital is described by a
single CGTO, and especially the STO-3G basis set where each basis function is represented by
a contraction of three Gaussian functions.

Nowadays the most used CGTO basis set concerns the “split-valence” type developed
by Pople and his group, which are optimized at the Hartree-Fock level to minimize the HF
energy and improves the flexibility of the valence region. These basis sets construction are
directly referenced in their names which follow the “k-nlmG” structure, where k is the
number of primitive GTOs (PGTOs) used for representing the core orbitals, and nlm indicates
the number of CGTOs the valence orbitals are split into, and how many PGTOs are used for
their representation. When the valence AOs are split into two CGTOs we speak of a double-{

basis set, a split into three CGTOS is associated to a triple-{ basis set, ... Such extended
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descriptions tend to improve the quality of the MQO’s and of their associated properties, and
allows a better description of the electron distribution anisotropy. The definition of these
kind of basis sets can be illustrated with the example of the widely used 6-31G basis set, for
which the core orbitals are represented by a contraction of 6 PGTOs, the inner part of the
valence orbitals is a contraction of 3 PGTOs and the outer part of the valence orbitals is
represented by one PGTO®.,

Polarization functions can also be added to the orbital description in order to
improve the flexibility in the angular part of the wave function, and get a more accurate
description of the asymmetric charge distribution around the nucleus. For example, in the
case of the 6-31G(d) basis set (also called 6-31G*) we take into account unoccupied d
orbitals on all the non-hydrogen atoms. Polarization functions can also be added on the
hydrogen atoms, as in the example of the 6-3lG(d,p)[28] basis set (6-31G**) where the first *
still means that d orbitals are added on all non-hydrogen atoms and the second * indicates
that p orbitals are added on all hydrogen atoms.

In order to improve the description of the outer valence region we can also add
diffuse functions. They have the form of Gaussian functions which have small exponents and
decay slowly with the distance from the nucleus which can be useful for the description of
weak bonds or for the calculations of molecular properties depending on the wave function
tail (e.g. polarizability). They are usually s- and p- type orbitals, which are indicated by the
“+” or “++” symbols. The first term means that one set of diffuse s- and p-functions are
added only on heavy atoms, while the second term indicates that a supplementary diffuse s-
function is also added to hydrogen atoms. Summarizing these two types of tuning, we take
the example of the 6-31+G(d) basis set that is characterized by the additions of one set of
diffuse sp-functions and a single d-type polarization function on heavy atoms only.

The use of Gaussian functions can be taken one step further to define basis sets able
to evaluate the electron correlation corrections to the energy in the best possible way. The
general idea is to define a set of virtual orbitals, called correlating orbitals, that will be
described along the occupied canonical orbitals obtained from atomic Hartree-Fock
calculations. A major concern is to match the correlation corrections obtained with the new
basis with the corrections obtained in the Complete Basis Set (CBS) limit.

A first proposition is to generate the correlating orbitals by carrying correlated

atomic calculations in the full canonical basis of the occupied and virtual orbitals generated
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by a HF calculation. By diagonalizing the virtual part of the resulting one-electron density
matrix, we select the Atomic Natural Orbitals (ANOs) which have the largest associated
occupation numbers, which depict the contribution that each natural orbital make to the
correlated wavefunction. These selected virtual natural orbitals are defined as our
correlating natural orbitals and, together with the occupied canonical orbitals obtained from
the previous HF calculation, will be used as a basis for correlated molecular calculations.

(291 "y spite of their efficiency, the large

This kind of basis set is known as an ANO basis
number of PGFs needed to describe ANO basis makes their applications rather expensive in
computational time, especially if we want to converge the corrections obtained within the
CBS limit.

In this context, DunningBo] has proposed an alternative way defining smaller basis
sets able to reproduce the accuracy of the corrections obtained with ANO basis. Instead of
defining the correlating orbitals following an occupation number criterion, we focus here on
an energy criterion: the correlating orbitals are defined as single PGFs, whose respective
exponents are optimized in order to maximize the contribution of each correlating orbital to
the correlation energy in atomic valence CISD calculation. This approach is called
“correlation-consistent”: shells of correlating orbitals lowering the total energy by similar
amounts are added systematically to a set of occupied HF orbitals. Such basis sets defined as
“correlation-consistent polarized valence basis sets” take the general form “cc-pVXZ”, where
X is a cardinal number referencing the successive additions of correlating orbital shells.

This can be illustrated with the example of atomic calculations carried on the carbon
atom. Belonging to the first row, its occupied orbitals contain two s-type and one p-type
functions, each of them being a contraction of a set of PGFs. The first shell of correlating
orbitals is added for X=2, corresponding to the cc-pVDZ basis set, and consists of one s-type,
one p-type and one d-type primitive correlating orbital. The cc-pVDZ basis set will thus
describe three s-type, two p-type and one d-type orbitals, as shown in Table (II.2). After
getting a final set of orbitals for a given cc-pVXZ method, incrementing the X value by 1 will
consist in adding a different shell of correlating orbitals. Table (11.2) reports the structures of
the different cc-pVXZ basis sets for [B-Ne] atoms.

In order to get more flexibility in the description of diffuse electron distribution, we
can add diffuse functions to the cc-pVXZ basis set in the form of primitive functions whose

exponents have been optimized by minimizing the energy of atomic anions. In the case of
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augmented correlation-consistent basis sets (aug-cc-pVXZ) we add one single diffuse

function for each angular momentum present in the root set, as illustrated in Table (l1.2).

In opposition to the Pople basis sets, which were designed to get the best HF energy possible

from the occupied orbitals contributions, the addition of diffuse functions to correlation-

consistent basis sets aim to maximize the contributions of the occupied and correlating

orbitals to the correlation energy. This is made possible by the addition of diffuse functions

for every angular momentum present in the basis set. Finally, the basis sets composition for

a selection of atoms involved in our IET simulations is given in Table (I1.3).

X cc-pVXZ Ny aug-cc-pVXZ Naug
D [352p1d] 14 +1s1pld [4s3p2d] 23
T [4s3p2d1f] 30 +1s1pld+1f [554p3d2f] 46
Q| [5s4p3d2fig] | 55| +1slpld+1f+lg [6s5p4d3f2g] 80
5 | [6s5p4d3f2gih] | 91 | +1slpld+1f+1g+1h | [7s6p5daf3g2h] | 127

Table I11.2. Structure of the cc-pVXZ and aug-cc-pVXZ basis sets for the [B-Ne] atoms. Ny and
Naug refer to the total numbers of contracted orbitals in the cc-pVXZ and aug-cc-pVXZ basis
sets, respectively.

Basis set Hydrogen Carbon, Nitrogen, Oxygen Sulfur
Name Quality | Contracted | Primitive | Contracted Primitive Contracted Primitive
STO-3G SZ 1s 3s 2s1p 6s3p 3s2p 9s6p
6-31G Dz 2s 4s 3s2p 10s4p 4s3p 16s10p
6-31G(d) Dz 2s 4s 3s2pld 10s4pld 4s3pid 16s10p1d
6-31+G(d) DZ* 2s 4s 4s3pid 11s5p1d 5s4pild 17s11pid
6-31+G(d,p) DZ* 2slp 4s1p 4s3pid 11s5p1d 5s4pild 17s11pid
6-311G(d) TZ 3s 5s 4s3pid 11s5p1d 6s5pld 13s9p1d
6-311+G(d) TZ* 3s 5s 5s4pild 12s6pld 7s6pld 14s10p1d
cc-pVDZ Dz 2slp 4slp 3s2pld 9s4pld 4s3p2d 12s8p2d
cc-pVTZ TZ 3s2pld 5s2pild 4s3p2d1f 10s5p2d1f 5s4p3dif 15s9p3dif
cc-pvVQz Qz 4s3p2d1f 6s3p2d1f | 5s4p3d2flg | 12s6p3d2flg | 6s5p4d2flg | 16s11p4d2flg
aug-cc-pVDZ DZ* 3s2p 5s2p 4s3p2d 10s5p2d 5s4p3d 13s9p3d
aug-cc-pVTZ TZ* 4s3p2d 6s3p2d 5s4p3d2f 11s6p3d2f 6s5p4d2f 16s10p4d2f

Table. 11.3. Basis sets composition for a selection of atoms involved in our IET simulations.
Note that the symbol * refers to basis sets including diffuse functions, while ‘DZ’, ‘TZ’ and
‘QZ" mean ‘Double Zeta’, ‘Triple-Zeta’ and ‘Quadruple Zeta’, respectively.

11.B.2. Effective Core Potential (ECP) Basis Sets

In the treatment of molecular systems containing heavy elements, two main

problems arise: the large number of electrons increases significantly the computational time,
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which evolves as N* (where N is the number of electrons), and neglecting the relativistic
effects can have a significant impact on the accuracy of the calculated properties[m. These
latter effects originate from the increase of the core electron speed (essentially s and p
orbitals) due to the large atomic number of the heavy element, what induces a relativistic
increase of their masses and then a contraction of the inner s and p orbitals. Moreover,
electrons with large angular momentum (d and f orbitals) weakly suffer from this mass-
velocity effect but, as the contraction of the s and p orbital increases the shielding of the
nuclear charge, the outer-core orbitals tend to be destabilized and more expanded.

The numerical resolution of the Dirac equation taking into account these relativistic
effects would be the most rigorous approach to describe this kind of systems, but it would
not reduce the computational cost of our calculations®?. An economical alternative consists
in using relativistic effective core potential method (RECP), i.e. in replacing the chemically
inert core electrons with an effective potential mimicking the interactions between core and
valence electrons. The main advantages of this approach are that i) we can afford the use of
larger basis sets to describe the valence electrons as the number of electrons to describe
explicitly has drastically decreased and ii) the incorporation of relativistic effects in the RECP
prevents from using a relativistic hamiltonian in the calculations. Such a simplification is
justified by the fact that the chemical and physical properties mostly depend on the valence
orbitals, but one needs to ensure that the simplification of the numerical description of the
core-valence interactions does not alter the energetic and structural characteristics obtained
in an all-electron calculation. In this frame, the final goal is to develop and apply the
valence-only Hamiltonian.

The development of the Los Alamos National Laboratory 2-Double-Zeta (LANL2DZ)

B3] and coworkers. The first step consisted

ECP used in this work has been advanced by Hay
in defining in the best way possible the “core” orbitals to be replaced by an effective
potential: these core orbitals are denoted ¢ while the remaining valence orbitals are
labelled ¢f. The total relativistic wavefunction of a N-electron system can be expressed as a
product of core and valence orbitals:

PYR(1,2..N) = A[¢pR(1,2 ..n)pB(n. + 1, ..., N)] (1.B.4)
where A is the antisymmetrization and normalization operator, and n, refers to the number

of core electrons. The total energy associated to the relativistic Hamiltonian can also be

separated into contributions due to core, valence and core-valence interaction energies:
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ER = (YRIH™ |YR) = E§ + Ef + E§, (1.B.5)
Since the focus is on the explicit description of valence electrons, Eq. (II.B.5) is reduced to a
valence-only form:
Ey + Eqy = (oF|HPE %) (11.B.6)
where H¢ is the modified Hamiltonian and can be expressed as follows:

N L 7 N N N N
H‘Cel — Z (_Evlzi _7> + Z Z U;ig,l +Z Z Uccgre—val + el (||B7)
v

v=nc+1 v=n¢+1 v'>v c=1 v=n¢+1

where the second term refers to the interactions between valence electrons, the third term
to interactions between core and valence electrons and the fourth includes the relativistic
mass-velocity and Darwin terms. This latter is associated to the decrease of the attraction
potential energy due to the increased shielding of the nuclear charge and concerns only the
s electrons whose density is non zero in the vicinity of the nucleus.

The goal of the RECP theory is to replace the last two terms by a single relativistic
effective potential (RECP) noted URECP. The Phillips-Kleinman theory™* allows to define a
local REP respecting the orthogonality between core and valence orbitals, what is essential

to prevent the valence wavefunctions collapsing in the core region. In order to determine

URECP 3 reduced Hamiltonian focusing on the core-valence interactions is defined as follows:
S 1z

Hre = z (——v,% — —) + URECP (1.B.8)
2 T,

v=nc+1
Using this incomplete Hamiltonian with standard orbitals would not satisfy the orthogonality
condition (¢pR|pE) = 0. The respect of this condition imposes to replace the standard
orbitals ¢& with pseudo-orbitals ¥ characterized by the same energies &, in order to make
the following equation valid:
HER X0 = &v X7 (11..9)

In the shape-consistent approachBS]

we adopt here, these pseudo-orbitals have to be
nodeless since they must correspond to the first solution of the valence Hamiltonian for a
given symmetry, and also because we need to avoid singularities in the definition of the
potential where & = 0 outside the origin. An important feature of the core-valence
interactions is that electrons contained in atomic orbitals presenting different symmetries

feel the core effects in different ways. This means that a different RECP has to be generated
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for every angular momentum [ of the valence orbitals, and each y; pseudo-orbital defines a

unique effective core potential URECP,

Christiansen'®®

and co-workers have proposed a method for constructing pseudo-
orbitals respecting two conditions described in Eq. (11.B.10):

- In the core region, the valence pseudo-orbitals can be expressed as a polynomial
function to ensure their regular growth;

- In the valence region, the valence pseudo-orbitals must be close to their orbital

counterparts obtained in all-electron calculations, so that the overlaps between valence

orbitals as well as valence-valence interactions are well reproduced.

z C;rt r<r,
XN =15 (11..10)

b, r>T7,
where 7, represents the limit radius of the core region. The polynomial coefficients C; are
determined by matching the value and the first three derivatives of y; and ¢, at the 7,
position, respecting the condition that y; is normalized. Starting from Eq. (I1.B.7) to write the

one-electron symmetry eigenvalue equation, we obtain:

1 A
<_§Vi2 - :«ff + W'y + UgECP>Xzi = & Xui (1.B.11)

L

where Z,sr = Z —n, is the effective nuclear charge and W', is the valence-valence
interaction term evaluated with the pseudo-orbitals y;;. We can easily deduce the effective
potential from Eq. (I11.B.11):

1o, Zesr , )
RECP_(ZVi-I- Wt au) X (11..12)

URECP —
li
Xli
RECP

Practically, the numerical effective core potentials U, are then derived for each [ by

demanding that the y; is a solution in the field of URE¢P with the same orbital energy ¢, as

the orbital ¢;. The numerical potentials are fit in analytical form as Gaussian functions:
z dy r™exp[—{r?] (11.B.13)
K

where n,= 0, 1, or 2. Table (Il.4) reports the LANL2DZ ECP parameters ny, {; and d;, defined
for every [ we have used for describing Au atoms.
The numerical pseudo-orbitals y;; are also fit with Gaussian functions to obtain basis sets

able to describe the molecular structures.
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We have seen that the definition of the valence hamiltonian and UF#¢" depend on

the definition of the valence pseudo-orbitals. Since we focus in this work on single molecules
embedded between gold electrodes, our requirements need to be refined. Indeed, the large
size of gold atoms make the distinction between their core and valence regions difficult. For
such atoms, the 5s and 5p orbitals are in principle core orbitals but since their extent is
similar to the 5d valence orbitals we can not replace them by ECP’s as, in this case, the
distinction between spatial core and valence regions would be confusing. These outermost
core orbitals then need to be treated on an equal footing with the 5d and 6s valence
orbitals, being defined explicitly as Gaussian-type functions. Moreover, the 6s pseudo-orbital
is defined with a node in the vicinity of the 5d orbital, in the same way as the Hartree-Fock
6s orbital. We expect this similarity in the nodal structure to improve the accuracy of the
two-electron integrals calculated with our ECP approach, with respect to all-electron
calculations. The symmetries considered to describe the total effective potential of gold
atoms range from s- to g-type orbitals, the latters being the lowest valence angular
momentum not represented in the core.

As a final remark, one could legitimately question the impact of modifying the
orbitals description when using an ECP, since the absence of core electrons modify the value
of the correlation energy with respect to the one determined in an all-electron calculation.
Hopefully, it has been proven that the errors in the estimation of the correlation effects are

of the same order of magnitude as the errors induced by the use of a finite basis setP’],
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N ‘ Ck dk
g potential
1 622.6287956 -60.0000000
2 136.2843607 | -555.5292312
2 33.1549781 | -168.0019785
2 9.9894895 -63.0399875
2 3.0481312 -4.2516681
s-g potential
0 194.7374304 3.0000000
1 351.5327447 38.6020880
2 122.3270402 864.8370727
2 32.0914617 374.9935520
2 5.2451812 289.7910100
2 4.4916223 | -152.4532773
p-g potential
0 420.6158801 2.0000000
1 109.4417815 73.8885625
2 34.1714280 326.6729872
2 5.9879750 126.5814591
d-g potential
0 219.2666158 3.0000000
1 122.7297786 55.6793149
2 63.1063369 449.1987335
2 18.3684520 215.0269091
2 4.4972844 64.0840995
f-g potential
0 108.5506037 4.0000000
1 56.4795527 51.8065335
2 29.2069159 231.2183113
2 9.5440543 119.0047386
2 2.8965118 15.3424188

Table 11.4. LANL2DZ ECP parameters ny, {, and dj, defined for every [ we have used for

describing Au atoms.
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II.C. Quantum scattering theory

I.C.1. Basics on Green’s Function'®®

In this section, we describe the properties of Green’s functions and the closely
Green’s operators which are crucial to treat scattering problems in quantum mechanics. We
begin by deriving the Lippmann-Schwinger equation, a formulation of the scattering problem
which is central to all further developments. Then we introduce the operator Green’s
function G, the solutions of inhomogeneous differential equations, and the transition
operator T and establish their role in scattering theory, their physical meaning and discuss
their mathematical properties. Note that the Green’s function basics discussed here are
detailed in reference [38].

At first, let us consider the problem of an electron undergoing an external potential in an

one-dimensional system, which is described by the Schrodinger equation:

H(x)¥(x) = E¥(x) (1.C.1)
where:
2 62
H(x) =Hy+V(x) = — 3327 + V() (11.C.2)

and V(x) refers to an external potential acting on the electron. Eq. (I.C.1) can be rearranged
in the following form:
[E — Hy(x)] P (x) =V ¥(x) (1.C.3)
In the Dirac’s notation, the Schrodinger equation for the full Hamiltonian H can be written
as:
(E — Hy)|¥) =V |¥) (.c.4)
and we can express |W)as the sum of the incident and the scattered wavefunctions

(corresponding to the non-perturbed wavefunction and its perturbation contribution), so

that:
[¥) = [d) + [¥5) (1.C.5)
The eigenstates |¢) of H, can also be introduced so that we have:
Hy|p) = E|d) (11.C.6)
The insertion of Eq. (I1.C.5) into Eq. (11.C.4) and the use of Eq. (II.C.6) lead to:
(E — Hy)|¥*¢) = V|¥). (11.C.7)

Multiplying both sides of Eq. (11.C.7) by (E — Hy) ™}, we get:
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|Wse) = (E — Hy) "V |¥P) (11.C.8)
and adding |$) to both sides of Eq. (11.C.8), we obtain:

[¥) = |$) + (E — Ho)'VI¥) (11.C.9)
which is called the Lippmann-Schwinger equation. Starting from this equation, we can
introduce the concept of ‘Green’s function’, where the free particle’s and the full Green’s
operators can be respectively defined as:

Go=(E—Hy) tandG =(E—H)™! (.c.10)
Using this definition, the Lippmann-Schwinger equation assumes its standard form as:
|¥) = |$) + G,V |¥P) (n.c.11)
Thereby solving the Lippmann-Schwinger equation for |¥) is formally simple, giving:
¥) = (1 — GoV) 1) (I.C.12)
A similar equation to Eqg. (11.C.11) can be obtained in terms of the full Green’s function. For
this purpose, we use Eq. (II.C.5) in the r.h.s. of Eq. (lI.C.7) to get:
(E — Hy = V)W) = Vi) & %) = GV|d) (11.C.13)
Adding |¢) to both sides of the above equation and using Eq. (I.C.5) we obtain:

W) = |d) + GVI) = (1 + GV)|d) (I1.C.14)
We can also mention that the iteration method can be another way to solve the Lippmann-
Schwinger equation and in this case Eq. (I1.C.11) can be rewritten as:

[Wrew) = &) + GoVI¥o1a) (1.C.15)
The procedure starts by considering the zero™ order approximation so that: [¥,;4) = |d)
and by using Eg. (Il.C.15) to generate a better approximation: |¥,.,)=(1+
GoV)|d). Using this latter expression as |W,;;) then leads to a better approximation and
|Woew) = (1 + GV + GoVG,V)|d). After an infinite number of iterations, the following
expression of |W) is found:

W) = (1+ GV + GyVGyV + )| d) (.C.16)
which is known as the Born series. Eq. (11.C.16) can be written as an integral equation and the
Born-series for the wavefunction W(x) = (x|W¥) is given by:

¥Y(x) = ¢kx) + j Go(x, x )V (x)p(x)83x" +
(1.C.17)
jGo(x,x’)V(x’)GO(x’,x”)V(x”)cl)(x”)63x’63x” + -
where we have defined ¢(x) = (x|dp)and Go(x,x") = {x|Gy|x’). This expression can be

understood from a simple experimental situation: considering a moving particle which can
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be detected from the collision with a device placed at position x, the collision probability is
supposed to be independent of the path followed by the particle and will be proportional to
the square of the total wavefunction |¥(x)|?. The terms of the developed form presented in
Eq. (11.C.17) then correspond to all possible trajectories by which the particle can reach the
detector, i.e. depending on the number of collisions the scattered particle underwent before
detection. For example, the first term of the development corresponds to the probability
amplitude that a particle reaches position x without scattering (i.e. we assume V=0). The
second term corresponds to a situation where the particle scatters only once at position x’,
and is then propagated as a free-spherical wave to reach the detector with a probability
amplitude modulated by a factor V(x'). The integral form means that we sum over all
possible collision positions. Following the same idea, the third term will describe a particle

scattering twice at positions x’ and x”’, summing over both collision positions, etc.

Let us now discuss the properties of the Green’s function and those of the closely Green’s
operator. To solve Eq. (I.C.1) we require a Green’s function for the operator [E — H(x)],
which is a function that satisfies:

[E — H(x)]G(x,x") = 6(x —x") (11.C.18)
We can notice that the Green’s function is a complex function that depends both on the
spatial coordinates and on the energy E, where x is a spatial position variable and x’ is a
parameter which corresponds to the position of the point source. In order to understand the
physical meaning of the Dirac delta function 6 (x — x'), let us recall a typical example coming
from electrostatics dealing with the expression of a charge density p(x) of a point charge q
at x" so that p(x) = q6(x — x'). In this case, the use of this Dirac delta function enables to
ensure i) a zero value of the charge density everywhere except at x = x’ since there is no
charge anywhere except at this point, ii) an infinite value of the charge density at x’ due to
the presence of a finite charge in a infinitively small volume.
In the case of a free electron, V(x) =V, (constant value) and the Green’s function (or

propagator) is defined as follows:
2 2
2m dx?

[E -V + lG(x,x’) =8(x—x") (1.C.19)
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We can mention that Eq. (11.C.19) just looks like the Schrodinger equation:

2 2

lE - VO + %ﬁl ‘P(x) =0 (||.C.20)

except for the source term §(x — x") on the right hand side. Therefore, one can consider the
Green’s function G(x,x') as a wavefunction centered at position x resulting from an
excitation applied at x'. Practically, we can expect that this wavefunction will expand in all
directions from the position x'. Fig. (I1.2) presents the example of a one-dimensional
situation where two resulting waves expand from position x’, where A" and A are the
respective amplitudes.

+

A‘Q— l —bA

- > X
X=X x=x'

Fig. 11.2. lllustration of the retarded (left) and advanced (right) Green’s function for an
infinite 1-D wire.

In this specific case, the Green’s function can be obtained exactly. We can write:

G(x,x") = A*elik(x=x"] x> x'
. , (1.C.21)
G(x,x") = A-el-ikGx=x"D]  x <y
(Zm(E—VO))1/2 . . . ,
where k =-——— These solutions satisfy Eq. (11.C.19) at all positions x # x’,

h

independently of the amplitudes A*and A~. As appears from the situation defined in Fig.
(11.2), we must define a continuity condition in order to satisfy Eq. (11.C.19) at the peculiar
position x = x':

[G O, x") ] enr+ = [G(x, X)) jp- (1.C.22)
while the derivative must be discontinuous by 2m/h?, leading to:

G (x,x") 0G(x,x") _2m
l 0x lx—x + - l lx=x'_

e =%z (11.€.23)

Replacing the expression of G(x,x") from Eq. (11.C.21) into Eq. (11.C.22) and (II.C.23), we

obtain:
2
AT =A4" and ik[AT+A47] = h—T (1.C.24)
giving:
3 hk
A+ = A_ = —L and YV =— (”CZS)
hv m
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Thereby, the retarded G®(x, x") and advanced G4 (x,x’) Green’s functions can be expressed

as follows:
i
GR(x,x") = ——explik|x — x'|] (1.C.26)
hv
i
GA(x,x") = +Hexp[—ik|x —x'|] (1.c.27)
where:

k = —'ZTn(E_VO) and v = @ (||C28)

h m

These two formulations both satisfy Eq. (11.C.19) but correspond to two different situations:
Eq. (I1.C.26) describes retarded Green’s functions corresponding to waves expanding from
the excitation point x’, while Eqg. (l.C.27) describes advanced Green’s functions
corresponding to waves expanding from a distant source towards position x’ where they will
disappear. In the following methodology we will use retarded Green’s functions, that can be
seen as the relative probability amplitude that a particle created at the position x’ will reach
position x. This corresponds for example to the case of a STM experiment, where electrons

leave the tip to reach the sample molecule.

The addition of an infinitesimal imaginary part ' (I' > 0) to the energy enables to
incorporate the boundary conditions into the equation itself and to define the function in
the case of E is an eigenvalue of H.Thus, Eq. (II.C.19) involving the retarded function

GR(x,x") becomes:

2 2
E — ——+il'|GR N = —x' 11.C.29
l V0+2max2+llG (x,x)=8(x—x") ( )
and by considering the advanced function G“(x, x"), we obtain:
2 62
E— ——— il G4 N = —x' 11.C.30
l V°+2m6x2 LlG (x,x") =6(x—x") ( )

The small imaginary part of the energy introduces a positive imaginary component to the
wavenumber defined in Eq. (I1.C.28), and makes the advanced function grow indefinitely as
we move from the point of excitation. This makes the retarded Green’s function the only
acceptable solution, since an appropriate solution must be bounded. We can also write Eq.

(I1.C.29) in an alternative form in terms of the eigenfunctions and eigenvalues of the
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Hamiltonian operator H of the system with HI‘Pn) = e,,|‘P,,) and 1= |‘P,7)(‘Pn| where |‘P,7)

denotes the orthonormal basis set of eigenvectors with energy &,, we obtain:

v, (¥,
GR(E)—zEl_E +!r (11.C.31)

We can notice that the knowledge of the Green’s function operator G (E) for all values of E
of a Hamiltonian H is equivalent to the knowledge of a complete solution of the
corresponding eigenvalue problem.

In addition, an other property of the Green’s function concerns the relation between the
imaginary part of the Green’s function and the density of states of the system. As we know,
the density of states is a function of energy that measures the number of states available in
a given energy range per unit length. The density per energy value ¢ is Zn 6(E — &,;) where

&y is an eigenvalue of the Hamiltonian. The DOS then is a product of this density per energy

level and the corresponding wavefunction probability |LP§ (x)|:

p(x,E) =z5(E—8n)|‘P§(T)| (1.C.32)

Using the identity: limyﬁ0+ D —P( )+in5(x) where P denotes a Cauchy principle

value, we can recast the retarded Green’s function. Defining x = E — & and y =T one

arrives at:
R ¥ (X)‘P =) .
G*(x,x',E) = PZ i) 8E — e W) (1.C33)
n
and therefore:

p(x) = —%Im[GR(x,x’,E)] (11.C.34)

This demonstrates the close link between Green’s functions and the DOS.

Referring to the general equation (II.C.2), let us now consider the case where H, is
the Hamiltonian of a problem for which the Green’s functions are known, and V is an
arbitrary single-particle perturbation. We want to express the Green’s function of the full
problem in terms of the unperturbed Green’s functions. The retarted Green’s functions
Go(z) and G(z) associated to H, and H, respectively are expressed as follows with z = E +
il

Go(z) =(z—Hy)™ and G(z2) =(z—H)™ ! (1.C.35)

From Eq. (I1.C.35), we can rewrite G(z) = (z — H)™ ! as follows:
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G(z)=(z—-Hy—-V)'={(z-Hy[1—-(z—-Hy) 'V}
G(z) =[1-(z—Hy) "V] ' (z—Hy)™" (11.C.36)
G(z) = [1 = Go(2)V]™(Go(2))

The expansion of [1 — Gy(z)V]~1 in a power series leads to:

G(2) = Gy(2) + Gy (2)VGy(2) + Go(2)VGy(2)VGy(2) + -+ (1.C.37)

and Eq. (11.C.37) can be expressed in a compact form, so that we get:

G(2) = Go(2) + Gy (2D)V[Go(2) + Gy (2)VGy(2) + -] (11.C.38)
= Go(2) + Go(2)V G(2) -

or:
G(2) = Go(2) +[Go(2) + Go(2)VGo(2) + -+ VG (2)

(11.C.39)
= Go(2) + G(2)V Gy(2)

The relationship between Gy(z) and G(z) shown in Eq. (11.C.38) and (11.C.39) is called the
Lippmann-Schwinger equation for G(z).
At this point we can introduce the so-called transition operator T playing an important role
in scattering theory and which directly relates G?(z) and G&(2), as:

T(2) =V + VG(2)V (11.C.40)
An important identity relating the operators T, G and G, is obtained by multiplying Eq.
(1.C.40) on the left by G:

Go(2)T(2) = [Gy(2) + Go(D)VG(2)]V = G(2)V (11.c.41)
since according the Lippmann-Schwinger equation, G(z) = Gy(2) + Go(2)V G(z). Similarly,
multiplying on the right we find that:

T(z2)Gy(z) =VG(2) (n.c.42)

This means that the knowledge of T(z) implies the one of G(z). As a first application of

these identities we can get an expression of G(z) in terms of T(z). According to the

Lippmann-Schwinger equation, we have: G(z) = Gy(2) + Gy(2)V G(z), thus by replacing
VG(2) by T(2)Gy(z), we find that:

G(2) = Gy(2) + Gy(2)T(2)Gy(2) (11.C.43)

Eq.(11.C.40) gives T(2) in terms of the unknown Green’s operator G(z). If we use the identity

gives in Eq. (I1.C.41) to replace G(z)V by Gy(z)T(z), we obtain the equation for T(z) in

terms of known operator G,(z):
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T(z) =V +VGy(2)T(2) (1.C.44)
This equation is known as the Lippmann-Schwinger equation for T(z). The solution of this
Lippmann-Schwinger equation, is often not simple to get, and one may need to resort to
approximation methods. One approximation often used at weak potentials V or high
energies is the Born approximation. To get the series, we iterate Eq. (II.C.44) to get in
operator form, the Born series given by:
T(z) =V +VGy(2)V +VGy(2)VGy(2)V + - (1.C.45)
Each term of this series takes into account different powers of the perturbation potential,
and the series is expected to converge for weak potentials or high energies. To examplify the
latter case in atomic physics, we can consider in the case of an electron scattering that
“high” corresponds to an energy larger than 10° eV, while for proton scattering in nuclear
physics we consider a “high” energy is larger than 10° MeV. This series can be interpreted as
a sequence of transition operators describing the interactions between the particle with a

potential V, whose propagation evolves according to (E — H, + il') L.

II.C.2. Elastic Scattering theory

As we have mentioned in the introduction, the IET signatures of the different
molecular systems studied in this thesis have been simulated by using the QCME code®
that implements a generalized quantum chemical model for the elastic and inelastic
transport in molecular junction. It is based on the Green’s function formalism developed in

A
4 In our

section II.C.1 and derives from previous works of Ratner and co-workers
simulation, each molecular device is divided into three parts: two electron reservoirs
constituted by metallic atoms, called the source (S) and the drain (D), and the molecule
connecting them (Fig. (11.3)). However, only a small part of the metallic atoms can be
considered in the quantum chemistry calculations due to heavy computational costs. This
approximation leads to the modeling of an ‘extended molecule’ for representing the
scattering region but it has been proved to be sufficient for having an accurate description of
the metal-molecule-metal interface interactions because only the metallic atoms that are
close to the molecule contribute significantly to the coupling coefficients!*!. Moreover, we
also know that the main contribution to the IET response comes from the molecular part.

Concerning our simulated devices, the metallic electrodes are characterized by a continuum

of energy levels whereas the molecule has discrete levels, also called molecular orbitals. In
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particular, one can distinguish between a set of filled levels (below the Fermi level) and a set
of empty levels (above the Fermi level). Thereby, different levels of theory are applied for
these two subsystems. The extended molecule is treated at the density functional theory
(DFT) level while the electronic states of the source and the drain are described within the
effective mass approximation[42], which considers that the important excitations will occur
nearby the extrema of the bands (i.e. at the minimum of the conduction band and at the
maximum of the valence band). The electrons can flow when one molecular level is nearby
the Fermi level. This is in general not the case since the lowest unoccupied molecular orbital
(LUMO) is separated from the highest occupied molecular orbital (HOMO) by a gap of
typically a few eV. However, under the application of a bias voltage (V), a change of the
energy levels of the reservoirs with respect to the molecular levels occurs, allowing electron
transfer. Indeed, the energy levels of the electrodes shift with respect to the Fermi energy
while the molecular orbital levels remain at the same position and an energy window of
width equal to e.V opens. As soon as the first molecular orbital is included in this window,

electrons tunnel from the source to the molecule and from the molecule to the drain.

?déooo” = Wmm;@eoooé
00000 O—O/ 6° "O-O- 0! 0000
00000 00000

"-\ Source (S) | AN Molecule (M) '\\ ) Drain (D)

Fig. 11.3. lllustration a molecular junction.

The Schrodinger equation of the whole system reads:
H|¥,) = & |¥,) (1.C.46)

where H is the Hamiltonian of the system and is defined by:
H=H%+H" + gP? +v
and can be also expressed in a matrix format as follows:
HSS VSM VSD
H=|ymMs gum ymp (n.c.47)
VDS VDM HDD
where H* + HM™ 4+ HPP s the Hamiltonian of the noninteracting subsystems S, M and D
and V indicates the interaction potential. H%° can be expressed in terms of the

corresponding one-particle states (assumed orthonormal) as:
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S

HSS = z &5 |S(Si] (11.C.48)
i
and we can define ‘P,f the wavefunction of the subsystem S as follows:
(11.C.49)
|¥5) z Coy 1S:)
In the same way, we can express H??as
D
HPP — z £PP | DD (11.C.50)
i
with:
D (1.C.51)
[wp) = "¢k 1D
i
and
M
MM = z ™ | M;){M;| (1.C.52)
with: (I.C.53)
|¥)) z cM |M;)
The interaction energy term V is expressed as follows:
V= z z Vsmn |Sn><Mn| + z z Vs |Mn><5n|
SM 7 MS 7
+22VDM’17|D WM, |+22VM o |My){Dy] (11.C.54)
DM’ M'.D 7
+22V55, NSn| + zzvmyn |D, (D5 |
S,s! DD’ 7

where M and M’ run over all the atomic sites of the molecular subsystem between M; and
My which are the end sites making the contact with the Source and Drain reservoirs, as
illustrated in Fig. (11.3). We can neglect the coupling between the source and the drain due to
the distance separating them and due to the screening effect caused by the molecule.

As we have discussed in the previous section, the transition operator T defined as
follows: T =V + VG°T =V + VGV is crucial for calculating the current density through
molecular junctions since the square of the absolute value is proportional to the probability

for an electron to go from one state to another. In Green’s function theory, the transition
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matrix element at energy level for an electron scattered from the initial states |Sn)of

reservoir S to the final states |Dn> of reservoir D is defined as:

Tpsy = z Z:(DanlSn)
= S DlVIsy) + > (D lvevs,)

where the first term can be neglected since there is no direct coupling between the Drain

(11.C.55)

and Source reservoirs. By replacing the interaction term V from Eq. (II.C.54) into Eq. (I.C.55)

we can write this transition operator as:

Tpsy = zz z Vom' n gM v VMsy (I.C.56)

MM’

where Vmw’,n( Vus,y) refers to the coupling energy between Drain layers (Source layers) and

the atomic sites of the molecule, and can be calculated as:

epeM
Vo = ). Z e ci' (P VIx))
i=1 j=
e (11.C.57)
Vs = ). 2, Ch G5 G111
i=1 j=

In our quantum chemistry calculations, only a small number of gold atoms can be considered
for describing the metallic electrodes as it has been shown that one layer of atoms is

1 Therefore we define one extended

sufficient to get accurate transport properties
molecule as the junction of the molecular system and the first layer of the Source (Drain)
denoted S; (D1), as illustrated in Fig. (1l.3). Indeed, as the coupling energy between the
molecule and the electrodes decreases with the interatomic distance, one can assume that
the gold atoms that are not part of the first layer i.e. atoms not directly connected to the
molecule, will contribute little to the electron tunneling process. 911\74’1\4 refers to the Green’s
function describing the carrier-conduction contribution which is defined for a given
scattering channel &;:

" z(Mél‘Pe)(‘l’san )_ z(Ml,I‘Ps)(‘PsIMn)

Iu'm Zy — & (En - 56) + il

(11.C.58)
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where the parameter z, is a complex variable: z, = E, + il};, E, being equal to the energy
of the tunneling electron. For an elastic scattering process it is equal to the energy when it
enters the scattering region from the source and when the drain collects it. [}, refers to the
level broadening of the energy state ¥,, and can be defined thanks to the Fermi golden rule,
as follows:

[y = S (B Vo (M) + 7P (B Vi (M) (11.C.59)
To explain this broadening we can consider a scattering channel constituted of molecular
orbitals which are characterized by discrete energy levels as long as it remains isolated.
When coupling this channel to the source and drain contacts which have a continuous
distribution of states, the initial sharp density of states of the channel will broaden into a
more diffuse structure. Such broadening occurs because of the overlap between energy-
fixed molecular states and contact states covering wide energy ranges.

From Eqg. (I1.C.56), the transition intensity can be expressed as follows:

2
T = |T|2 = zTDS'U (”.C.GO)
n

II.C.3. Inelastic Scattering theory

As mentioned previously, under the application of a bias voltage, electrons can
migrate from the source to the drain inelastically by inducing vibrational excitations in the
molecule provided the bias voltage matches a vibrational transition energy. This inelastic
process leads to changes of the current-voltage |-V characteristics that are taken into
account with the introduction of a new term in the Hamiltonian. In the adiabatic Born-
Oppenheimer approximation, the electronic Hamiltonian of the whole molecular system can
be considered to depend parametrically on the vibrational normal modes Q and the

Schrodinger equation becomes:

1
& + zhwk (nz +§>
K

where W, (Q,7) and 6,(Q) represent the electronic and vibrational wavefunctions,

H(Q,P)|¥,(Q,M)I6,(Q)) = |, (Q,7))16,(Q)) (1.C.61)

respectively. €, refers to the energy of the eigenstate |‘P,7), hw is equal to the frequency of

k" vibrational normal mode Q) and n} is the quantum number associated to the k"

normal mode for the v state. Note that the vibrational index v implicitly depends on the
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electronic state 1. The nuclear-motion-dependent wavefunction can be expanded in a power

series of the vibrational normal mode, such as:

v, (0,7
(Wy)o=0 t+ z (%) Qy + > (11.C.62)
Q=0

; . ) X
We will only conserve the first derivative I¥n(Q1)

¥, (Q. 7)) =

in this expansion since we only consider
k

the electronic off-resonant case and adopt the harmonic approximation. The carrier-

contribution gl?l'})Mexpressed in Eqg. (11.C.58) becomes:

(0, (UM (Q,P)|¥£(Q, 1)) 0, (Q)NO, (Q ¥ (Q, )M, (Q,7))16,(Q))
g ZZ £ £

Zn ~ &g’

(11.C.63)
where z,,, = E, + i[5, + X hay (nk + ) In the following, we consider that 6,(Q) refers to

the vibrational ground state (v = 0) since most of the IET experiments are performed at low
temperatures, and 8, (Q) refers to the first excited vibrational state (v’ = 1). The numerator

of Eq. (11.C.63) is decomposed into two terms:

(8o (@M, (Q, )| W (Q,7))161(Q)) and (6, (Q)(We(Q,7)|M,(Q,7))16,(Q))

To evaluate the first term of Eq. (11.C.63), the following substitutions are carried out:

(My(Q,7)] = < 7,0=0 "'z(an)

|We(Q, 7)) =

and

so that we obtain:

oM,
<60(Q)‘<M,;,Q=O+ > (—aQ") Q
3 k/ =0

(90(0)|91(Q)><M1'7,Q=0|1P5,Q=0> + <Mr,) Q=0
oM,
" <(an>Q=

with:

FPeo=0 + z (%)on Qk>
(2 >Q

oMy, oY,
We 0=0) Qr,01 + {00 (Q)I (an> (ﬁ) 161(Q))
Q=0

91(Q)> =

(11.C.64)

Q01 = (00(Q)Qx[6:(Q)) = V1 /2wy (1.C.65)
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(60 (@)161(@) My g=0|We 0=0) = 0 (11.C.66)
oMy %> - (11.C.67)
<(an>Q=O (aok Q=O> 91(Q)> °

. oM, ov .
Here we consider that the term ( ’7) (—g) presents a very small amplitude and
an an Q=0

o

Q=0
so can be neglected. It leads to:

(60 (@ (M (Q, D[P (Q,7)]|6:1(@)) =

am 0w, oy | (11.C.68)
2ar |\ o= \aa,) | \\Gac ), [Foemo

In the same way the calculation of the second term of the numerator of Eq. (1.C.63):

(0, (Q(Pe(Q, )| M, (Q,7))160(Q))

By replacing:
¥
(P (@, 7] = <‘Vf,o=o + z (a—QS> Q
K k7 q=0

and:

|M «Q, 7’) M, o= o+z(an> >
We obtain:

vy, oM
<91(Q) <LPE,Q=O + z (6_Q6> Qk | My, 0=0 z (a_Qn> Qk> 90(Q)> =

k /=0 K k/q=0

(6,(Q) |90(Q)><LPE,Q=O |M17,Q=0> + <lP€,Q=0

oM,
(W>Q=O> Q10

+ (E)Q nQ 0 Qk 10 T 1(Q) (an> (6_Q1<>Q=0 O(Q)
(11.C.69)
with:
Qk,10 = (61(Q)[Qr[600(Q)) = /2w (1.C.70)
(01(Q)106(@XWs g=0| My 0=0) = 0 (1.C.71)
0% %> _ (1.C.72)
<91(Q)‘ <(an> (an Q=O> 90(Q)> 0
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At the end, we obtain:

(01 (NP (Q, )| M, (Q,7))16,(Q)) =

L[(w (2s) H(%) y >] (1c.73)
220 \ R AT R \CTO

Finally, the numerator of Eq. (II.C.63) considering the vibrational ground state (v = 0 and

v’ = 1) can be written to describe the inelastic contribution in the form:

(0o (@1(M;(Q, )| W (Q,7))161(Q)) (81 (Q) (P (Q, M| M, (Q,7))160(Q))

h

(11.C.74)

with:
= ! % 6_M,’7 I1.C.75
(A+B) = <M,,_Q=o (an>Q=O> + <<an>on lPE_Q=0> ( )

and:
= % % 11.C.76
cem= <lpf"2=° (an>Q=O> ' <(an>Q=O M”'Q=°> e

By applying the same procedure, we obtain for the elastic contribution (with v = 0 and
v’ =0):

(8o (@M (Q,P)|W:(Q,7))]06(@))00 (@) 1(We (Q, )| M, (Q,7))16,(Q))

= (M g=0|z,0=0(We.0=0| My,0=0)
(1.C.77)

Looking at Eq. (I1.C.63) above, we can now interpret the different terms as follows: the terms
in Eq. (I1.C.77) provide the elastic contribution and the other terms of Eq. (1I.C.75) and
(I1.C.76) contribute to the inelastic parts associated to the exchange energy between the
electron and the vibrational mode. In the off-resonance regime the inelastic terms directly
depend on the vibronic excited states contributions. This means that the current can be
decomposed into two parts: the elastic (I.;) and inelastic (I;;,;) as: I = I; + I;¢;- Practically,
only a small fraction of the tunnelling electrons (the cross-section for such an excitation is
very small due to the short traversal time of the electrons compared to the typical oscillation

period of the molecular vibrations) contribute to the inelastic-tunneling process. The
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conductance change induced by the electron-vibronic coupling will then be very small, what
forces us to rely on second derivative measurements d?//dV? to really detect them.
Sketching d?1/dV? vs. V will represent the IET spectra obtained in our simulations.

The task of a theory of scanning tunnelling microscopy is to calculate the current flowing
from the tip to the sample surface or vice versa depending on the applied voltage. In a
single-particle picture this can be viewed as a scattering process where an electron incident
from the interior of the tip metal scatters from the barrier and has certain probability of
penetrating into the sample surface. The transition probability per unit time from initial state

i) to final state |f), under the application of a perturbation V is given by:**!

21\ )2 11.C.78

= | Tril P (Ep) 1.C.78)
where p(Ef) refers to the density of final states, and Ty; = (f|T|i), and T is the transition
operator described in the previous section. The current from initial state |i) to final state | f)

is expressed as follows:
. 2me P
be Tleﬂl fED 1 - FEP]S(E: — Ep) (I1.C.79)
Lf

where f(E) is the Fermi function given by: f(E) = and the sum runs over the

states of the reservoirs. The delta function § describes the conservation of energy for the
case of an elastic tunneling process, while the initial and final particles are respectively
populated with the equilibrium distribution function f(E;)and f(Ef). The total current

defined as the sum of all partial currents from left to right states and vice versa is:

2me

i = TZ|Tﬂ|2 [F(E) — F(EP]|S(Ef — Ey) (1.€.80)
Lf

This expression is the simplest version of the so-called Landauer formula and highlights the
relationship between the current and the transition probability.
Electron transport through a molecular wire can often be considered as a one-dimensional

process. In this case the current is defined as:1*4

2me 2
i==— Y |T:| [FE: — eV) — F(E)]|8(Ef — Ey)
h z d d ! (11.C.81)

Lf
2me
=2 [ TEPIE = ev) - FEIEne (B)dE
0
where n’(E)and nP(E) refer to the density of states of the source and drain reservoirs,

respectively. However, the metal electrodes can have different dimensionalities depending
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on the geometrical and electronic structures of the electrodes (1D: molecular wire,
2D: metal film). Wang et al.”™ have evaluated the effect of the dimensionalities of the
energy distribution of metal contacts on the |-V characteristics of a model system
constituted by a 1,4-benzene-dithiolate embedded between two gold electrodes. It has been
shown that they have a strong effect on the shape of the conductance curves and the best
agreement with the experimental measurements is found when considering a three-
dimensional energy distribution to evaluate the current flowing from the source to the drain,
and this model will be adopted in our simulations.

We assume that the molecule is aligned along the z direction, which corresponds also to the
direction of current transport. In a three-dimensional energy system, when energies in both

. . . . 45 4
x and y directions are continuous, the current density is evaluated as follows:!*>4°!

3D _ 27rem*kBTj°° {1 + exp[(Er + eV — EZ)/kBT]}
0

h3 1+ expl[(Er — E,)/kgT]
X|T (E,, V)|*n®(E,)n® (Ez)dE,

(11.C.82)

The total conduction current is I3, = Ai;p where A corresponds to the effective injection
area, and A ~ mrZ,. Here, 14 is associated to the radius of the sphere whose volume is equal
to the one per conduction electron and is equal to: % = [3/(4mN5p)]Y/3and the density of
electron is defined as: N3, = (2m*Ef)3/?/(3h3m?). We can mention that the effective mass
gives a convenient way to describe the motion of band electrons subjected to an external
force. The electrons can therefore be treated as if they were free but with an effective mass
which contains all of the necessary information about the way in which the electron’s
motion is modified by the lattice potential through which it moves.

To summarize, the simulation of an IET spectrum involves different steps, as sketched
in Fig. (1.4). First, at the DFT level, the optimization of the geometrical structure is
performed, and therefore the characteristics of the frontier orbitals are obtained. Then, at
the same level of approximation, the vibrational frequencies of the extended molecule as
well as the first-order derivatives of the wavefunction with respect to the normal mode
coordinates are calculated. All these quantum chemical calculations are performed with the

471 From these molecular properties, the IET spectrum (0%1/0V?) is

Gaussian 09 package
then simulated for a given temperature by using the QCME code. This latter evaluates the
current intensity I in the molecular junction, i.e. from the source to the drain electrode for a

voltage V, as expressed in Eq. (ll.C.82). This evaluation requires the calculation of the

56



molecule-electrode couplings written in Eq. (II.C.57) and of the transition probability for an
electron to go from an initial state in the source electrode to a final state in the drain

electrode, as defined in Egs. (11.C.56) and (II.C.60).

Modeling of the molecular junction (Graphical interface: GaussView)

szl 51
OOOO O |
00000 54”;/0
OOOO @ |
‘\ Source (S)| '\ Molecule (M)
—>2Z ‘\

Quantum chemical calculations (Gaussian 09 package)

1) Optimization of geometry of the molecular junction (DFT level) — Characteristics of the

frontier orbitals
) } Calculation of the vibrational frequencies

Calculation of the first-order derivatives of the wavefunction with respect to the
normal mode coordinates

v

Electron transport calculations (QCME code)

3) Calculation of the transition matrix elements: T, =33 Y V|
%m0 MM

V.. (Eq.11.C.56)

n
DM’ ,n gM'M MS,n

* General case

" N

(+'N ,\}‘ - epen ' !
il f, v Vi = 3 5C0C5 (Vs and v, =3 S €e (x? :‘) (Eq. IL.C.57)

=1 j=1 =l jul

y
(T

( n..\.« 'Sy ,x? ,.4.
iy ’{% r X t)“
> 5 S
Vms.n = VoM'.n =0.05 eV Vour " 0.05 eV Vms,., =0.05 eV

*  Elastic contribution to g, depends on: <M;I‘Q_o|‘P§,M><‘P§,Q_O|M“’Q_D> (Eq. I.C.77)

* Inelastic contribution to 33',»1 depends on: %/2m (A +B)x(c +D) with: (Eq. 1.C.74)
(weB)= (M, . (0%, 100,) )+ ((om,/0,) |W,o,)  (Ea.1CT5)
(@)= (¥, [(om,100,) )+ ((%,/5Q,) |M,q.) (Eq. 11.C.76)

4) Calculation of the current density | for a molecule aligned along the z direction:
. (Eg+ev—, )/kgT

2rem*k T® |[14e 2
1= B[ T(e_,v) n®(E. )nP (E.)dE 3%/ av?
B o " 1+e(5f‘5z)/"sT | &, )l (e (o ~ (Eq. 11.C.82)

Fig. 11.4. Schematic representation of the different steps involved in the simulation of an IET
spectrum.
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lll. Effects of the Basis Set and of the Exchange-Correlation
Functional on the Inelastic Electron Tunneling Signatures of 1,4-
benzenedithiol.

l1I.A. Introduction

As we have mentioned in introduction Inelastic Electron Tunneling (IET) Spectroscopy is a
recent technique to probe the structure and properties of molecules adsorbed on metallic
surfaces or between metallic electrodes!. Provided the applied voltage is high enough to excite a
molecular vibration, IET appears in electron transport experiments through molecular junctions in
addition to the dominating elastic processes. Since IET highlights vibrational transitions of
molecules, it can be used to analyze the molecular properties, including its changes due to
interactions with the metal. The experimental measurements are often accompanied by quantum
mechanical modeling to help unraveling the junction propertiesm.

Like for simulating and interpreting more traditional vibrational signatures (IR, Raman,
hyper-Raman, VCD, VROA, resonant Raman)[g], these modeling rely on successive approximations
to make the calculations feasible while accounting for the dominant physico-chemical
phenomena. In the case of IET, the approximations concern i) the description of the metallic
electrodes, ii) the theory of inelastic scattering, iii) the anharmonicity of the potential energy
hypersurface, and iv) the level of approximation adopted to determine the electronic
wavefunctions and/or the electron densities. In this paper, we focus on the last point by
simulating and analyzing the IET signatures of a model system, 1,4-benzenedithiol, at different
levels of theory, namely with several atomic basis sets and with different exchange-correlation
(XC) functionals. Those include hybrid XC functionals and long-range corrected (LC) functionals. In
addition, we also concentrate on the IR spectra and on the impact of the level of approximation on
the IR intensities, allowing us to make a comparison between the two techniques and their

specificities with respect to the level of calculation.

lll.B. Theoretical and Computational Methods

Following the procedure described in Section II.C, the simulation of the IET spectrum of the
1,4-benzenedithiol has been performed by considering the isolated molecule weakly coupled to
fictive electrodes. In this model, the coupling between the molecule and the electrodes is defined

as a constant parameter set to 0.05 eV, and the temperature is fixed to 4.2 K.
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In order to describe the electronic densities and the wavefunctions, atomic basis sets of
various types and sizes were selected. Since it is broadly used in computational vibrational
spectroscopy, the first basis set is the split-valence double-{ 6-31G(d) basis set!. Then, to assess
basis set convergence, we employed the Dunning’s correlation consistent valence-polarized basis
sets”! optimized for a better description of the electron correlation effects: cc-pVDZ, cc-pVTZ, and
cc-pVQZ, aug-cc-pVDZ and aug-cc-pVTZ basis sets. The third type consists in pseudo potential basis
sets® (LANL2DZ and LANL2DZdp), where the core (inner) orbitals are described by an effective
potential and the valence orbitals are described as contractions of Gaussian functions. Here these
are double- contractions with (LANL2DZdp) or without (LANL2DZ) p and d polarization functions.

The electronic structures were determined using density functional theory (DFT) in
combination with a range of XC functionals. These include hybrid functionals, i.e. B3LYP[7],
B3P86!">"“® B971P and TPSSh®. The second set of XC functionals includes range-separated
hybrids also called long-range corrected XC functionals, such as the Lc-BLYP™ cam-B3LYP!™*? and
wB97x!** functionals.

In order to compare results obtained at different levels of approximation, the overlaps

between the IET active vibrational modes are evaluated. For a fragment (molecule) F, the O:\,E'F
overlap between mode p’ of method A and mode p of method B is defined as the square of the

scalar product between the two normal modes:

2

F
A B
E Qia,p’Qia,p

i

OAB,F = <QA'F

p'p p

Q) -

Q,, ,is the mass-weighted Cartesian displacement of atom i in direction a for the pth normal

3N 2
mode. Each Q, is normalized so that E (Q ) =1. This quantity is dimensionless and its value

ia,p
ranges from O (i.e. the two modes are totally different) to 1 (i.e. the two modes are identical). This

analysis is carried out using the PyVib2 program[14].
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I11.C Results and Discussion

I11.C.1. Effect of the basis set

In this section, we analyze the impact of the basis set on the IET response using the B3LYP
exchange-correlation functional. The choice of this hybrid functional is justified by the fact that it
predicts (quantitatively) very well the relative IR and Raman activities in small and also medium-

size molecules™!. Fig. (I11.1) reports the IET spectra of 1,4-benzenedithiol with several basis sets.
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Fig. lll.1. (top) IET spectrum of the 1,4-benzenedithiol calculated at the B3LYP level with different
basis sets; (bottom) Representation of the numbered vibrational modes corresponding to the
most intense peaks of the IET spectrum. The direction of an atomic displacement is given by the
line joining the two poles of distinct colors and its amplitude is proportional to the radius of the
sphere. The sum of the surfaces of the spheres is always constant. The FWHM is set to 20 cm™.
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For all basis sets, the IET spectrum of the 1,4-benzenedithiol is composed of 8 major
vibrational signatures. The most intense (10, 21, 22, and 30) correspond to longitudinal motions
and more precisely by in-plane C=C stretchings. In these modes, the atoms move in the same
direction as the tunneling current. These vibrations are coupled to the frontier orbitals along the
main tunneling path and thereby lead to an important IET activity“a'ld’le]. The other peaks are
associated with in-plane bendings of the 4 C-H bonds of the phenyl ring and correspond to modes
6, 13, 25 and 28. Table (lll.1) reports the number, transition potential (V) (corresponding to the
frequency of a vibrational transition), and IET intensity values (arb. unit) of the vibrational modes
dominating the IET spectrum of 1,4-benzenedithiol calculated with the different basis sets. Note
that a peak appearing at a potential of 0.1 V corresponds to a wavenumber of 806.6 cm™ or that a
difference of 10 cm™ equals a potential shift of 1.24 mV. In order to evaluate their effects on the
IET spectra, we can focus on three specific features: the frequency shifts, the relative IET
intensities, and the nature of the vibrational modes in terms of overlaps between any pair of
modes calculated with different basis sets.

Considering the vibrational frequencies, no scaling factor was applied since their variations
as a function of the basis set are not significant at the B3LYP level of theory[”]. If we consider the
four most intense peaks, the 6-31G(d) basis set gives the highest frequency values, while the
LANL2DZ basis set leads to the smallest ones, except for mode 30. Peaks 22 and 21 present the
smallest frequency variations between two basis sets, as they amount to 14 cm™ (1.7 mV) and 17
cm™? (2.1 mV), respectively. For modes 6, 10, 13, and 30, this difference is about 25 cm™ (3.2 mv),
while for modes 25 and 28, which are characterized by in-plane bending motions of the C-H bonds,
it amounts to 50 cm™ (6.2 mV) and 35 cm™ (4.3 mV), respectively. These effects have been
guantified by performing linear regressions between sets of vibrational frequencies obtained with
different basis sets [Fig. (l1l.2)]. The aug-cc-pVTZ basis set was chosen as reference. As expected,
excellent correlations are obtained between the aug-cc-pVTZ basis set and the cc-pVTZ and cc-

pVQZ basis sets, while the LANL2DZ pseudo potential basis set gives the largest deviations.
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Basis set LANL2DZ LANL2DZdp 6-31G(d) cc-pvVDZ cc-pVTZ cc-pvQz aug-cc-pVDZ aug-cc-pVTZ
Mode Number Potential | Potential | Potential | Potential | Potential | Potential | Potential | Potential |
6 0.0387 | 0.037 | 0.0413 0.029 | 0.0396 | 0.018 | 0.0394 | 0.018 | 0.0395 0.025 | 0.0396 | 0.024 | 0.0419 | 0.060 | 0.0418 | 0.020
10 0.0624 | 0.479 | 0.0655 0.238 | 0.0656 | 0.261 | 0.0655 0.276 | 0.0655 0.321 | 0.0658 | 0.305 | 0.0653 0.286 | 0.0655 0.222
13 0.0906 | 0.207 | 0.0927 | 0.041 | 0.0930 | 0.071 | 0.0928 0.040 | 0.0931 | 0.007 | 0.0933 0.015 | 0.0927 | 0.006 | 0.0930 | 0.040
21 0.1355 1.000 | 0.1368 1.000 | 0.1376 1.000 | 0.1373 1.000 | 0.1366 1.000 | 0.1365 1.000 | 0.1366 1.000 | 0.1364 1.000
22 0.1390 | 0.612 | 0.1400 | 0.472 | 0.1407 | 0.537 | 0.1395 0.522 | 0.1400 | 0.496 | 0.1401 | 0.491 | 0.1390 | 0.542 | 0.1399 | 0.484
25 0.1673 0.084 | 0.1639 | 0.062 | 0.1644 | 0.114 | 0.1643 0.088 | 0.1613 0.095 | 0.1608 | 0.091 | 0.1633 0.084 | 0.1610 | 0.074
28 0.1870 | 0.147 | 0.1855 0.132 | 0.1898 | 0.152 | 0.1866 0.163 | 0.1882 | 0.129 | 0.1881 | 0.120 | 0.1861 | 0.153 | 0.1879 | 0.088
30 0.2023 0.802 | 0.2013 0.443 | 0.2041 | 0.797 | 0.2029 0.628 | 0.2017 | 0.485 | 0.2014 | 0.458 | 0.2016 | 0.450 | 0.2012 | 0.635
Imax (10-4) 8.61 12.94 12.65 10.32 8.34 8.24 7.87 14.49
fuzzzis;: 82 170 140 150 332 628 246 514

Table Ill.1. Numbers, potentials (V), and IET intensities (arb. unit) of the vibrational normal modes dominating the IET spectrum of the 1,4-
benzenedithiol calculated at different levels of approximation. This table lists the relative intensities as well as the maximum intensity (corresponding

to mode 21).
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Fig. lll.2. Representation of the correlation between the aug-cc-pVTZ frequency values and those
calculated with different basis sets, using the B3LYP hybrid functional. In the caption, x refers to
the aug-cc-pVTZ frequency values.

When going from the aug-cc-pVTZ to the aug-cc-pVDZ basis set, the largest frequency
variations are observed for vibrational modes involving in-plane bending motions of the 4 C-H
bonds, which increase by 19 cm™ for mode 25 and decrease by 15 cm™ and 7 cm™ for modes 28
and 22, respectively. For the other IET active modes the frequency variations are smaller than 3
cm™. Adding diffuse functions to the triple- and double-Z leads to a small decrease of the
frequency values for all the vibrational modes (except for mode 6). Such differences are more
important with the double-T basis set case: for example, if we consider modes 21, 25 and 30 the
cc-pVDZ/aug-cc-pVDZ (cc-PVTZ/aug-cc-pVTZ) differences are respectively 6 cm™ (2 cm™), 8 cm™ (2
cm™) and 10 cm™ (4 cm™). In addition to that, frequency values from the triple-Z to the double-C
basis set increase for the two modes having the largest IET intensities (modes 21 and 30), as their
values respectively increase by about 6 cm™ (0.7 mV) and 10 cm™ (1.2 mV). One can observe a
similar trend when going from quadruple-T to triple-{ basis set, the frequency values increasing by
about 1 cm™ (0.1 mV) and 2 cm™ (0.2 mV) for modes 21 and 30, respectively, even if this
difference is smaller with respect to the comparison between the cc-pVDZ and cc-pVTZ basis sets.
Moreover, for modes 25, 28 and 30 the cc-pVDZ/cc-pVTZ (cc-pVTZ/cc-pVQZ) differences attain
respectively: 24 cm™ (4 cm™), 13 cm™ (1 cm™) and 10 cm™ (2 cm™). Finally, the cc-pVDZ, cc-pVTZ,
and cc-pVQZ sequence displays a nice convergence of the frequencies with respect to the basis set

size.
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Concerning the IET intensity values, for most of the active vibrational modes the 6-31G(d)
basis set provides the largest intensities. This is mostly verified for modes in the 0.16-0.21 V range
i.e. for modes 25, 28 and 30. On the contrary, for the majority of IET peaks, the aug-cc-pVDZ basis
set leads to the smallest IET intensity values and modes 10, 13, 21, 25, and 30 are more
particularly concerned. The most intense peaks present the largest IET intensity variations
between two basis sets, which attain 1.87x10™, 6.62x10™ 2.97x10™ and 6.54x10™ arb. units, for
modes 10, 21, 22 and 30, respectively. For the less intense peaks (except mode 13), this difference
is smaller than 1x10™ arb. units. These effects have been quantified by performing linear

regressions between sets of intensities obtained with different basis sets [Fig. (111.3)].

T T T T T T T
14 L+ oz R2= 0.93280 |
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Fig. 1Il.3. Correlation between the aug-cc-pVTZ IET intensity values and those calculated with
different basis sets, using the B3LYP hybrid functional. The intensity values are multiplied by 10*
arb. units.

For all the IET active modes (except mode 6), when going from the aug-cc-pVTZ to the aug-
cc-pVDZ basis set, we observe a decrease of the intensities. Modes 13, 30 and 21, involving in-
plane stretchings between the two carbon atoms bonded to the sulfur atoms, present the largest
variations, as their values decrease by 92%, 62%, and 46% respectively. Adding diffuse functions to
cc-pVTZ leads to an important increase of the intensities for all the vibrational modes whereas in
the case of cc-pVDZ, the opposite is observed (except for mode 6) and the variations are more
important in the latter case. In addition to that, the calculation of the IET intensity values from the
cc-pVDZ to the cc-pVTZ basis set leads to a decrease of the IET activity for all the vibrational modes

(except for mode 6), as their values respectively decrease by about 0.17x10*, 0.35x10™, 1.98x10™,

68



1.25x10%, 0.12x10™, 0.61x10 and 2.44x10™* arb. units, for modes 10, 13, 21, 22, 25, 28 and 30,
respectively. A similar behavior is observed going from the cc-pVTZ to the cc-pVQZ basis set
(except for mode 13), the IET intensity values decreasing respectively by about 0.01x10™*, 0.16x10"
%,0.10x10*, 0.09x10, 0.04x10™, 0.09x10* and 0.27x10™* arb. units for modes 6, 10, 21, 22, 25, 28
and 30, even if this difference is smaller with respect to the comparison between the cc-pVDZ and
cc-pVTZ basis sets, as previously observed for the frequency values as well. So, the cc-pVTZ, cc-
pVQZ, and aug-cc-pVDZ basis sets provide consistent data whereas the aug-cc-pVTZ intensities are
much larger. This could originate from spurious MO levels originating from the many diffuse
atomic orbitals as pointed out by Herrmann et al.™® Indeed, such large basis sets can lead to an
inaccurate description of the low-energy virtual MQ’s and thereof to artificially high transmission.
Herrmann et al.*® explained this failure by a non-negligible transmission obtained from transport
calculations in which all the junction atoms were removed, while their corresponding atomic basis
functions were included in the basis set (“ghost atoms”).

Further analysis of this effect was carried out by performing additional calculations with
standard Pople extended basis sets, 6-311+G(2d,p) and 6-311++G(2df,2pd) as well as basis sets
obtained from the aug-cc-pVTZ basis set by removing the d, or f, or d and f diffuse functions [Fig.
(111.4)]. Results demonstrate that the d diffuse functions are responsible for this spurious
enhancement effect, whereas the Pople basis sets provide intensity values in close agreement

with those obtained with the cc-pVTZ basis set.
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Fig. (111.4). IET spectrum (0.13-0.15 V) of 1,4-benzenedithiol calculated at the B3LYP level with
extended basis sets in comparison to those obtained with the conventional cc-pVTZ and aug-cc-
pVTZ basis set. (top) the basis sets were obtained from aug-cc-pVTZ by substracting the d, f, or d
and f diffuse functions; (bottom) the basis sets are the conventional 6-311+G(2d,p) and 6-
311++G(2df,2pd) basis sets. The FWHM is set to 20 cm™.

Based on the overlap values reported in Table (IIl.2), one can observe a perfect correlation
between the vibrational modes evaluated with the cc-pVTZ basis set and those obtained with
more extended basis sets. Indeed, all the overlap values are equal to 1 when considering the
correlation between the vibrational modes obtained with the B3LYP/cc-pVQZ and B3LYP/aug-cc-
pVTZ levels, while they are slightly smaller in the case of pseudo potential basis sets, especially for
modes 6 and 22 that both involve in-plane bendings of the C-H bonds of the phenyl ring. Finally,
the double-T 6-31G(d) and cc-pVDZ basis sets describe the vibrational modes in a really good
agreement with respect to the reference case. Therefore, the differences of IET intensities
discussed above should not be explained in terms of changes of the vibrational normal modes but
rather by modifications of the coupling between the electronic structure and the molecular
vibrations as well as by modifications of the unoccupied molecular orbitals.

From these observations, one can state that, for evaluating the inelastic electron tunneling

response of the 1,4-benzenedithiol, the cc-pVTZ basis set gives a good compromise between
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accuracy and needs in computational resources and that too many diffuse functions can lead to

artificially high IET intensities.

Basis set LANL2DZ | LANL2DZdp | 6-31G(d) | cc-pVDZ | cc-pvVQZ | aug-cc-pVDZ | aug-cc-pVTZ
6 0.976 0.994 0.992 0.999 1.000 0.990 1.000
10 0.999 1.000 1.000 1.000 1.000 1.000 1.000
13 0.997 1.000 1.000 1.000 1.000 1.000 1.000
21 0.997 1.000 1.000 1.000 1.000 1.000 1.000
22 0.973 0.989 0.992 0.990 1.000 0.993 1.000
25 0.998 0.998 0.999 0.998 1.000 0.998 1.000
28 1.000 0.999 1.000 0.998 1.000 0.999 1.000
30 0.999 0.999 1.000 0.999 1.000 0.999 1.000

Table ll1.2. Overlap values between the IET active vibrational modes calculated with the B3LYP
functional and a selection of basis sets, taking as reference the B3LYP/cc-pVTZ results.

l11.C.2. Effect of the exchange-correlation (XC) functional

The effects of the XC functional were assessed with two basis sets, the LANL2DZ pseudo
potential, usually employed for the description of the Au atoms in simulations of the conducting

(2620191 3nd the cc-pVTZ basis set, giving the best balance

properties of molecular junctions
between accuracy and computational costs as discussed in the previous paragraph. Fig. (lII.5)
displays the IET spectra of the 1,4-benzenedithiol evaluated with different XC functionals and
these two basis sets. To remain consistent with our previous discussion on the basis set effects,
our investigation will be performed along the same three steps as in Section Ill.C.1, taking as
reference the hybrid B3LYP functional. Tables (lll.3) and (lll.4) report the number,

frequency/potential (V), and IET intensities (arb. unit) of the vibrational modes dominating the IET

spectrum of the 1,4-benzenedithiol.
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XC functional B3LYP B3P86 B971 TPSSh wB97x LC-BLYP CAM-B3LYP

Mode number | Potential I Potential I Potential I Potential I Potential I Potential I Potential I
6 0.0387 | 0.037 | 0.0391 | 0.027 | 0.0383 0.038 0.0382 0.027 0.0401 0.021 0.0408 0.023 0.0396 0.030
10 0.0624 | 0.479 | 0.0639 | 0.439 | 0.0618 | 0.502 0.0623 0.466 0.0666 0.380 0.0677 0.380 0.0646 0.443
13 0.0906 | 0.207 | 0.0916 | 0.206 | 0.0898 | 0.212 0.0896 0.225 0.0943 0.151 0.0959 0.154 0.0929 0.182
21 0.1355 | 1.000 | 0.1377 1.000 | 0.1346 1.000 0.1352 1.000 0.1415 1.000 0.1448 1.000 0.1394 1.000
22 0.1390 | 0.612 | 0.1406 | 0.606 | 0.1383 0.638 0.1389 0.612 0.1443 0.579 0.1463 0.583 0.1424 0.596
25 0.1673 | 0.084 | 0.1708 | 0.057 | 0.1664 | 0.092 0.1688 0.073 0.1662 0.094 0.1658 0.105 0.1671 0.096
28 0.1870 | 0.147 | 0.1881 | 0.154 | 0.1864 | 0.149 0.1872 0.131 0.1918 0.187 0.1946 0.235 0.1904 0.181
30 0.2023 | 0.802 | 0.2050 | 0.742 | 0.2012 0.839 0.2017 0.733 0.2107 0.814 0.2157 0.876 0.2081 0.857

Imax (10°%) 8.61 7.82 8.77 8.77 9.58 9.72 9.07

Table III.3. Numbers, potentials (V), and IET intensities (arb. unit) of the vibrational modes dominating the IET spectrum of the 1,4-benzenedithiol
calculated with different functionals and using the LANL2DZ pseudo potential basis set. This table lists the relative intensities as well as the maximum
intensity (corresponding to mode 21).
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XC functional B3LYP B3P86 B971 TPSSh wB97x LC-BLYP CAM-B3LYP

Mode number | Potential I Potential I Potential I Potential I Potential I Potential I Potential I
6 0.0395 0.025 0.0394 0.035 0.0393 0.032 0.0386 0.035 0.0405 0.036 0.0412 0.038 0.0402 | 0.036
10 0.0655 0.321 0.0671 0.278 0.0656 0.292 0.0660 0.274 0.0687 0.265 0.0700 0.283 0.0674 0.321
13 0.0931 0.007 0.0940 0.010 0.0925 0.011 0.0924 0.004 0.0959 0.034 0.0980 0.036 0.0952 0.022
21 0.1366 1.000 0.1389 1.000 0.1362 1.000 0.1367 1.000 0.1419 1.000 0.1456 1.000 0.1404 1.000
22 0.1400 0.496 0.1411 0.452 0.1393 0.509 0.1399 0.467 0.1446 0.504 0.1473 0.605 0.1429 0.366
25 0.1613 0.095 0.1654 0.074 0.1608 0.098 0.1636 0.088 0.1592 0.123 0.1580 0.114 0.1604 0.112
28 0.1882 0.129 0.1883 0.148 0.1869 0.132 0.1877 0.125 0.1917 0.196 0.1953 0.224 0.1913 0.173
30 0.2017 0.485 0.2038 0.487 0.2005 0.502 0.2011 0.463 0.2089 0.651 0.2142 0.613 0.2071 0.582

Imax (10 8.34 7.21 8.65 8.71 8.41 8.56 8.14

Table I1l.4. Numbers, potentials (V), and IET intensities (arb. unit) of the vibrational modes dominating the IET spectrum of the 1,4-benzenedithiol
calculated with different functionals and using the cc-pVTZ basis set. This table lists the relative intensities as well as the maximum intensity
(corresponding to mode 21).
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Fig. lIL.5. IET spectra of the 1,4-benzenedithiol calculated with several hybrid XC functionals in
combination with the LANL2DZ pseudo potential basis set (top) and the cc-pVTZ basis set
(bottoms). The FWHM is set to 20 cm™.

First, systematic frequency shifts are observed between the different functionals, which is
consistent with the early study by Scott and Radom demonstrating that the scaling factor gets
closer and closer to 1 when the amount of HF exchange decreases!"”! [Figs. (111.6) and (II1.7)].
Therefore, these systematic frequency shifts can be attributed to the lack of using scaling factors.
So, for all the IET active modes (except mode 25), the TPSSh, B971, and B3LYP functionals give the
smallest frequency values, while the functionals LC-BLYP, wB97x, and CAM-B3LYP including long-
range corrections give the largest ones. The most intense peaks (21 and 30) present the highest

frequency variations between two XC functionals using a given basis set, as they are respectively
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equal to 76 cm™ (9.4 mV) and 110 cm™ (13.7 mV) with the cc-pVTZ basis set, and to 82 cm™ (10.2
mV) and 117 cm™(14.5 mV) with the LANL2DZ pseudo potential basis set. Then, these variations

decrease when going towards lower frequency modes.
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Fig. lll.6. Correlation between the B3LYP frequency values and those calculated with different XC
functionals with the cc-pVTZ basis set. In the caption, x refers to the B3LYP frequency values.
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Fig. lll.7. Correlation between the B3LYP frequency values and those calculated with different XC
functionals with the LANL2DZ pseudo potential basis set. In the caption, x refers to the B3LYP
frequency values.
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For calculating the IET intensities, the functional has a smaller impact than the basis set.
This is illustrated with mode 21 (Ihax quantities in Tables (111.3) and (lll.4)) for which the largest
intensity variation between two different basis sets (aug-cc-pVDZ and aug-cc-pVTZ) is equal to
6.62x10™ arb. units, while it only amounts to 1.35x10™ arb. units when we consider the largest
variation between two functionals (B3P86 and TPSSh using the cc-pVTZ basis set). Moreover, for
each IET peak, we notice that the difference of intensities between the two extreme values
(obtained with two different functionals) is smaller with the cc-pVTZ basis set than with LANL2DZ.
For example, using the cc-pVTZ (LANL2DZ) basis set, they are equal to 0.67x10™ (0.97x10™),
1.50x10™ (1.90x10*), and 1.96x10™ (2.71x10™) arb. units, for modes 10, 21, and 30, respectively.

The analysis on the XC effects starts with results obtained with the cc-pVTZ basis set. As
shown in Fig. (l1.8), there is a good consistency between the intensities calculated with different
XC functionals. When looking into the details, one observes that for modes 25, 28, and 30, the LC-
BLYP and wB97x functionals provide the largest intensities, while B3P86 gives the smallest ones.
For the other modes, the impact of the XC functional on the IET intensities with respect to the
peak frequency is less obvious. Slightly different conclusions can be drawn when using the
LANL2DZ basis set [Fig. (111.9)], i.e. i) for modes 6, 10, and 13 the wB97x and B3P86 functionals give
the smallest intensities, while the B971 functional give the largest ones and ii) for the 0.13-0.22 V
modes, the LC-BLYP and wB97x functionals give the largest values and the B3P86 and TPSSh

functionals give the smallest ones.
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Fig. 111.8. Correlation between the B3LYP IET intensity values and those calculated with different
XC functionals with the cc-pVTZ basis set. The intensity values are multiplied by 10* (arb. units).
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Fig. l11.9. Correlation between the B3LYP IET intensity values and those calculated with different
exchange-correlation functionals with the LANL2DZ pseudo potential basis set. The intensity
values are multiplied by 10* (arb. units).

For the B3LYP and B971 functionals, when going from the cc-pVTZ to the LANL2DZ basis
set, one can observe an increase of the IET intensity values (except for mode 25), and for the LC-
BLYP functional only the intensity value of mode 6 decreases. In addition to that, the use of the
B3P86, TPSSh, CAM-B3LYP, and wB97x functionals leads to the same tendency (increase)
concerning the IET intensity values, except for modes 6 and 25. Finally, for both basis sets, we
notice a good correlation between the intensities obtained with the B3LYP functional and those
calculated with the B971 functional, while the CAM-B3LYP and LC-BLYP provide the largest
differences with respect to the B3LYP functional when using the cc-pVTZ and LANL2DZ basis sets,
respectively [Figs. (111.8) and (lll.9)]. Intensity differences can also be investigated from the
viewpoint of relative intensities or intensity ordering. Considering the four most intense modes,
all functionals predict the same 10 < 22 < 30 < 21 intensity ordering provided the LANL2DZ basis
set is used whereas, using the cc-pVTZ basis set, the ordering is either 10<22<30<210r10< 30
< 22 < 21. This highlights the need of using a sufficiently flexible atomic basis set and also the fact
that the XC functional should be carefully chosen. On the basis of these sole theoretical results, it

is not possible to tell which XC functional is the best.

For both basis sets, we have evaluated the overlaps between the IET active vibrational
modes calculated with the different XC functionals, reported in Tables (l11.5) and (lIl.6), taking as
reference the B3LYP/cc-pVTZ and the B3LYP/LANL2DZ results, respectively. For both basis sets, we
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can observe a very good correlation between the vibrational modes evaluated with the B3LYP
functional and those obtained with the B971 functional. Based on the overlap values, CAM-B3LYP
and LC-BLYP are different and probably less appropriate for describing the vibrational modes
(mostly for mode 22, characterized by in-plane bendings of the C-H bonds), in comparison with the
other functionals. This is evidenced by the smaller overlap values with respect to the B3LYP
functional [overlap of 0.670 for LC-BLYP/B3LYP using LANL2DZ and of 0.693 for CAM-B3LYP/B3LYP
using cc-pVTZ]. These small overlaps originate from the fact that using the CAM-B3LYP and LC-
BLYP functionals the B3LYP mode 22, involving in-plane bending motions of the 4 CH bonds of the
benzene ring (C,H, CsH, CsH and CgH), is split into two contributions. So, at the CAM-B3LYP level,
one mode involves in-plane bendings of the C,H and CsH bonds, while another is characterized by
in-plane bendings of the CsH and C¢H bonds. The frequencies associated to these modes are
respectively equal to 1180 cm™ (0.1463 V) and 1185 cm™ (0.1470 V) at the LC-BLYP/LANL2DZ level
and to 1153 cm™ (0.1429 V) and 1159 cm™ (0.1437 V) at the CAM-B3LYP/cc-pVTZ level. Their IET
intensities are equal to 5.67x10™ and 4.06x10™ arb. units at the LC-BLYP/LANL2DZ level and to
2.98x10™ and 2.39x10™ arb. units at the CAM-B3LYP/cc-pVTZ level. This appears as a kind of
accidental degeneracy, which has no impact on the spectral pattern because both modes
contribute to the IET intensity at a very similar transition frequency. Finally, even if the overlap
values between the modes evaluated with the B3P86 and TPSSh functionals are slightly smaller
than the B971 ones, these functionals describe the vibrational modes in a good agreement with

respect to the B3LYP.

XC functional B3P86 B971 TPSSh wB97x LC-BLYP CAM-B3LYP
6 0.967 0.997 0.935 0.993 0.988 0.997
10 1.000 1.000 1.000 0.999 0.999 1.000
13 0.999 1.000 0.999 0.998 0.998 1.000
21 0.999 1.000 1.000 0.998 0.995 0.999
22 0.887 1.000 0.983 0.839 0.888 0.693
25 0.996 1.000 0.998 0.982 0.945 0.993
28 0.999 1.000 1.000 0.997 0.990 0.998
30 0.999 1.000 1.000 0.997 0.995 0.999

Table I1I.5. Overlap values between the IET active vibrational modes calculated with several XC
functionals and the cc-pVTZ basis set, taking as reference the B3LYP/cc-pVTZ level.
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XC functional B3P86 B971 TPSSh wB97x LC-BLYP CAM-B3LYP
6 0.981 0.999 0.976 0.952 0.965 0.994
10 1.000 1.000 1.000 0.999 0.999 1.000
13 1.000 1.000 1.000 0.997 0.997 1.000
21 1.000 1.000 1.000 0.997 0.997 0.999
22 0.999 1.000 0.999 0.986 0.670 0.994
25 1.000 1.000 1.000 0.999 0.998 1.000
28 0.999 1.000 1.000 0.997 0.990 0.998
30 0.999 1.000 1.000 0.998 0.996 0.999

Table lll.6. Overlap values between the IET active vibrational modes calculated with several XC
functionals and the LANL2DZ basis set, taking as reference the B3LYP/LANL2DZ level.

In summary, besides frequency shifts that can be accounted for using an appropriate
scaling factor, these calculations have highlighted very small differences between the IET
signatures calculated with a set of exchange-correlation functionals, demonstrating there is no
advantage of not using the traditional B3LYP XC functional. A similar conclusion was also drawn in

a recent work on the sum-frequency generation methyl signature[lsd].

l11.C.3. IR spectra of the 1,4-benzenedithiol

In order to further assess the impact of the method of calculation to characterize the IET
vibrational signatures of 1,4-benzenedithiol, IR absorption spectra were simulated [Fig. (I11.10)],
either by using several basis sets with the B3LYP hybrid functional, and by varying the XC
functional in combination with the cc-pVTZ basis set. The vibrational IR active modes, which are

IET inactive, are represented in Fig. (I11.11).
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Fig. 11.10. IR absorption spectra of the 1,4-benzenedithiol calculated at different levels of
approximation. Lorentzian functions with a FWHM of 10 cm™ were employed for simulating the IR
spectra.
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Fig. I11.11. Sketch of IR active modes of 1,4-benzenedithiol which are IET inactive. See caption of
Fig. (I11.1) for more information.
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Before analyzing the IR intensities, the availability of experimental vibrational

201 anables to assess the reliability of the different theoretical schemes to predict the

frequencies
vibrational frequencies.

Calculated harmonic vibrational frequencies overestimate the experimental fundamental
frequencies, due to the neglect of anharmonicity, the approximate treatment of electronic

correlation, and the use of a finite basis set. This is also illustrated in Figs. (I11.12) and (I11.13).
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Fig. 1ll.12. Correlation between the experimental fundamental and calculated harmonic
frequencies for different basis sets and the hybrid B3LYP functional. In the caption, x refers to the
experimental fundamental frequencies.
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Fig. 1ll.13. Correlation between the experimental fundamental and calculated harmonic
frequencies for different XC functionals and the cc-pVTZ basis set. In the caption, x refers to the
experimental fundamental frequencies.
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To correct for these effects, the harmonic vibrational frequencies are scaled by a factor,
which is method dependent. In the present study, we consider a uniform scaling of the
frequencies over the whole set of IR active vibrational modes. Please note that more refined

methods have already been proposed in the literature!*!

, consisting in the application of a local
scaling factor for each vibrational mode presenting a significant interest with regards to the
molecular structure. However, in the frame of our investigation, such detailed analysis would not
bring any additional significant information. Following Ref. [17a], scaling factors (A) were
determined for the different levels of calculation by considering the vibrational frequencies of the

IR active normal modes of 1,4-benzenedithiol:

all all

}\' _ (Dtheorvexpt / (Dtheor 2
- i i i
i i

theor

where ®

. .th . t . . .
is the calculated i harmonic frequency, Uf is the corresponding experimental

fundamental frequency [Table (lIl.7)]. For the LC-BLYP, wB97x, and CAM-B3LYP functionals
including long-range corrections, the scaling factor ranges from 0.9397 to 0.9539, while for the
other functionals, they go from 0.9600 (B3P86) to 0.9687 (B971). The A value for B3LYP/6-31G(d)
calculations amounts to 0.9596 but it increases when keeping the same functional and extending
the basis set (0.9656 with cc-pVTZ to 0.9675 with aug-cc-pVDZ). These results are consistent with
previous studies”??. The scaled theoretical harmonic frequencies determined for different basis
sets (with the hybrid B3LYP functional) and XC functionals (using the cc-pVTZ basis set) are listed in
Tables (111.8) and Table (111.9), respectively. Moreover, the root mean squares errors, after scaling,
are given in Table (II.7). They highlight the better performance of triple-C basis sets over double-C
(in fact, quadruple-C are even slightly better) as well as the good performance of B3LYP.

The experimental IR spectrum of 1,4-benzenedithiol is displayed in Fig. (11l.14) and is
characterized by about ten peaks in the 800-3200 cm™ region. Its dominant signatures are well
reproduced by all levels of calculations. The experimental spectrum presents two intense
transitions at 1477 cm™ and at 812 cm™ [Fig. (11.14)] arising from in-plane and out-of-plane
bendings of the C-H bonds, respectively. These correspond to modes 28 and 14 in Fig. (I11.10)
(mode 14 is IET inactive). Another strong IR band at 1114 cm™ is attributed to in-phase in-plane
bendings of the C-H bonds combined with small C-S stretchings (mode 22). Experimentally, the
intensities increase in the order 22 < 14 < 28 whereas the calculations — which predict that these
three modes have the highest intensities — give other ordering, either 14 <22 < 28 or 14 < 28 < 22,

highlighting also the subtle balance between the level of calculation and the relative IR intensities.

83



Let’s point out that the 14 < 28 < 22 ordering is predicted by the B3LYP/cc-pVTZ, B3LYP/cc-pVQZ,
and B3LYP/aug-cc-pVTZ calculations but that the 28 < 22 ordering is reversed using the B3P86,
CAM-B3LYP, ®B97x, and LC-BLYP XC functionals.

The experimental spectrum is also characterized by three medium intensity peaks: one at
2560 cm™ and two at 1397 cm™ and 1013 cm ™ presenting similar IR intensities [Fig. (111.14)]. They
correspond to the IET inactive vibrational mode 32 involving in-plane S-H stretchings, to mode 27
arising from out-of-phase C-H bendings combined with small C=C stretchings, and to mode 20
related to in-plane distortions of the phenyl ring associated with small C-S stretchings,
respectively. However, the several basis sets and XC functionals considered in this study present
some limitations for predicting the relative IR intensities: i) too small IR intensities are predicted
for peak 32 (except using the LANL2DZ and 6-31G(d) basis sets), ii) the relative intensities of
modes 20 and 27 with respect to mode 28 are overestimated.

Finally, three other weaker IR bands are observed experimentally, at 906 cm?, 1263 cm™,
and 3069 cm™. These are associated with vibrational mode 16 involving in plane-bendings of the S-
H bonds, mode 25 arising from in-plane bendings of the C-H bonds, and mode 35 characterized by
in-plane stretchings of the C-H bonds, respectively. To a large extent, these signatures are well
reproduced by the calculations.

As discussed in detail hereabove, the dominant signatures of the experimental IR spectrum
are well reproduced by most levels of calculation but some differences remain. In addition, part of
the differences originates from the lack of anharmonicity effects considered in the theoretical
calculations as well as from the lack of surrounding effects. Though beyond the scope of this
study, calculations describing the effects of the solvent using the polarizable continuum model
were carried out and do not show substantial improvement, demonstrating that specific solute-

solvent interactions between the molecules might be the source of differences.
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Level of approximation Scaling factor A rMSmol

B3LYP/LANL2DZ 0.9757 46
B3LYP/LANL2DZdp 0.9672 25
B3LYP/6-31G(d) 0.9596 20
B3LYP/cc-pVDZ 0.9666 22
B3LYP/cc-pVTZ 0.9656 18
B3LYP/cc-pvVQZ 0.9662 17
B3LYP/aug-cc-pVDZ 0.9675 24
B3LYP/aug-cc-pVTZ 0.9660 19
B3P86/cc-pVTZ 0.9600 23
B971/cc-pVTZ 0.9687 20
TPSSh/cc-pVTZ 0.9655 21
wB97x/cc-pVTZ 0.9453 38
LC-BLYP/cc-pVTZ 0.9397 34
CAM-B3LYP/cc-pVTZ 0.9539 21

Table 1I1.7. Scaling factors and corresponding root mean square errors (rms) for different levels of
calculation, as obtained from the main IR signatures of 1,4-benzenedithiol.

Spectrum ID ‘
HIP-2_HU-04-IRSPC-6533

Spectral data were obtained from
Wiley Subscription Services, Inc.
(US)

Source ‘

FOTTY EYRTY YT FTTT! ERTRIRTRLTNTS FEYYY PRURI AT TE INTRUFIATI FTAI T

g & 3 o 3

Y71 IYTTI RS SYOTH YO A
—
=
>

Fig. 1ll.14. Experimental IR absorption spectrum of the 1,4-benzenedithiol from SciFinder (CAS
Registry Number : 624-39-5) Refs. Mietrach, A.; Muesmann, T. W. T.; Christoffers, J.; Wickleder, M.
S. Eur. J. Inorg. Chem. 2009 (2009), 5328) & WSS: Spectral data were obtained from Wiley
Subscription Services, Inc. (US)
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Mode number Experiment LANL2DZ LANL2DZdp 6-31G(d) cc-pVDZ | cc-pVTZ | cc-pVvVQZ aug-cc-pVDZ aug-cc-pVTZ

14 812 827 788 780 791 799 800 793 800

16 906 872 882 898 885 888 892 883 888

20 1013 999 983 986 986 998 998 982 997

22 1114 1094 1092 1089 1087 1090 1092 1085 1090
25 1263 1317 1278 1272 1281 1256 1253 1274 1254
27 1397 1391 1375 1391 1383 1387 1386 1381 1384
28 1477 1472 1447 1469 1455 1466 1466 1452 1464
32 2560 2467 2589 2592 2588 2596 2595 2592 2598
35 3069 3141 3092 3073 3084 3074 3073 3088 3075

Table 111.8. Comparison between experimental and scaled theoretical values (using the corresponding scaling factors of Table (111.7)) for calculations
performed with the B3LYP XC functional and different atomic basis sets. The frequencies are given in cm™.
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Mode number experiment B3LYP B3P86 B971 TPSSh wB97x LC-BLYP CAM-B3LYP

14 812 799 793 794 794 799 820 808

16 906 888 881 891 885 888 890 889

20 1013 998 991 994 992 986 1000 999

22 1114 1090 1092 1089 1089 1102 1116 1106
25 1263 1256 1277 1256 1274 1214 1197 1234
27 1397 1387 1384 1381 1384 1380 1397 1391
28 1477 1466 1457 1460 1462 1461 1480 1472
32 2560 2596 2604 2599 2601 2651 2627 2609
35 3069 3074 3068 3078 3069 3047 3041 3058

Table 111.9. Comparison between experimental and scaled theoretical values (using the corresponding scaling factors of Table (111.7)) for calculations
performed with the cc-pVTZ atomic basis set and different XC functionals. The frequencies are given in cm™.
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I11.D. Conclusions

The effects of the atomic basis set and of the exchange-correlation (XC) functional on the inelastic
electron tunneling (IET) spectra have been investigated by considering the prototypical 1,4-
benzenedithiol molecule. These studies have been completed by tackling the reliability of the
same methods for predicting the IR absorption spectrum of the same molecule. The main
conclusions are i) the B3LYP XC functional is suitable to predict the relative vibrational frequencies,
ii) provided a scaling factor is used, the root mean square error on the vibrational frequencies goes
down to 18 cm™, iii) the cc-pVTZ basis set is a good compromise between accuracy and
computational needs, iv) basis set effects on the IET intensities are larger than those of the XC
functional, v) the cc-pVTZ, cc-pVQZ, and aug-cc-pVDZ basis sets provide consistent IET intensities.
Further analysis of the impact of the basis set and XC functional will however require making
comparisons with experimental results, which depend on the way the molecules interact with the

surfaces/electrodes.
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IV. Theoretical Insight into the Inelastic Electron Tunneling
Spectra of an Anil Derivative

IV.A. Introduction

Designing functionalized molecular systems able to mimic the logics of electronic circuits is
of major interest in the domains of information transport and storage[”. These systems provide
solutions in terms of devices miniaturization, processing speed, and memory capacities. Among
these, molecular switches are suitable candidates because, upon reversible transformation
between two or more states, they can exhibit important contrasts of physicochemical properties,
such as optical absorption, fluorescence, nonlinear optical responses and conductivity. A broad
range of external stimuli can trigger such commutations of molecular structures and properties,
including light, temperature, pressure, redox potential, electrolytes, etc?.

Although studies have generally focused on the switching behavior of molecules in gas
phase or in solution®) switching of molecules adsorbed to surfaces constitutes another challenge

[+-6] Among these molecular switches

towards designing advanced functional materials
funtionalizing surfaces, azobenzene is known to reversibly commute between an extended trans
and a shorter cis configuration and vice versa when irradiated at 360 nm and 480 nm, respectively
B4l This leads to a large on/off current ratio after their immobilization on the surface. The change

of electron transport properties has also been investigated for other compounds and other

[5-6] [5a]

switching mechanisms™™’, including tautomerism™®, which involves an intramolecular proton
transfer. The later reaction does not involve large geometric distortions of the molecular backbone
and it has therefore the advantage of ensuring a good resistance to fatigue.

In the present study, theoretical approaches are employed to simulate and interpret the
Inelastic Electron Tunneling (IET) spectra of two tautomeric forms: enol-imine (E) and keto-amine
(K) of an anil molecule, represented in Fig. (IV.1). This study aims at further understanding and
therefore controlling the switching between the E and K molecular states and thus, it extends
recent investigations on the linear and nonlinear optical properties of anils in solutions and in the
solid state®®”). The IET spectra have been simulated following the formalism introduced in Section
II.C as implemented in the QCME code®?. In particular, we analyze the variations of IET reponses
upon switching between the keto and enol forms. This chapter is organized as follows: Section IV.B

summarizes the theoretical and computational aspects, results are presented and discussed in

Section IV.C whereas Section IV.D draws conclusions and outlook.
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Fig. IV.1. Representation of the enol (E) and keto (K) tautomeric forms of the anil derivative and
labeling of the a and b rings.

IV.B. Theoretical and computational aspects

Following the model presented in Section 1I.C.2, each of the two molecular devices is
divided into three parts: two electron reservoirs constituted by metallic atoms, called the source
(S) and the drain (D), and the molecule connecting them. However, only a small part of the
metallic atoms can be considered in the quantum chemistry calculations due to heavy
computational costs. This approximation leads to the modeling of an ‘extended molecule’ for
representing the scattering region but it has been proved to be sufficient for having an accurate
description of the metal-molecule-metal interface interactions because only the metallic atoms
that are close to the molecule contribute significantly to the coupling coefficients™”. Moreover,
we also know that the main contribution to the IET response comes from the molecular part. In
our case, the ‘extended molecule’ is composed by the E or K form of the anil molecule [Fig. (IV.1)]
of which the terminal thiol functions are dehydrogenated, sandwiched between two Au(111)
surfaces, each containing twelve atoms.

The geometry of the isolated molecule has been optimized and, therefore, the
characteristics of the frontier orbitals have been obtained. In a second step, the vibrational
frequencies and normal modes of the extended molecule have been calculated together with the
0W/aQ quantities. These calculations have been performed using DFT with the B3LYP exchange-
correlation functional. The cc-pVTZ basis set provides a good compromise between accuracy and
computational resources for evaluating the IET responsem] (as proven in Chapter lll) and therefore
it has been employed for the non metal atoms, while the Au atoms are described with the
LANL2DZ pseudo potential basis set. From these molecular properties, the IET spectra are then
simulated using the QCME program. The temperature is fixed to 4.2 K and the full width at halve
maximum (FWHM) to 20 cm™, although the method is capable of predicting the linewidth. The
vibrational frequencies were not scaled by the typical ~0.96 factor since we are interested in

global trends and since no comparison with experiment is made.
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The representation and analysis of the vibrational normal modes were performed using the

PyVib2 programm]. We focused on the overlap matrices and on the similarities between the
normal modes, which are here briefly presented. On a fragment F, the O;\,BP'F overlap between

mode p’ of molecule A and mode p of molecule B is defined as the square of the scalar product

between the two normal modes:

OAB,F = <QA,F

pp p

2
Q¥ >2 - (EQQP,QL)

QiBap is the mass-weighted Cartesian displacement of atom j in direction o for the pth normal mode

3N 2
of molecule B. Each Q_ is normalized so that E (Qia,p) =1. The similarity S*®F refers to the

p'p

resemblance between modes p and p’ of molecules A and B and is given by:

AB,F
AB,F !
Sp'p = A A v/
F F B,F B,F
(s N fa’)

The overlap and similarity values are dimensionless and their values range from 0 to 1.

IV.C. Results and discussion
IV.C.1. IET spectra of the isolated anil derivative in its enol and keto forms

The IET spectra of the anil derivative simulated at the B3LYP/cc-pVTZ level of
approximation display an obvious dependence on the tautomeric form [Fig. (IV.2)]. Indeed, the IET
spectrum of the E form is dominated by a single mode (mode 46 at 1114 cm™ or 138 mV) whereas
there are three dominant peaks for the K form (modes 23, 43, and 66) in addition to mode 1. The
characteristics of the main vibrational transitions of the E and K forms are respectively listed in
Tables (IV.1) and (IV.2), whereas the corresponding atomic displacements of the normal modes

are sketched in Fig. (I1V.3).

Wavenumbers (cm™!) Wavenumbers (cm 1)

0 500 1000 1500 2000 0 500 1000 1500 2000
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Fig. IV.2. B3LYP/cc-pVTZ IET spectrum of the E (left) and K (right) forms of the anil derivative.
Peaks corresponding to vibrational modes with considerable IET intensity are numbered.
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Peak # Frequency Potential Intensity  Relative Intensity

1 30 4 7.69x10° 0.052
5 97 12 8.72x10°® 0.059
14 345 43 3.61x10” 0.242
26 665 83 7.91x10°® 0.053
27 719 89 5.69x10° 0.038
43 1005 125 2.86x10” 0.192
a4 1032 128 1.27x107 0.085
46 1114 138 1.49x10™ 1.000
49 1200 149 3.33x10° 0.223
54 1308 162 1.35x107 0.091
60 1489 185 1.75x107 0.117
61 1523 189 1.89x10” 0.127
65 1625 201 7.80x10° 0.523
66 1660 206 3.75x107 0.252

Table IV.1. Frequencies (cm™), potential (mV) and intensities (arb. units) of the vibrational modes
dominating the IET spectrum of the isolated anil molecule in its E form, calculated at the B3LYP/cc-
pVTZ level of approximation.

Peak# Frequency Potential Intensity  Relative Intensity

1 15 2 9.59x10” 1.000

94 12 1.97x10° 0.205
14 357 44 4.60x10°® 0.048
16 380 47 6.12x10° 0.064
21 517 64 1.39x10° 0.145
23 583 72 4.18x107 0.436
34 857 106 8.23x10° 0.086
36 925 115 1.63x107° 0.170
39 953 118 7.56x10° 0.079
43 1006 125 3.12x10° 0.325
46 1117 139 1.05x10” 0.109
49 1203 149 6.23x10° 0.065
62 1538 191 4.19x10° 0.044
66 1658 206 5.03x107 0.525

Table IV.2. Frequencies (cm™), potential (mV) and intensities (arb. units) of the vibrational modes
dominating the IET spectrum of the isolated anil molecule in its K form, calculated at the B3LYP/cc-
pVTZ level of approximation.
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Fig. IV.3. Sketch of the vibrational normal modes corresponding to the dominant peaks of the IET
spectrum of the isolated anil derivative in its E (left) and K (right) forms. The direction of atomic
displacements is perpendicular to the junction plane between the two hemispheres of distinct
color, and their amplitudes are proportional to the radius of the sphere. The sum of the surfaces
of the spheres is always constant.

For the E form, the most intense transition (mode 46) corresponds to in-plane bending
motions of the 4 C-H bonds of ring b combined with a C-S stretching. This is a typical mode
characterized by atomic displacements in the same direction as the tunneling current, which
explains its large intensitym]. Contrary to mode 46 where the 4 C-H bonds bend in phase, in mode
49 the C-H bendings are out-of-phase and do not mix with C-S stretching. Its intensity is smaller
than in mode 46. Apparently, the large intensity of mode 46 is mostly associated with the C-S
stretching motion since mode 61 is also mostly described by in-phase in-plane C-H bendings on the
b ring but its intensity is small. Modes 60 and 65 also contain C-H bending motions. In mode 60,
these are localized on ring a and are combined with a C-O-H bending characteristic of the E form.
Though these modes are dominated by C-H bending motions, ring distortions are also present, the
latter ones are more intense in mode 65, which describes the aromatic-to-quinoidic transition for
b ring. Note that mode 65 (201 mV) is the second most intense after mode 46 and before mode 66
(206 mV). Mode 66 is a typical C=N stretching mode combined with N-C-H bending.

For the K form, besides mode 1, the peak with the largest intensity (mode 66) is also
associated with C-H bending motions but on ring a. These motions on adjacent C atoms are out-of-
phase and are combined with aromatic-to-quinoidic ring distortions. Mode 46 that was intense
for the E form is now much weaker. The next peak in decreasing order of intensity is mode 23,
which corresponds to in-plane in-phase C-H bendings on ring a. Then come modes 43 and 5,

which together with mode 1 correspond to out-of-plane motions of the H atoms on the central C-
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N unit, on the terminal S-H, and of the ring, respectively. So, among the dominant peaks, four of
them are characteristic of the keto form by involving a bending of the N-H bond: out-of-plane for
peaks 36 and 43 and in-plane for peaks 23 and 66, for which a C=0 stretching is also observed.

This analysis evidences that the different moieties of the anil derivative contribute to the
main IET peaks and that there are variations of absolute and relative intensities along the E-to-K
switching. To get more insight, a closer look at similarities and differences between the vibrational

normal modes of the two forms is needed and is discussed in the next paragraph.

IV.C.2. Correlations between the vibrational normal modes of the tautomeric forms of
the anil

An illustration of the correlation between the atomic displacements of the IET active
modes of the two tautomeric forms is shown in Fig. (IV.4) for vibrational frequencies ranging

between 835 and 1681 cm™.
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Fig. IV.4. Similarities S®F between the normal modes of the E and K forms. The rows and the
columns of the matrix, labelled with normal mode numbers and frequencies, correspond to the E
and K forms, respectively. The surface of the circles is proportional to the overlap between the
corresponding pair of p and p’ modes. The hydrogen atom migrating during the switching is not
considered in the fragment F.

976 42 . °

The small number of large circles enables to easily identify the correlations between the
modes of each form and to conclude that mode mixings are rather limited. So, to one mode of the
E form corresponds generally only one mode with substantial overlap of the K form, e.g. (p,p’) =

(33,33), (35, 34), (36, 35), (37, 37), ... On the other hand, for a few modes, more than one overlap
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(and similarity) is important. This is typically the case of those modes involving displacements of
the O-H of the E form and of the N-H of the K form. For instance, mode 64 of the enol (in-plane C-
O-H bending) presents overlaps with modes 63 and 64 of the keto form. This is further supported
by the sketch of the atomic displacements of the corresponding modes in Fig. (IV.5). Vice versa,
mode 36 of the K form, corresponding to out-of-plane C-H and N-H displacements on the bridge
between the two rings, presents the largest overlaps/similarities with modes 39 and 43 of the E
form [Fig. (IV.5)]. We also observe that modes of the E form involving delocalized motions on the
whole molecule are correlated with modes whose atomic displacements are localized on one of
the two rings of the K form, as illustrated in Fig. (IV.5) for mode 61. It can be explained by the
geometric distortions induced by the intramolecular migration of the proton notably characterized
by a change of torsion angle between the two rings a and b (see 1-2-3-4 in Fig. (IV.1)) going from
149° to 171° when switching from the E to K form, respectively. In addition, mode 23 which
involves in-plane bending of C-H bonds of ring a becomes inactive when going from the K to the E
form. The presence of small out-of-plane displacements of the hydrogen atoms of ring b combined
with an in-plane C-O-H bending in the E form is postulated as an explanation for the inactivity.
Thereby, the analysis of the similarity values between the IETS active modes of the E and K forms
[Table (1V.3)] shows that in-plane bending of C-H bonds of ring b and out-of-plane bending of the

C;-H bond are the two main vibrational contributions to the activity of IET modes.
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Fig. IV.5. Sketch of the vibrational normal modes correlated to characteristic modes of the E
(mode 64, in-plane C-O-H bending) and K (mode 36, out-of-plane motions of the N-H linked C-H
bonds) forms.
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E form peak (A K form peak (B 0’1/aV? (K
P (A P () K form displacements common to those of the E form S Q

Mode # Peak (mV) Mode# Peak (mV) 9°1/0V*(E)
5 12 5 12 out-of-plane S-H bending 0.893 2.3
14 43 14 44 out-of-plane C-H and S-H bendings of ring b 0.303 0.1

16 47 out-of-plane C;-H bending 0.473 0.2
23 73 23 72 in-plane C-H bendings of ring a and of C;-H bond 0.929 95.4
39 118 36 115 out-of-plane C-H bendings of ring a and of C;-H bond 0.406 6.0
43 125 36 out-of-plane C;-H bending 0.461 0.6
43 125 out-of-plane C;-H bending 0.642 11
46 138 46 139 in-plane C-H bendings of ring b and C-S stretching 0.977 0.1
49 149 49 149 in-plane C-H bendings of ring b 0.735 0.2
61 189 60 186 in-plane C-H bendings of ring a 0.396 0.1
62 191 in-plane C-H bendings of ring b 0.529 0.2
65 201 65 203 in-plane C-H bendings of ring b with C=C stretchings 0.867 0.2
66 206 66 206 C=C stretchings of ringsaand b 0.219 13
67 208 in-plane C;-H bending 0.602 0.1
67 206 66 206 in-plane distortion motions of ring a 0.587 14.0

Table IV.3. Similarity S*F values describing the correlation between the vibrational IET active modes of the E (A) and K (B) forms of the isolated anil
derivative. The modes displayed in red and black color refer to modes with a high and weak IET intensity, respectively. The hydrogen atom migrating
during the switching is not considered in the fragment F. The first and third columns display the mode numbers whereas the second and fourth
columns the potential at which they appear.
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IV.C.3. IET spectra of the anil derivative between Au plates

In a second step, |IET spectra of molecular junctions between Au electrodes are simulated.
The junctions consist in the anil molecules having dehydrogenated terminal thiol functions
sandwiched between Au electrodes. Following the approach adopted in recent investigations”‘”
ensuring a good reproducibility of experimental results when using such structure and size of
electrodes, each of them is represented by an Au(111) surface containing 12 atoms with
interatomic distances of 2.88 A. It also offers a good compromise between accuracy and
computational needs and allows to prevent edge effects. The molecule is oriented such that the S-
S axis of the anil forms an angle of 13° with respect to the normal to the electrode planes while
the terminal S atoms are in bridge (source) and on-top (drain) positions to the Au (111) surface.
The distance between the S atom and the gold electrode was fixed after determining the energy
profile of the whole system as a function of the width of the junction. It enables to know from
which distance the system becomes steady. The distance between the plates attains typically
20.46 A, which corresponds to shortest Au-S distances of 3.68 A (source) and 3.72 A (drain). The
corresponding IET spectra calculated at the B3LYP/cc-pVTZ/LANL2DZ level of approximation are
sketched in Fig. (IV.6). The characteristics of the main vibrational transitions of the E and K forms
of the Au-sandwiched molecules are listed in Tables (IV.4) and (IV.5) and the vibrational modes
related to the dominant peaks are illustrated in Fig. (1V.7).
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Fig. IV.6. IET spectrum of the E (left) and K (right) forms of the anil derivative between Au
electrodes calculated at the B3LYP/cc-pVTZ/LANL2DZ level of approximation. Peaks corresponding
to vibrational modes with considerable IET intensity are numbered.
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Peak# Frequency Potential Intensity  Relative Intensity

85 370 46 1.36x10™ 0.476
89 464 58 1.38x10™ 0.483
96 653 81 2.86x10™ 1.000
97 711 88 4.86x10° 0.170
100 809 100 1.41x10° 0.049
114 1069 133 3.83x107 0.134
118 1212 150 6.53x10° 0.023
130 1512 188 5.42x10” 0.190
131 1540 191 1.24x10° 0.043
132 1578 196 3.72x10°® 0.013
134 1630 202 3.57x10° 0.012

Table IV.4. Frequencies (cm™), potential (mV) and intensities (arb. units) of the vibrational modes
dominating the IET spectrum of the E-form anil molecule between Au electrodes, calculated at the
B3LYP/cc-pVTZ/LANL2DZ level of approximation.

Peak# Frequency Potential Intensity  Relative Intensity
80 214 27 3.62x10” 0.118
82 279 35 1.34x10° 0.044
83 329 41 3.12x10° 0.102
85 363 45 1.59x10° 0.052
89 457 57 6.72x10” 0.220
96 651 81 1.29x10™ 0.422
97 689 85 2.20x10° 0.072
100 793 98 8.89x107 0.291
103 846 105 9.18x10°® 0.030
107 946 117 3.02x10°® 0.010
113 1042 129 8.47x10° 0.028
114 1063 132 1.11x10° 0.036
118 1209 150 4.00x10°® 0.013
130 1524 189 3.06x10™ 1.000

Table IV.5. Frequencies (cm™), potential (mV) and intensities (arb. units) of vibrational modes
dominating the IET spectrum of the K-form anil molecule between Au electrodes, calculated with
the B3LYP/cc-pVTZ/LANL2DZ method.
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Fig. IV.7. Sketch of the vibrational normal modes corresponding to the dominant peaks of the IET
spectrum of the E-(left)- and K-(right)-form anil derivative between Au electrodes.

The IET spectrum of the anil E form is strongly modified when sandwiched between Au
electrodes, the electrodes having an impact on both the frequencies and the absolute and relative
intensities. Considering the peak with the largest intensity, the presence of the Au plates leads to
an intensity increase of 92% (mode 96 versus mode 46). The IET spectrum is dominated by mode
96 (653 cm™) with other intense transitions at 370 cm™ (mode 85) and 464 cm™ (mode 89). Mode
89 corresponds to an out-of-plane distortion of the anil whereas modes 85 and 96 involve in-
plane, longitudinal-like atomic motions.

Substantial modifications of the IET spectrum are also observed for the K form. Here the
dominant peak is associated with mode 130 (1524 cm™), corresponding to C-H bending
displacements on both the a and b rings. Its intensity is about 6 times larger than that of mode 66
in the isolated species. The next modes in decreasing order of intensities are modes 96, 100, and
89, which all correspond to longitudinal atomic motions and in-plane distortions of the anil

derivative.

IV.C.4. Correlations between the vibrational normal modes of the isolated and the Au-
sandwiched anil molecules

To analyze the influence of the gold electrodes on the IET response, a correlation between
the IET-active vibrational normal modes of the isolated and Au-sandwiched anil molecules was
performed. The similarity values for the E and K forms are reported in Tables (IV.6) and (IV.7),

respectively. To focus on the anil core signatures, the Au atoms are not included in the fragment F.
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Isolated molecule (A) ~ Au-sandwiched molecule (B) isolated molecule displacements common to those of GhBF 0’1/0V?(A)

Mode # Peak (mV) Mode # Peak (mV) the Au-sandwiched anil molecule 9°l/0V?(B)
26 83 96 81 in-plane distortions of the anil 0.861 0.0
27 89 97 88 in-plane distortions of the anil 0.654 0.1
43 125 108 122 out-of-plane bending of C;-H bond and of C-H bonds of ring a 0.170 19.3
43 109 124 out-of-plane bending of C;-H bond and of C-H bonds of ring a 0.475 14.9
45 136 114 133 in-plane bending of C-H bonds of ring a and stretching of C-S bond 0.656 1.2
46 138 113 131 in-plane bending of C-H bonds of ring b and stretching of C-S bond 0.323 4.1
114 133 in-plane bending of C-H bonds of ring b and stretching of C-S bond 0.205 3.9
49 149 117 145 in-plane bendings of C-H bonds of ring b ; stretching of C=N bond 0.600 16.5
50 152 118 150 in plane bending of C;-H bond and of C-H bonds of ring b 0.758 1.3
60 185 128 182 in-plane C-O-H bending and in-plane distortions of ring a 0.479 4.4
131 191 in-plane C-O-H bending 0.166 14
61 189 129 187 in-plane bendings of C-H bonds of rings a and b and of C-O-H group 0.679 0.3
62 190 130 188 in-plane bendings of C-H bonds of rings a and b 0.653 0.2
65 201 131 191 in-plane: C-H bendings of ring b with C=C stretchings and C;-H bending 0.323 6.3
132 196 in-plane: distortions of rings a and b (C=C stretchings) and C;-H bending 0.268 21.0
66 206 134 202 in-plane: C-H bendings of ring b with C=C stretchings and C;-H bending 0.360 10.5
135 204 C=N stretching with a N-C-H bending ; in-plane C-H bendings of ring b 0.544 17.4

Table IV.6. Similarity S*F values describing the correlation between the vibrational IET active modes of the E form of the isolated (A) and Au-sandwiched
(B) anil molecules. The modes displayed in red and black color refer to modes with a high and weak IET intensity, respectively. The first and third columns
display the mode numbers whereas the second and fourth columns the potential at which they appear.
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Isolated molecule (A) ~ Au-sandwiched molecule (B) isolated molecule displacements common to those of GhBF 0’1/0V?(A)
Mode # Peak (mV) Mode # Peak (mV) the Au-sandwiched anil molecule 9°l/dV*(B)
21 64 92 66 in-plane C;-H bending ; out-of-plane bendings of C-H bonds of ringb  0.863 2.7
23 72 93 71 in-plane C;-H bending ; in-plane distortions of ring a 0.930 111
26 82 96 81 in-plane distortions of the anil 0.912 0.0
31 99 100 98 in-plane C;-H bending ; in-plane distortions of ring a 0.932 0.0
34 106 103 105 in-plane N-H and C;-H displacements ; in-plane distortions of ringb  0.948 0.9
36 115 106 115 out-of-plane bendings of the N-H and C;-H bonds 0.786 9.2
39 118 108 122 top of ring a: out-of-plane bending of C-H bonds 0.845 6.1
43 125 111 127 out-of-plane bendings of the N-H and C;-H bonds 0.698 10.1
46 139 114 132 in-plane bending of the 4 C-H bonds of ring b and C-S stretching 0.656 0.9
49 149 117 147 in-plane bendings of C-H bonds of rings a and b ; in-plane N-H bending 0.895 3.6
61 189 130 189 in-plane distortions of ring a with C=C stretchings ; C=0 stretching 0.736 0.0
66 206 134 202 in-plane distortions of ring a with C=C stretchings ; C=0 stretching 0.759 14.6

Table IV.7. Similarity S*F values describing the correlation between the vibrational IET active modes of the K form of the isolated (A) and Au-sandwiched
(B) anil molecules. The modes displayed in red and black color refer to modes with a high and weak IET intensity, respectively. The first and third columns
display the mode numbers whereas the second and fourth columns the potential at which they appear.
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For the E form, only a few vibrational modes of the isolated molecule present a substantial
overlap with single mode of the sandwiched molecule, meaning that the introduction of Au-
electrodes lead to significant modifications of the IET response. Such one-to-one relationship
notably concerns modes (26,96) and (27,97), referring both to in-plane distortions of the anil. In
addition to that, an increase of their IET intensity is noticed after the introduction of Au electrodes
around the anil molecule [Tables (IV.1) and (IV.4)]. For other modes, more than one similarity
index is large. For example, the atomic displacements of mode 65 of the isolated E-form,
characterized by C-H bending and C=C stretching motions of rings a and b are observed in modes
132 and 131, respectively. Similarly, the vibrational motions of mode 66 are shared among two
modes of the Au-sandwiched molecule: i) the in-plane bendings of the C-H bonds of ring b
together with the C=C stretchings match mode 134, while ii) the stretching of the C=N is recovered
in mode 135. Another example concerns the mode 45 (46) which is mainly correlated to mode 114
(113) and presents a small contribution from mode 113 (114) [Fig. (IV.8)].The higher IET intensity
of mode 114 with respect to mode 113 is attributed to the two C-S stretching motions on both
sides of the anil inducing longitudinal motions in the same direction as the tunneling current. For a
few modes, the significant change of IET intensity observed when the molecule is placed between
Au electrodes is not related to changes of the vibrational motions. This is the case of the pair of
modes (50,118) [Fig. (IV.8)], having a similarity value 0.758, respectively.

For the K form, most of the vibrational modes are also characterized by a large change of
the IET activity upon sandwiching between Au plates, even though the vibrational motions remain
very similar, as highlighted by similarity values larger than 0.7 for most modes of interest [Table
(IV.7)]. This is further illustrated by the sketch of the atomic displacements of the vibrational
modes [Fig. (IV.9)]. It means that the IET response strongly depends on the molecular
configuration and thereby that the electronic properties are highly affected by the presence of the
Au atoms.

For both tautomeric forms, the IET active modes involving out-of-plane bending motions
become inactive when the molecule is placed between electrodes. Indeed, the direction of
vibrational motions, which is perpendicular to the normal to the electrode planes leads to a small
coupling with the metal. For the E and K forms, this is illustrated with pairs of modes (43,108),
(43,109) and (21,92), (36,106), (39,108), (43,111), respectively [Fig. (IV.10)].
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Fig. IV.8. lllustration of the correlation table between the vibrational normal modes of the isolated
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Fig. IV.9. lllustration of the correlation table between the vibrational normal modes of the isolated
K anil and of its Au-sandwiched analog.
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IV.C.5. Correlations between the vibrational normal modes of the tautomeric forms of
the Au-sandwiched anil molecules

Fig. (IV.11) compares the IET spectra of the E and K forms in both the isolated and
intercalated configurations while the E versus K similarity values are reported in Table (IV.8) for
the intercalated structure. For a few IET active modes, to one mode of the E form corresponds one
mode of the K form with a substantial similarity value. In particular, it concerns modes 96, 97, and
85 that involve in-plane distortions of the anil and in-plane longitudinal atomic motions, as well as
mode 100. This observation is accompanied by higher intensity values for modes of the E form
than for the K form, except for mode 100, as illustrated in Fig. (IV.11). Concerning modes 96, 97
and 85, this difference of intensity may be explained by the presence of an in-plane bending of the
N-H bond observed in the K forms [Fig. (IV.7)]. Similarly, if one compares the intensity values of
modes 100 in both tautomeric forms the increase of the intensity when going from the E to the K
form is related to the presence of an out-of-plane C-H bendings of ring b in the E form (the

molecule is not planar).
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Fig. IV.11. IET spectrum of the E and K forms of the isolated (left) and sandwiched between Au
electrodes anil derivative (right), calculated at the B3LYP/cc-pVTZ/LANL2DZ level of
approximation. Peaks corresponding to vibrational modes with considerable IET intensity are
numbered.

For the other IET active modes, more than one similarity index is large. Mode 89 of the E
form correlated to modes 88 and 89 of the K form (with similarity values of 0.475 and 0.465,
respectively) illustrates it. The IET activity of mode 89 is therefore attributed to the C-S stretching
motions on both sides inducing longitudinal motions in mode 89, absent in mode 88. Another
example concerns pairs of modes (118,118) and (118,119) for which the IET activity of modes 118
is related to in-phase bending motions of C-H bonds of the two rings.

As observed for the correlation between the vibrational modes of the tautomeric forms of
the isolated species (Section IV.C.2), a few modes of the E form characterized by delocalized
atomic displacements on the whole molecule are correlated with modes whose atomic motions
are localized on one of the two rings of the K form. For the E-form derivative between Au
electrodes, it can be illustrated with mode 114 [Fig. (1V.7)] correlated to modes 113 and 114 of the
K form with similarity values of 0.720 and 0.240, respectively. Indeed, mode 113 (K) involves in-
plane C-H bending motions of ring a combined with C-S stretching, while mode 114 (K) is
characterized by the same motions but localized on ring b. It concerns also mode 130 of the E
form correlated to modes 128 and 129 of the K form that involve the same atomic motions as
mentioned for modes 113 and 114 of form K, respectively. The only difference lays in the absence
of C-S stretching in modes 128 and 129 of the K form, which can be related to the IET-inactivity of
these latter modes.

Considering the vibrational modes involving moieties specific to each tautomeric form, the
sandwiched configurations also present distinguishable signatures. For example, mode 130 of the
K form corresponding to in-phase C=0 and adjacent C=C stretching motions (in ring a) presents the

largest intensity of the whole spectrum. On the other hand, the peak associated to mode 130 of
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the E form appearing at a similar voltage is only six times less intense, what already suggests the
potential interest of using the IET technique as a qualitative analysis tool and encourages future
experimental measurements on this anil derivative. Note that mode 130 of the K form is
correlated to several IET active modes of the E form, for example the C=C stretching observed in
ring a is found in mode 132 and the in-plane bendings of ring b are observed in mode 130. For the
E form, we can also point out the specific modes 131, 132 and 134 [Fig. (IV.7)] characterized by the
in-plane bending motions of the C-O-H groups, while for the K form, we can mention specific
modes 103 and 107 [Fig. (IV.7)] involving in-plane bending motions of the C-N-H group. Even if
these peaks present weaker intensities in comparison to the mode 130 they remain clear
signatures of each tautomeric form.

Finally, as in the previous correlations between the vibrational normal modes of the
isolated and the Au-sandwiched anil molecule, out-of-plane motions remain unfavorable to the IET
activity. It can be illustrated with pairs of modes (108,106) and (108,108), characterized by out-of-
plane motions of the C-H bonds of ring a, associated with an out-of plane bending motion of the
C;-H bond [Fig. (IV.10)].

Thereby, for the two studied configurations of the molecule: isolated and sandwiched
between Au electrodes, the comparison between the IET responses of the E and K forms highlights
significant changes in the peak intensities, meaning that that this technique strongly depends on
the structure and on the molecular conformation. The analysis of the similarity values between
the IET active modes of the E and K forms in these two configurations shows that in-plane
longitudinal atomic motions contribute to the IET activity of vibrational modes and are thereby

associated to the paths that the electrons follow as they traverse the molecular junctions.
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I\/Iod::torr:e(aﬁ()(mV) Modtle(;orr;egi)(mV) E form displacements common to those of the K form SABF (j;//j—\\//:((:))
85 46 85 45 in-plane longitudinal atomic motions 0.920 0.1
88 57 89 57 stretching of the C-S bonds and in-plane C-H bendings of ring b 0.485 0.5
89 58 88 56 out-of-plane bendings of C-H bonds of ring a and of C;-H bond 0.475 0.0
89 57 stretching of the C-S bonds 0.465 0.5
96 81 96 81 in-plane distortions of the anil 0.923 0.5
97 88 97 85 in-plane distortions of the anil 0.918 0.5
100 100 100 98 in-plane distortions of ring a ; in-plane C;-H bending 0.885 6.3
114 133 113 129 in-plane C-H bendings of ring a with a C-S stretching 0.720 0.2
114 132 in-plane C-H bendings of ring b with C-S stretchings 0.240 0.3
118 150 118 150 in-plane C-H bendings of ring b 0.671 0.6
119 153 in-plane C-H bendings of ring b 0.260 0.5
128 182 130 189 in-plane distortions of ring a with C=C stretchings 0.237 76.1
130 188 128 183 in-plane C-H bendings of ring a 0.194 0.5
129 188 in-plane C-H bendings of ring b 0.494 2.0
130 189 in-phase C-H bending displacements on both a and b rings 0.218 5.6
132 196 130 189 in-plane distortions of ring a with C=C stretchings 0.225 82.3

Table IV.8. Similarity $*®F values describing the correlation between the vibrational IET active modes of the E (A) and K (B) forms of the Au-
sandwiched anil molecules. The modes displayed in red and black color refer to modes with a high and weak IET intensity, respectively. The hydrogen
atom migrating during the switching is not considered in the fragment F. The first and third columns display the mode numbers whereas the second
and fourth columns the potential at which they appear. The last column contains the intensity ratios.
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IV.D. Conclusions

The IET spectra of the enol and keto forms of an anil molecular switch have been simulated
from first principles calculations and analyzed with respect to the character of the vibrational
normal modes. When the molecules are sandwiched between Au plates, the dominant IET
signatures appear at very similar voltages for both forms but their intensities are clearly different
(intensity ratios going from 0.1 for mode 85 and 0.5 for modes 96 and 97 to 6.3 for mode 100),
which makes IET an efficient technique to probe the molecular state of switches. Most of these
IET-active modes consist of in-plane molecular motions, C-C and ring stretching as well as C-H
bending motions, and there are little differences between the two forms. Moreover, the IET
activity of vibrational modes involving bending motions of the C-O-H and C-N-H groups,
respectively specific to the enol and keto forms, shows that IET spectroscopy is an efficient
technique to characterize the molecular states of switches. Theoretical calculations have also
shown that the enol form adopts a less planar structure than the keto form.

In addition to be sensitive to the molecular configuration, simulations of IET spectra
highlight the impact of the gold electrodes on the positions and intensities of the vibrational

signatures.
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V. Influence of the contact configuration on the IET signature of
molecular junctions based on hydrocarbon molecules

V.A. Introduction.

The ultimate goal of molecular electronics consists in reducing the size of electronic circuits
to the molecular scale. Considering each individual molecule as a potential independent electronic
component, the characterization of its intrinsic transport properties is essential for the
understanding of charge transport mechanisms to be involved in nanotechnology applications.

A typical unimolecular electronic device is characterized by a molecular junction
constituted by a single molecule embedded between metallic electrodes. Such junction can be
conceptually partitioned into three distinct parts: the molecular core itself and two molecule-
metal contacts, which are respectively situated on each end-side of the core. Note that the
characteristics of these contacts depend on the nature of both the metallic electrodes and the
chemical function connecting the molecular core to the electrodes. These characteristics have a
direct impact on the amount of mixing between the discrete molecular orbitals of the core and the
continuum of electronic states associated to the metal band structure. Therefore, the influence of
the molecule-metal contacts on the current-voltage characteristics is as important as the influence
of the molecular core itself.

So, the I-V characteristics have been proven to depend on several junction parameters
including the intrinsic properties of the molecule such as the molecular Iength[”, the m-conjugated
structure[zl, the molecular conformation[al, but also the orientation of the molecule with respect

] and,

to the electrodes and the electrode-molecule distance[4], the contact bonding naturel®
indirectly, on the precise experimental setup used to obtain the studied junctionle].
Experimentally, the fabrication of unimolecular devices faces two challenges: i) the
functional target molecule is not always easy to synthetize, and ii) the fabricated junction must be
reliable, stable and reproducible. Regarding the additional difficulty of embedding one single
molecule in a junction, some groups proposed to use self-assembled conjugated oligomers as
functional electronic componentsm, and more particularly monolayers formed by the molecular
self-assembly technique[sl. Such self-assembled monolayers (SAMs) have already been exploited in

various areas, finding applications in the fields of nanoelectronics, biosensoring, and surface

engineeringlg].

115



Among the large variety of SAMs, the ones using alkanethiol structures present several
advantages for applications in molecular electronics using gold atoms: i) their structures and
properties are well-known ; ii) they can form strong SAMs on gold surfaces®, acting as an inert
protecting layer against any source of alteration or contamination, even under ambient conditions
; iii) devices using alkanethiol SAMs as a tunneling barrier present stable electron transport
properties over a long period of time (more than several months)[w]. Many studies of alkanethiol
SAMs surface properties have been carried, using various techniques such as IR, Raman'*?, Ssum
Frequency Generation (SFG)[13] or STM™. Kushmerick et al. have proposed the first study using
the IETS technique“s] by setting a crossed-wire junction experiment. Practically, two 10 pum
diameter gold wires (one of them modified with a SAM of the molecule of interest) are connected
to the terminals of a DC generator, placed in an external magnetic field and positioned in a
crossed geometry so that one of the wires is perpendicular to the applied field. The adjustment of
the small current passing through the wire allows to control the distance between the two wires
because of variations of the Lorentz force deflecting the systemlle]. By bringing the two wires
together, this setup allows to produce the conditions where electrons can tunnel from one gold
wire to the other via the SAM tunneling channel.

In this chapter, we focus on the impact of the molecule-metal bonding on the IET response
by analyzing the variation of IET signatures upon modification of the shape and size of the
electrodes in single-molecule junctions using hydrocarbons of interest for molecular electronics.
More precisely, we considered a single 1-undecanethiol molecule (C11) sandwiched between two
gold electrodes, and two m-conjugated molecular junctions based on oligo(phenylene ethynylene)
(OPE) and oligo(phenylene vinylene) (OPV), which have been intensively studied in the
literature™”). In particular, the IET spectra of these three molecules have been measured by

Kushmerick et al.l**! by using a crossed-wire tunnel junction.

V.B. Computational aspects

In this study, the optimizations of the geometrical structures, the vibrational frequencies as
well as the first-order derivatives of the wavefunction with respect to the normal mode
coordinates have been performed using DFT with the B3LYP XC functional. Based on the

I8 we have shown that the cc-pVTZ basis offers a good

observations presented in Chapter Il
compromise between accuracy and computational needs, justifying its use to describe the non
metal atoms while the Au atoms are described with the LANL2DZ pseudo potential basis set. Then

the IET spectra have been simulated by using the QCME code. In order to compare our theoretical
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1. shown in Fig.

simulations to the experimental measurements performed by Kushmerick et a
(V.1) the temperature has been fixed to 4.2K. The results presented in this work have been

obtained for different molecule-metal orientations and are complementary to those obtained by

1 . .
Kula et al.”* who consider more simple gold structures to model the electrodes.
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Fig. V.1. Sketch of the experimental IET spectra of the OPE (a), OPV (b) and Ci;- (c) based
junctions, taken from Ref. [15].

V.C. Effect of junction parameters on the IET response

V.C.1. Investigation of C;;-based junctions

Concerning the Ci; junction, the experimental IET spectrum sketched in Fig. (V.1) is
dominated by an intense peak at 362 mV (2920 cm™) associated to the C-H stretchings of the
terminal CHs group, and is also characterized by three other contributions appearing at 95 mV
(766 cm™), 134 mV (1081 cm™), and 170 mV (1371 cm™) corresponding respectively to CH, rocking
(assigned as “CH, rock”), C-C stretching (“v(C-C)”), and CH, wagging motions (“CH, wag”). Relying

[ [19]

on the conclusion drawn by Kula et al."™™, i.e. the C;; molecule is chemically bonded to only one of

the electrodes, we have simulated three different adsorption configurations represented in Fig.

(v.2).
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Fig. V.2. Representation of the three Cii-based junctions labelled I, Il and lll where the Cy;
molecule is chemically bonded to the source reservoir.
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Configuration | corresponds to the optimized Cy; structure chemically linked to three gold atoms
representing the source reservoir where the sulfur forms a covalent bond with the gold atom of
2.28 A, while for configurations Il and Il an Au(111) surface containing 12 atoms with interatomic
distances of 2.88 A is added with two different tilting angle values with respect to the molecule to
describe the drain reservoir. In the case of the contact configuration Il the C-H bond of the
terminal methyl group closest to the drain reservoir is set parallel to the normal of the gold
surface, while for configuration Ill the normal to the gold surface is set parallel to the average
direction of the longitudinal carbon chain. Since experimental results performed on a series of
hexadecanethiol molecular junctions have shown that the hollow-type bonding is the most

201" \we have imposed in each case the carbon atom of terminal methyl group to be in

probable
hollow position to the Au(111) surface. As we know that the molecule-electrode distance has an
impact on the IET response, we have considered different molecule-drain distances (labeled d in
Fig. (V.2)) which have been defined as the distance between the hydrogen atom of the methyl
group closest to the drain reservoir and the hollow position of the Au(111) surface for consistency
reasons. The peak positions (expressed in mV and cm™), intensities (given in arbitrary units) and
descriptions of the IET active modes calculated at the B3LYP/cc-pVTZ level of approximation for
the three contact configurations I, Il and Ill are reported in Table (V.1).

Concerning the contact configuration | where the methyl group is coupled to a fictive drain
electrode (i.e. the coupling between the molecule and the drain is defined as a constant
parameter set to 0.05 eV), the IET spectrum [Fig. (V.3)] is characterized by three main bands at 90
mV (724 cm™), 151 mV (1249 cm™) and 184 mV (1481 cm™) that are respectively associated to C-S
stretching, CH, wagging, and CH, scissoring motions. The latter corresponds to the major

signature, which is consistent with previous works dedicated to alkanethiols!**?%,
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Contact Peak position Intensity mode
configuration mV cm™ (arb. units) description
90 724 4.26x10™ v(C-S)

I 151 1249 3.74x10™ CH, wag

184 1481 5.29x10™ CH, scis

122 980 2.06x10™"° v(C-C)

d=(1.3A) 170 1373 6.64x10™"° CH, wag

361-376 | 2909-3035 | 8.80x10'%-1.12x10™ v(C-H)

107 864 1.48x10™"° C-H bending

d=(1.4A) 170 1372 8.85x10™° CH, wag

365-377 | 2943-3039 | 3.70x10'%-4.91x10° v(C-H)

. 108 870 2.09x10%° C-H bending
d=(1.5A) | 170 1372 9.58x10°" CH, wag

367-377 | 2964-3044 | 2.78x107°-2.31x107"° Vv(C-H)

-13

4=(1.7A) 90 724 9.35><1o_12 v(C-S)

167 1347 3.54x10 CH, wag

90 724 5.50x10™ v(C-S)

d=(1.9A) 159 1282 1.63x10™" CH, wag

184 1481 4.09x10* CH, scis

134 1082 5.73x10% v(C-C)

d=(1.3A) 168 1359 4.59x10% CH, wag

345 2782 2.82x10™% v(C-H)

135 1090 2.19x10% v(C-C)

d=(1.4A) 168 1356 2.50x10% CH, wag

356 2869 7.64x10™ v(C-H)

m 117 940 1.19x10°% C-H bending

-09

4=(1.7A) 136 1094 1.29><1o_09 v(C-C)

172 1384 1.27x10 CH, wag

368-377 | 2967-3039 | 3.24x10'°-2.99x10*° v(C-H)

90 724 8.01x10™ v(C-S)

d=(1.94) 155 1250 2.27x10™ CH, wag

184 1481 3.06x10™ CH, scis

Table V.1. Peak positions (mV and cm™), intensities (arb. units) and description of the IET active
modes of the Cy;-based junctions calculated at the B3LYP/cc-pVTZ level of approximation for the
three contact configurations I, Il and Ill.
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Wavenumbers (cm")

1000 1500 2000 2500 3000 3500 4000
l CH, scisT T T T T
v(C:s) CH wag/
U]
CH, scis
CH, wag
! () d=1.9 &
u(cs) CH, wag
u(C-s) (I)d=1.7 &

CH, wag

d2I/dV? (arb. unit.)

CH ?end u(C-H) (I d=1.54

CH, wag

u(C-H)
CH Lfend () d=1.4 &
U(C-H)
CH, wag
M () d=1.3 4
1 L L 1 | L

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Voltage (V)

Fig. V.3. IET spectra associated to the contact configuration Il of the Cy;-based junctions for
various molecule-drain distances with respect to the configuration I. The spectra are calculated at
the B3LYP/cc-pVTZ/LANL2DZ level of approximation. The full width at half maximum (FWHM) is
setto 20 mV.

Concerning the adsorption configuration Il, for the smallest molecule-drain distance
d=1.3A we can observe two dominant contributions at 361 mV (2909 cm™) and 376 mV
(3035 cm™), which are associated to the C-H stretchings of the terminal methyl group, and two
other bands are found at 122 mV (980 cm™) and 170 mV (1373 cm™) related to C-C stretching and
CH, wagging motions, as illustrated in Fig. (V.4). When considering a distance d=1.4 A (d=1.5 A) a
band appears at 107 mV (108 mV) and is associated to C-H bending motions as sketched in Fig.
(V.5). We can also observe an increase of the intensity of the band corresponding to the CH,
wagging motions and a decrease of the one associated to the C-H stretchings of the terminal
methyl group. The intensity variation observed for the band associated to the CH, wagging
motions can not be explained by a change of the mode nature since the overlap value between
the pairs of wagging vibrational modes obtained for d=1.3 A and d=1.5 A is equal to 0.997, while
the ones associated to the two modes corresponding to C-H stretchings motions observed
respectively at 361 mV (367 mV) and 376 mV (377 mV) for d=1.3 A (d=1.5 A) are equal to 0.968
and 0.969. For each of these latter modes, the decrease of intensity is related to a smaller

amplitude of the corresponding major stretching motion, as represented in Fig. (V.6).
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Fig. V.4. Sketch of the IET active modes of configuration Il of the Cy1-based junction with d=1.3 A,
calculated at the B3LYP/cc-pVTZ/LANL2DZ level of approximation. In this representation, the
direction of atomic displacements is perpendicular to the junction plane between the two
hemispheres of distinct color, and their amplitudes are proportional to the radius of the sphere.
The sum of the surfaces of the spheres is always constant.
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Fig. V.5. Representation of the C-H bending motions (108 mV/870 cm™) when considering
configuration Il of the Cy;-based junction with d=1.5 A, C-S stretching motions (90 mV/724 cm™)
for d=1.7 A, and CH, scissoring motions for d=1.9 A (184 mV/1481 cm™). These results have been
obtained at the B3LYP/cc-pVTZ/LANL2DZ level of approximation.
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Fig. V.6. Sketch of the C-H stretching motions of contact configuration Il of the Cy;1-based junction
calculated at the B3LYP/cc-pVTZ/LANL2DZ level of approximation with d=1.3 A and d=1.5 A. The
overlap value between the pairs of modes (361 mV/367 mV) and (376 mV/377 mV) are equal to
0.968 and 0.969, respectively.
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When increasing the molecule-drain distance to d=1.7 A and d=1.9 A, a small band at 90
mV (724 cm™) associated to C-S stretching motions appears [Fig. (V.5)], while the band associated
to C-H strechings of the terminal methyl group disappears. Note that, for d=1.9 A, the IET active
modes are similar to the ones observed for the contact configuration I, each spectrum being
dominated by a band at 184 mV (1481 cm™) associated to CH, scissoring motions, as sketched in
Fig. (V.5), while the intensity ordering for the two other contributions (i.e. C-S stretching and CH,
wagging motions) is different.

On the basis of these various IET results [Fig. (V.3)], we have highlighted the influence of
the distance between the terminal methyl group and the drain on the IET response, what has also
been reported in a study performed by Luo’s group[4°] dealing with a decanethiol molecule
sandwiched between Au(111) surfaces. Moreover, the signatures observed for the contact
configuration Il with the smallest molecule-drain distance (d=1.3 A) present a very good
agreement with the experimental data. This is even more remarkable knowing that many
theoretical calculations have failed in reproducing the dominant signature associated to the C-H
stretching motions of the methyl group[21].

When comparing the IET spectra of configuration lll [Fig. (V.7)] to those of configuration Il
[Fig. (V.3)] for a molecule-drain distance d=1.3 A, different IET signatures are observed since the
dominant band is no longer associated to C-H strechings of the terminal methyl group as its
intensity strongly drops, but rather corresponds to the peak appearing at 134 mV (1082 cm™)
associated to C-H bendings localized around the terminal methyl group together with C-C
stretching motions, as sketched in Fig. (V.8). A deeper analysis of the intensities of the peaks
associated to the C-H stretchings of contact configuration Ill reveals that only the mode associated
to the stretching of the C-H bond closer to the drain is always active. Indeed, the mode associated
to the stretchings of the two other C-H bonds of the terminal methyl group only emerges for d=1.7
A with an intensity similar to the former one. This inability to get a consistent information on the
C-H stretching signature in configuration lll proves the strong influence of the orientation of the
molecule with respect to the gold plane on the IET response, as it has already been stressed in a
previous study performed on a series of hexadecanethiol molecularjunctionslzo].

When going from d=1.3 A to d=1.4 A one observes a diminution of the intensity of the
band associated to the C-H bendings localized around the terminal methyl group together with C-C
stretching motions. This is attributed to a smaller amplitude of the bending motions, as illustrated

in Fig. (V.8). This intensity variation is characterized by an overlap value equal to 0.891.

122



Wavenumbers (cm'1)

1000 1500 2000 2500 3000 3500 4000

T CH, stis T T T T

v(C3) CH, wag
U]
CH, scis
CH, wag

u(CS) C-Hutng_rg & (I d=1.9 A
C-H bend CH, wag

IIl) d=1.7 &
u(C-H) (lh d=1.7 &

d?I/dV? (arb. unit.)

C-H bend & CH, wag

u(C-C)
u(C-H) (nyd=1.4 &
C-H bend &

u(C-C)

CH, wag

() d=1.3 &
u(C-H)

1 1 L L —e 1 1

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Voltage (V)

Fig. V.7. IET spectra associated to the contact configuration configuration lll of the C;;-based
junctions for various molecule-drain distances with respect to the configuration I. The spectra are

calculated at the B3LYP/cc-pVTZ/LANL2DZ level. The full width at half maximum (FWHM) is set to
20 mV.
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Fig. V.8. Sketch of the atomic displacements of the modes combining bending motions of the C-H
bonds of the terminal methyl with C-C stretching motions, as calculated for d=1.3 A and d=1.4 A at
the B3LYP/cc-pVTZ level of calculation for the contact configuration Ill of the Ci1-based junction.
The overlap value between the pair of modes (1.3 A /1.4 A) is equal to 0.891.

The comparison of the IET spectra obtained for configurations Il and Il with d=1.9 A shows
similar IET signatures, close to the case of configuration I, thereby highlighting the smaller
influence of the orientation of the molecule with respect to the gold plane on the IET response for

large molecule-drain distances.

V.C.2. Investigation of OPE-based junctions

The experimental spectrum of an OPE-based junction measured by Kushmerick et al. [Fig.
(V.1)] shows three prominent peaks at 138 mV (1114 cm™), 196 mV (1582 cm™) and 274 mV (2211

cm™), which are assigned as the v(18a), v(8a) ring modes and stretching motions of the C=C
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bonds, respectively. At 57 mV (463 cm™) the IET activity of a vibrational mode associated to in-
plane bending motion is also suggested. Following the same procedure as for the C;; molecule,
different contact configurations have been studied in order to evaluate the impact of the bonding
configuration at the molecule-electrode interface on the IET response. The four contact
configurations illustrated in Fig. (V.9) were first considered. They represent the contact of an OPE
structure terminated by thiol (S-H) groups with various shapes of the source electrode.
Configuration | corresponds to the isolated molecule for which we consider a coupling constant
between the molecule and the fictive source electrode equal to 0.05 eV. The B3LYP/cc-
PVTZ/LANL2DZ optimized structure of the OPE molecule chemically linked to 3 gold atoms used to
mimic the shape of a STM tip defines configuration Il, where the sulfur forms a covalent bond with
the gold atom of 2.29 A. Configuration Ill involves an optimized cluster of 13 gold atoms. An
Au(111) surface containing 12 atoms with interatomic distances of 2.88 A which offers a good

42l i used to

compromise between accuracy with experimental results and computational needs
model the source reservoir in configuration IV. In the contact configurations Ill and IV, the sulfur
atom is positioned in a hollow position, and the distances between the hollow site and the sulfur
atoms have been fixed to 1.5 A (configuration Ill) and 3.4 A (configuration IV) after determining
the energetic profile of the molecular system (i.e. we have selected the configuration presenting
the lowest energy with respect to variations of the molecule-electrode distances). More precisely,
in the case of configuration lll the sulfur atom binds covalently to the closest gold atom with a
distance of 2.50 A, while the distance between the sulfur atom and the closest gold atom is equal

to 3.75 A when considering the configuration IV.
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Fig. V.9. Structures of contact configurations I, Il, lll and IV of the OPE-based junctions.

The IET signatures obtained for these molecular systems [Fig. (V.10)] are characterized by
three contributions associated to the v(18a) ring mode together with a stretching of the C-S
bonds, a v(8a) ring mode and the stretching (symmetric and antisymmetric) motions of the C=C
bonds. The corresponding peak positions and intensities are reported in Table (V.2), and the IET

active modes calculated for the isolated molecule are represented in Fig. (V.11). Comparing these
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results with the experimental spectrum in [Fig. (V.1)] leads to a contrasted analysis because theory
correctly predicts which are the IET active but not their relative intensities. Indeed, the peak
intensity of the C=C stretching mode is overestimated. This observation has also been reported in
experimental measurements performed by Yoon et al.”? Note that for the specific case of
configuration Ill additional bands emerge in the 65-105 mV range and are associated to out-of-
plane C-H bending motions. In a second step, the drain electrode was included, under the form of
an Au(111) surface constituted by twelve gold atoms [Fig. (V.12)]. Their IET signatures are
compared to those of drain-less structures [Fig. (V.13)], while the corresponding peak positions
and intensities are reported in Table (V.3). After determining the energetic profiles of molecular
systems V and VI as a function of the molecule-drain distance, the distance between the sulfur
and the hollow site was fixed to 3.80 A in both cases, corresponding more precisely to a distance

between the sulfur atom and the closest gold atom of 4.07 A.
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Fig. V.10. IET spectra of configuration | calculated at the B3LYP/cc-pVTZ level, and of the
configurations II, lll and IV of the OPE-based junctions evaluated at the B3LYP/cc-pVTZ/LANL2DZ
level of calculation. The FWHM is set to 20 mV.
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Fig. V.11. Sketch of the IET active modes of the configuration | associated to the isolated OPE
molecule, calculated at the B3LYP/cc-pVTZ level of calculation.
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Contact Peak positio Intensity .
configuration | mV cm™? (arb. units) mode description

137 | 1109 | 1.39x10™" v(C-S)+ v(18a)
138 | 1111 | 1.40x10™ v(C-S)+ v(18a)
202 | 1629 | 2.01x10™ v(8a)

I 203 | 1636 | 1.99x10™ v(8a)
204 | 1647 | 1.93x10™ v(8a)
284 | 2287 | 3.85x10™ sym v(C=C)
285 | 2297 | 3.82x10™ antisym v(C=C)
135 | 1089 | 3.41x107 v(C-S)+ v(18a)
138 | 1110 | 3.22x10™"° v(C-S)+ v(18a)
201 | 1618 | 1.75x10™ v(8a)

I 202 | 1633 | 1.69x10™" v(8a)
204 | 1646 | 1.59x10™ v(8a)
282 | 2277 | 1.65x10™ sym v(C=C)
284 | 2294 | 1.59x10™ antisym v(C=C)
66 536 6.70x10* out-of-plane C-H bendings
69 556 6.20x10* out-of-plane C-H bendings
91 734 3.57x10* out-of-plane C-H bendings
135 | 1091 | 6.39x107° v(C-S)+ v(18a)
138 | 1110 | 6.04x10 v(C-S)+ v(18a)

i 201 | 1623 | 3.51x10™° v(8a)
202 | 1633 | 3.42x10™° v(8a)
204 | 1646 | 3.22x107° v(8a)
283 | 2285 | 2.71x10™"° sym v(C=C)
285 | 2297 | 2.67x10"° antisym v(C=C)
137 | 1108 | 1.15x107 v(C-S)+ v(18a)
138 | 1110 | 1.15x10™% v(C-S)+ v(18a)
202 | 1628 | 1.51x10™" v(8a)

v 203 | 1635 | 1.50x10™"* v(8a)
204 | 1647 | 1.45x10™" v(8a)
284 | 2287 | 2.75x10™2 sym v(C=C)
285 2297 2.72x10™" antisym v(C=C)

Table V.2. Peak positions (mV and cm™), intensities (arb. units) and descriptions of the IET active
modes of contact configurations |, II, lll, and IV of the OPE-based junctions.
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Fig. V.12, Structures of contact configurations V, VI, VIl and VIII of the OPE-based junctions.
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Contact Peak positio ) ) o
configuration | mv . Intensity (arb. units) mode description
60 485 9.78x10™ v(Au-S) & long. motions
75 607 1.94x10%° v(C-S) & long. motions
87 701 2.22x10™"° v(C-S) & ring distortions
v 95 763 1.60x10™"° v(C-S) & ring distortions
135 | 1089 2.30x10™ v(C-S)+ v(18a)
137 | 1109 2.15x10™ v(C-S)+ v(18a)
188 | 1515 5.82x10™ C-H bendings & v(C-S)
189 1526 5.76x10™ C-H bendings & v(C-S)
60 486 4.17x10™" v(Au-S) & long. motions
75 606 3.23x10™ v(C-S) & long. motions
87 700 1.80x10" v(C-S) & ring distortions
95 763 1.33x107%° v(C-S) & ring distortions
135 | 1091 1.24x10" v(C-S)+ v(18a)
VI 137 | 1109 1.28x10" v(C-S)+ v(18a)
188 | 1518 8.84x10™" C-H bendings & v(C-S)
189 | 1527 8.98x10™ C-H bendings & v(C-S)
201 | 1623 5.53x10™ v(8a)
202 | 1632 5.20x107"° v(8a)
204 | 1646 4.66x10" v(8a)
58 469 7.97x10™"3 v(Au-S) & long. motions
74 597 1.12x10*? v(C-S) & long. motions
86 691 9.11x10™" v(C-S) & ring distortions
Vi 131 | 1058 1.20x10*? v(C-S)+ v(18a)
132 | 1061 1.20x10*? v(C-S)+ v(18a)
187 | 1510 3.96x10™ C-H bendings & v(C-S)
188 | 1513 3.96x10™" C-H bendings & v(C-S)
75 605 1.48x10*? v(C-S) & long. motions
87 700 2.19x10™ v(C-S) & ring distortions
95 763 1.78x10*? v(C-S) & ring distortions
128 | 1035 2.11x10? C-C-C & C-H bendings
vill 137 | 1108 3.26x10'z v(C-S)+ v(18a)
137 | 1109 3.26x10° v(C-S)+ v(18a)
189 | 1521 5.89x10™*2 C-H bendings & v(C-S)
190 | 1529 5.99x10™*2 C-H bendings & v(C-S)
202 | 1628 3.98x10™ v(8a)
203 | 1635 3.81x10™ v(8a)

Table V.3. Peak positions (mV and cm™), intensities (arb. units) and descriptions of the IET active

modes of the OPE-based junctions for contact configurations V, VI, VII, and VIII.
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Fig. V.13. IET spectra of configurations Il, V, Ill and VI of the OPE-based junctions calculated at the
B3LYP/cc-pVTZ/LANL2DZ level of calculation. The FWHM is set to 20 mV.

The analysis of the IET spectra of configurations Il and V shows that the addition of the

drain electrode modifies significantly the IET response. Indeed, only the modes associated to the

stretching of the C-S bond together with the v(18a) ring motion are found for both systems,

emerging at 135 mV and 138 mV (configuration Il) and at 135 mV and 137 mV (configuration V).

Then, the dominant band associated to the C=C bonds disappears when adding the Au(111)

surface to define the drain, while intense bands appear in the 60-95 mV range, the most intense

observed at 87 mV (701 cm™) is associated to C-S stretching motions together with ring distortions

[Fig. (V.14)].
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Fig. V.14. Sketch of the IET active modes of the contact configuration V of the OPE-based junction,
calculated at the B3LYP/cc-pVTZ/LANL2DZ level of approximation.
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Similar observations can be made when comparing configuration VI with configuration Ill. Adding
the drain electrode leads to the apparition of prominent bands associated to C-S stretching
motions together with C-H bendings at 188 mV (1518 cm™) and 189 mV (1527 cm™), as illustrated
in Fig. (V.15), as well as an increase of the intensity of the bands related to the v(8a) ring mode
emerging at 201 mV (1623 cm™), 202 mV (1633 cm™) and 204 mV (1646 cm™). For the latter case,
the intensity variation is not attributed to changes of the vibrational normal modes since the
overlap values between the different pairs of modes are larger than 0.998. These observations are

191 considering two different contact configurations of

consistent with simulations of Kula et al.
OPE-, OPV- and C;;-based junctions: the first one is characterized by a sulfur atom binding over the
middle of a triangular gold trimer (representing a bond over the hollow site of an Au(111) surface),
while in the second case the sulfur atom is bonded to the outermost Au atom of a linear gold
trimer (representing an ideal gold wire). They have stressed the absence of contribution of the

v(C=C) mode, as well as the observation of v(Au-S) at low voltages and the significant contribution

of v(C-S) which is also predicted by the theoretical investigation of Paulsson et al.121,
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Fig. V.15. Sketch of the IET active modes of the contact configuration VI of the OPE-based
junction, calculated at the B3LYP/cc-pVTZ/LANL2DZ level of calculation.
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Theoretical and experimental investigations have proven that when embedding a sulfur
terminated molecule between two gold electrodes, gold-thiol and gold-thiolate interfaces can
potentially coexist. Indeed, the energy of these two kinds of systems are very similar, and the S-H
bond can remain reasonably strong even if the sulfur is involved in a S-Au bond?®. The IETS
technique can be useful to distinguish the thiol and thiolate forms by identifying features specific
to the thiol hydrogen atom. We have therefore considered the two contact configurations VII and
VIl represented in Fig. (V.12) where the sulfur atoms are anchored in hollow position, the
distance between the hollow site and each sulfur atom being fixed to 3.4 A, corresponding more
precisely to a distance between the sulfur atom and the closest gold atom of 3.72 A.

The IET spectrum of configuration VII involving the molecule terminated by a thiolate
group [Fig. (V.16)] is characterized by five intense IET active modes: the most intense being
associated to stretching of the C-S bond together with v(18a) ring motions appear at 131 mV
(1058 cm™) and 132 mV (1061 cm™), followed by peaks appearing at 74 mV (597 cm™) associated
to v(C-S) and longitudinal motions, the peak observed at 86 mV (691 cm™) being associated to v(C-
S) and ring distortions, and the one found at 58 mV (469 cm™) related to v(Au-S) and longitudinal
motions. The smallest contributions appearing at 187 mV (1510 cm™) and 188 mV (1513 cm™)
correspond to C-H bending motions together with C-S stretchings. The corresponding modes can

be visualized in Fig. (V.17).
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Fig. V.16. IET spectra of the contact configurations VII and VIII of the OPE-based junctions,
calculated at the B3LYP/cc-pVTZ/LANL2DZ level of calculation. The FWHM is set to 20 mV.
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Fig. V.17. Sketch of the IET active modes of the contact configuration VIl of the OPE-based
junction, calculated at the B3LYP/cc-pVTZ/LANL2DZ level of calculation.

By analyzing the IET spectrum of contact configuration VIII involving the molecule
terminated by thiol functions, we can observe similar signatures to the case of configuration VIl in
terms of nature of the IET active modes [Fig. V.18], but the relative intensities are different: e.g.
the mode associated to C-S bond together with v(18a) ring motions dominates the spectrum
relative to configuration VII, while the major contribution to the spectrum of configuration VIl is
associated to C-H bending motions together with C-S stretchings. These important variations can
be explained by considering the distortion of the conjugated path due to the vibrational motions.
Taking the example of the modes appearing at 131 mV (configuration VII) and 137 mV
(configuration VIII) whose intensity decrease when removing the thiol hydrogen (i.e. it is the major
contribution for the configuration VII), we can observe a variation of the nature of the vibrational
modes characterized by an overlap value equal to 0.547 [Fig. V.19]. This small value can be
attributed to the change in the deformation of the conjugated path: i) the stretching motions of
the carbons in position 3 and 5 (on both sides of the molecule) follow the direction of C=C bonds
(and therefore of the conjugation path) in configuration VII, while they follow the direction of C-H
bonds in configuration VIII ; ii) the elongation of the C4-C;-Cg-Cqy bridge between these terminal
and central phenyl rings is stronger in the case of configuration VIII. These two contributions lead
to a greater deformation of the conjugated path in the case of configuration VIII, what could
explain the decrease of the relative intensity of the peak associated to this mode. However, in the

case of the ones observed in the 58-87 mV range, the decrease of their relative intensities can not
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be explained in terms of changes of the vibrational normal modes since the overlap values
between the VII/VIII pairs of modes (74 mV/75 mV) and (86 mV/87 mV) are higher than 0.99.

We can finally notice the apparition of two new bands associated to C-C-C bendings and C-
H bending motions (128 mV) and to the v(8a) ring motions (202 mV and 203 mV), as sketched in
Fig. (V.18). These results highlight the impact of the thiol hydrogen on the IET signatures, what is

consistent with the previous work of Demir et al.l24

. A way to improve the accuracy of the
calculated relative intensities would be to take into account the deformation of the molecular
structure in experimental conditions, for example when making the molecule-electrodes contact.
Therefore we could consider more than one conformation for each studied contact configuration,

[25]

following the same approach as the one adopted by Das'”™ in a recent theoretical study dealing

with OPE and OPV molecules.
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Fig. V.18. Sketch of the IET active modes of the contact configuration VIII of the OPE-based
junction, calculated at the B3LYP/cc-pVTZ/LANL2DZ level of calculation.
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Fig. V.19. Illustration of the B3LYP/cc-pVTZ/LANL2DZ bending motions of the C-H bonds associated
with C-S stretching motions of contact configurations VIl and VIIlI of the OPE-based junctions
observed at 131 mV (1058 cm™) and at 137 mV (1108 cm™), respectively. The overlap value
between the pair of modes is equal to 0.547.

As an intermediate conclusion, we can mention that the dominant signatures found for
each contact configuration are consistent with the IET theorym], vibrational motions parallel to
the direction of the conjugated path have larger IET intensities. Indeed, the v(C=C) mode is

associated to the dominant signature for the drain-less configurations I, Il, lll and IV, while for

configurations V, VI, VIl and VIII C-S stretching motions provide the most intense IET bands.

V.C.3. Investigation of OPV-based junctions

The experimental spectrum of the OPV molecule shown in Fig. (V.1) is characterized by two
major bands attributed to the v(18a) ring motion (134 and 144 mV) and to the v(8a) ring motion
together with C=C stretchings (195 mV). Weaker C-H out-of-plane bending motions and v(15)
stretchings of the phenyl rings are also observed at 96 mV and at 174 mV, respectively.
Consistently with the investigation of OPE-based junctions, we have first considered four drain-
less contact configurations [Fig. (V.20)]. The B3LYP/cc-PVTZ/LANL2DZ optimized structure of the
OPV molecule chemically linked to 3 gold atoms used to mimic the shape of a STM tip defines
configuration Il, where the sulfur forms a covalent bond with the gold atom of 2.29 A. In the
contact configurations Ill and IV, the sulfur atom is positioned in a hollow position, and the
distances between the hollow site and the sulfur atoms have been fixed to 1.5 A (configuration IIl)
and 3.4 A (configuration IV) after determining the energetic profile of the molecular system. More
precisely, in the case of configuration lll the sulfur atom binds covalently to the closest gold atom
with a distance of 2.37 A, while the distance between the sulfur atom and the closest gold atom is
equal to 3.65 A when considering the configuration IV. The corresponding IET spectra are shown in
Fig. (V.21), and the peak positions and intensities are reported in Table (V.4). Two systematic
signatures are observed [Fig. (V.22)]: the most intense is associated to v(8a) ring motions together
with C=C stretchings and emerges around 209 mV, and the second associated to C-H bending
motions appear around 169 mV. Configuration Il is however the only one to exhibit a band

associated to v(18a) ring motions associated with C-S stretchings. Such decrease can be attributed
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to the smaller amplitude of the longitudinal motion associated to the C-S stretchings [Fig. (V.23)],

which plays a major role in the coupling between the source reservoir and the molecule and

thereby modulates the IET intensity. The comparison of the IET spectra with the experimental

measurements shows that contact configuration Il provides the best agreement in terms of

reproducibility of both the IET active modes and their relative intensities.

Contact Peak positio Intensity o
configuration | mV cm? (arb. units) mode description
138 | 1115 | 1.72x107 v(C-S)+ v(18a)
138 | 1115 | 1.72x1073 v(C-S)+ v(18a)
149 | 1198 | 2.37x10™ | C-H bendings & v(C-C)
| 169 | 1361 | 3.17x1073 C-H bendings
201 | 1624 | 1.21x10™" v(8a)+ v(C=C)
209 | 1683 | 1.51x10™* v(8a)+ v(C=C)
209 | 1683 | 1.51x10™* v(8a)+ v(C=C)
136 | 1092 | 2.19x1073 v(C-S)+ v(18a)
138 | 1115 | 2.12x1073 v(C-S)+ v(18a)
148 | 1196 | 1.48x10™ | C-H bendings & v(C-C)
1 168 | 1356 | 1.45x10** C-H bendings
199 | 1608 | 2.73x10* v(8a)+ v(C=C)
208 | 1674 | 1.95x10™" v(8a)+ v(C=C)
208 | 1681 | 1.85x10™ v(8a)+ v(C=C)
136 | 1095 | 1.89x10™* v(C-S)+ v(18a)
138 | 1114 | 2.06x10™ v(C-S)+ v(18a)
149 | 1198 | 2.55x10™ | C-H bendings & v(C-C)
m 169 | 1362 | 3.34x10™ C-H bendings
201 | 1618 | 8.03x10™ v(8a)+ v(C=C)
209 | 1682 | 9.56x10™* v(8a)+ v(C=C)
209 | 1683 | 9.53x10™ v(8a)+ v(C=C)
138 | 1113 | 1.30x10™ v(C-S)+ v(18a)
138 | 1115 | 1.30x10™ v(C-S)+ v(18a)
149 | 1198 | 1.68x10™ | C-H bendings & v(C-C)
WY 169 | 1361 | 2.11x107 C-H bendings
201 | 1623 | 6.67x10™ v(8a)+ v(C=C)
209 | 1683 | 7.75x10™ v(8a)+ v(C=C)
209 | 1683 | 7.75x10™ v(8a)+ v(C=C)

Table V.4. Peak positions (mV and cm™), intensities (arb. units) and descriptions of the IET active

modes of the OPV-based junctions for the four contact configurations I, II, lll, and IV.
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Fig. V.21. |IET spectra of the configuration | calculated at the B3LYP/cc-pVTZ level and of the
configurations Il, Ill and IV of the OPV-based junctions evaluated at the B3LYP-cc-pVTZ/LANL2DZ
level of calculation. The FWHM is set to 20 mV.
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As observed in the case of the OPE-based junctions, the addition of the Au(111) surface to
represent the drain reservoir [Fig. (V.24)] leads to significant variations of the IET response [Fig.
(V.25)], and their corresponding peak positions and intensities are reported in Table (V.5). Let us
first consider the molecular systems V and VI, for which the distance between the sulfur and the
closest gold atom is 4 A on the basis of energetic profiles studies. The major signature associated
to v(8a) ring motions together with C=C stretchings and the band associated to C-H bending
motions become inactive with respect to configuration Il and Ill, while C-S stretchings and ring
distortions observed at 85 mV (sketched in Fig. (V.26) and Fig. (V.27)) dominate the spectrum. In
addition, the comparison of the IET responses of configurations Il and V shows a decrease of the
relative intensity of the band associated to v(18a) ring motions together with C-S stretchings
which is not related to a change of the nature of the vibrational modes since the correlation
between the II/V modes provides overlap values equal to 1. Finally, we note that the high
similarity between the IET spectra of configurations V and VI suggests that, in this case, the shape

of the source electrode (triangular gold trimer vs. cluster of 13 gold atoms) does not affect the IET

response.
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Fig. V.24. |ET spectra of the contact configurations V, VI, VII and VIII of the OPV-based junctions,
calculated at the B3LYP/cc-pVTZ/LANL2DZ level of calculation.
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Contact Peak positio Intensity o
configuration | mV cm™® (arb. units) mode description
73 590 1.60x10™*° v(C-S) & long. motions
85 685 3.19x10™° v(C-S) & ring distortions
v 88 709 3.10x10™%° v(C-S) & ring distortions
135 | 1092 2.32x10™ v(C-S)+ v(18a)
138 | 1114 2.13x10™ v(C-S)+ v(18a)
73 589 8.28x10™ v(C-S) & long. motions
85 683 1.65x107™ v(C-S) & ring distortions
VI 88 708 1.59x10* v(C-S) & ring distortions
136 | 1095 1.01x10*? v(C-S)+ v(18a)
138 | 1114 9.54x10™ v(C-S)+ v(18a)
54 436 4.33x10™" v(Au-S) & long. motions
72 580 6.53x10™"3 v(C-S) & long. motions
83 673 1.03x10™ v(C-S) & ring distortions
Vil 87 698 9.73X1sz v(C-S) & ring distortions
131 | 1059 9.62x10 v(C-S)+ v(18a)
132 | 1064 9.61x10™ v(C-S)+ v(18a)
188 | 1516 2.69x10™2 C-H bendings & v(C-S)
188 1519 2.69x10™"3 C-H bendings & v(C-S)
85 683 6.32x10™2 v(C-S) & ring distortions
88 708 6.22x10™2 v(C-S) & ring distortions
128 | 1032 4.60x10™"2 C-C-C & C-H bendings
138 | 1113 3.17x10™ v(C-S)+ v(18a)
Vi 138 | 1113 3.17x10™* v(C-S)+ v(18a)
190 | 1530 6.82x10™2 C-H bendings & v(C-S)
190 | 1531 6.82x10™2 C-H bendings & v(C-S)
202 | 1633 4.10x10™ v(8a)
204 | 1645 3.76x10™" v(8a)

Table V.5. Peak positions (mV and cm™), intensities (arb. units) and descriptions of the IET active

modes of the OPV-based junctions for the four contact configurations V, VI, VII, and VIII.
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Fig. V.25. |IET spectra of the configurations V, Il, VI and lll of the OPV-based junctions calculated at
the B3LYP-cc-pVTZ/LANL2DZ level of calculation. The FWHM is set to 20 mV.
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Fig. V.27. lllustration of the IET active modes of the configuration VI of the OPV-based junction
calculated at the B3LYP/cc-pVTZ/LANL2DZ level of calculation.

In addition to these calculations, we have evaluated the effect of the thiol hydrogen on the
IET signatures by comparing the responses of molecular systems VIl and VIII represented in Fig.
(V.24), for which the sulfur atoms are anchored in hollow position (the distance between the
sulfur atom and the closest gold atom being equal to 3.5 A). As observed in the case of the OPE-
based junctions, the IET spectroscopy can be useful for identifying the presence of the hydrogen
characteristic of the terminal thiol groups anchored to the gold surfaces. Indeed, even if both
spectra are dominated by C-S stretchings and ring distortions (respectively found at 83 mV and 85
mV for configurations VII and VIII), differences in the IET signatures may be observed [Fig. (V.28)].
The IET active modes of these configurations are presented in Figs. (V.29) and (V.30). In the case of
configuration VIII characterized by a thiol-terminated OPV structure two IET active modes emerge.
They correspond to C-C-C- and C-H bending motions (128 mV) and to v(8a) ring motions (202 and
204 mV) [Fig. (V.30)]. We can notice that such variation already occurred in the case of the analog
OPE-based junction (configuration VIII). Among the common IET active modes, we can make
similar observations with respect to the case of OPE-based junctions. Indeed, the relative intensity
of the band associated to C-S stretchings together with v(18a) ring motions (observed at 132 mV
VII and 138 mV VIII) decrease for configuration VIII characterized by thiol-terminated structures,
what can again be rationalized by the larger deformation of the conjugated path in this case [Fig.
(V.31)]. On the other hand, the relative intensity of the band corresponding to C-H bendings
together with C-S stretchings (observed at 188 mV (VII) and 190 mV (VIN)) increase for
configuration VIII, and is associated to a larger amplitude of the motion of carbon atoms in the
direction of the conjugated path [Fig. (V.31)]. The distinction of the thiol- and thiolate structures

on the basis of their IET signatures is therefore straightforward.
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Fig. V.28. IET spectra of the contact configuration VII and VIII of the OPV-based

calculated at the B3LYP/cc-pVTZ/LANL2DZ level of calculation.
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Fig. V.31. Illustration of i) the B3LYP/cc-pVTZ/LANL2DZ v(18a) ring motions associated with C-S
stretchings of contact configurations VII and VIII of the OPV-based junctions observed at 132 mV
(1064 cm™) and at 138 mV (1113 cm™), respectively ; ii) the B3LYP/cc-pVTZ/LANL2DZ C-H bending
motions associated with C-S stretchings observed at 188 mV (1519 cm™) for configuration VII and
at 190 mV (1531 cm™) for configuration VIII of the OPV-based junctions. The overlap values

between the VII/VIII pair of modes are equal to i) 0.750 and ii) 0.779.
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V.D. Conclusions

On the basis of these results, we can draw some conclusions. In the case of a Cq;-based
junction we showed that two factors can have a significant impact on the IET response: i) the
orientation of the molecule with respect to the electrode planes, and ii) the molecule-drain
distance. We also showed that the differences in IET signature tend to vanish when increasing the
molecule-electrode distance, independently of the molecular orientation. Among the set of
studied configurations, we found that configuration Il with d=1.3 A provides the best agreement
with experimental measurements. This observation is of great interest to propose which
configuration may better correspond to the experimental setup, since we know that the IET
spectroscopy is sensitive to the junction configuration and previous investigations on other
geometries have often shown a neat underestimation of the peak corresponding to C-H
stretchings of the terminal methyl group. Our results on the configuration consisting of a gold-
trimer source electrode are consistent with the investigation of Kula et al., who already observed
that the C;; molecule is chemically bonded via the anchoring thiol group to a gold trimer
electrode.

Considering conjugated molecular cores, e.g. the OPE and OPV structures, we observed via
the investigation of drain-less configurations that the shape of the source reservoir does not affect
much the IET response, except in the case of the OPV configuration Il for which we notice a
greater contribution of the mode associated to C-S stretchings and v(18a) ring motions. This
specific feature originates from the larger amplitude of the longitudinal C-S stretching motion
involved in the molecule-metal coupling. Moreover, this configuration leads to the best agreement
with experiment.

The study of drain-including configurations has shown that the explicit description of the
drain electrode affects significantly the IET responses. Indeed, only the bands relative to C-S
stretchings together with v(18a) ring modes are active for all the contact configurations. Upon the
addition of the drain reservoir, longitudinal C-S stretching motions are involved in all the modes
presenting the major contribution to each IET spectrum. Note that, in the case of the OPE-based
junction, none of the studied configurations can be associated to the experimental response.
However, the latter can be viewed as an intermediate situation between the signatures obtained
for configurations IV and VIII (i.e. the drain-less and drain-including structures for which every
electrode is represented by Au(111) surfaces). It could therefore be interesting to investigate

further the influence of the junction asymmetry on this response by varying the molecule-drain
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distance, in order to verify if such an intermediate configuration matching the experimental
spectrum can be identified.

The IET spectroscopy can be useful to determine the experimental structure involved in the
molecule-metal junction, i.e. it allows to differentiate thiol- and thiolate-terminated molecules.
The comparisons of the IET signatures of configurations VII and VIII for both systems present
several similarities: indeed, some modes (all involving C-S stretching motions) are common to all
the configurations even if they present different relative intensities, while two bands involving CCC
bendings together with C-H bending motions and v(8a) specifically emerge for thiol-terminated
configurations VIII. We also suggested that the intensity variations of the common modes can be
rationalized considering the propensity of the atomic motions involved in each vibrational mode

to follow the direction of the conjugated path or to deform it.
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VL. Inelastic Electron Tunneling of Cg, on gold surfaces from first
principles calculations

VI.A. Introduction

Among promising candidates for the development of new functional materials, fullerene-
based nanojunctionsm have been intensively investigated over the last decade due to their
interesting properties, such as a high symmetrylz] which defines a large number of degenerate
electronic and vibrational levels, an efficient charge conduction,B] etc... The interest of using
fullerene-based devices as functional units in electronic circuits, e.g. electrical amplifiers,[4] single
transistors,[S] molecular switches,[e] or sensors!’) has been proved in the literature, and thereby
encourages the development of future nanodevices.

The design of such systems is however hindered by practical difficulties related to the
control of the contact between the functional molecule and the metallic electrodes, as it greatly

affects the transport properties[sl.

In order to get an accurate description of the molecular
junctions at the atomic scale, different experimental techniques and theoretical methods have
been developed[9] to study the relationships between the interactions at the interface, the
tunneling charge carriers, the vibrational signatures, and the charge transport characteristics.
Scanning Tunneling Microscopy (STM) has appeared as a powerful analysis tool since the
first studies on the electrical contact of a single-Cso molecule adsorbed on a Au(110) surface
because it provides information about the molecular orientations and electronic properties[lol.
Moreover, it has evidenced the ability of Cso to act as an efficient electromechanical amplifier
under the mechanical deformation exercised by the metallic tip[4b]. Studies based on STM
measurements are however limited by the asymmetric contacts and the difficulties to maintain a
stable chemical bond between the molecule and the metallic tip when working at room
temperature. The experimental conditions can be improved by the introduction of the

M1 which offers a huge control and

Mechanically Controllable Break Junction (MCBJ) technique,
tunability of the contact size, and enhances the reproducibility and mechanical stability of a single
contact configuration, allowing to carry multiple measurements over several hours and thereby to
provide highly reliable conductance results.

The Inelastic Electron Tunneling Spectroscopy (IETS) technique[12] introduced in Chapter |

probes the molecular structure of the junction by detecting the inelastic interactions between the

tunneling electrons and the vibrational modes of the molecule, and emerged as a powerful tool to
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identify and characterize vibrational signatures of single-molecular contacts. Its high sensitivity to
the contact geometry and to the molecular orientation with respect to the metallic electrodes can
provide structural information on the molecular junction,m] and enables to ascertain that the
molecule is inside the junction and participates to the conduction process. Studies based on the
combination of the IET spectroscopy with the MCBJ technique have shown the possibility to get
specific fingerprint information of a controlled contact geometry.[”’]

Here, we report theoretical simulations of the IET spectra of a single Csp molecule
embedded between two gold electrodes. In particular, we focus on the effects i) of the molecular
orientation of the Csg molecule on the gold electrode plane and ii) of the molecule-electrode
distance on the IET response. These results are compared to recent experimental measurements

using a MCBJ device.™!

VI.B. Theoretical and Computational aspects

In our calculations, the scattering region (i.e. the extended molecule) is represented by a
single Cso molecule sandwiched between two gold electrodes. Each of them is described as an
Au(111) surface containing 12 atoms with interatomic distances of 2.88 A. This size of electrodes

has been proved to reproduce correctly experimental results™*®

, and provides a good compromise
between accuracy and computational needs. Geometry optimizations, vibrational frequencies as
well as the first-order derivatives of the wavefunction with respect to the normal coordinates
were performed at the density functional theory (DFT) level. In a recent investigationm] (reported
in Section Ill) we have shown the adequacy of using a double-{ (cc-pVDZ) basis set with respect to
more extended basis sets like the triple-{ cc-pVTZ to describe the vibrational modes of the organic
junction. This was combined with the LANL2DZ pseudo potential basis set for describing the gold
atoms. The effect of adding dispersion corrections to the XC functionals, recommended for
applications where non-covalent interactions are expected to be significant, has been analyzed by
comparing the IET responses obtained with the traditional B3LYP XC functional and with B3LYP
including Grimme’s D3 atom-atom dispersion corrections with Becke-Johnson dampingm].
Following the molecular properties calculation, the density current through the molecular junction

is obtained by using the QCME code. In the IET simulation, the temperature is fixed to 10K and the
full width at half maximum (FWHM) of the IET spectra to 20 cm™.

The analysis of the modifications of IET active vibrational modes observed by changing the

molecule-electrode distances (dispersion corrections in the B3LYP XC functional) was performed
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(91 \which determines the mode overlaps. So, for a fragment F, the

by using the PyVib2 program,
O;\,BP'F overlap between mode p’ of molecular junction A (XC functional A) and mode p of molecular

junction B (XC functional B) is defined as the square of the scalar product between the two normal

modes:

p'p

ABF _ [ ~AF
0 —<Qp,

2
Q¥ >2 - (EQ;@Q;‘,)

Q,,, is the mass-weighted Cartesian displacement of atom i in direction o for the pth normal

3N 2
mode. Each Q_ is normalized so that E (Qiap) =1. The overlaps are dimensionless and their

values range from O to 1.
VI.C. Results and discussion

Two major junction parameters modulating the IET intensity have been analyzed: i) the
orientation of the Cg molecule on the gold electrode plane and ii) the molecule-electrode
distance. Concerning the first, Wang et al.”” have evidenced by performing DFT calculations that
the energetically preferred adsorption configuration corresponds to a hexagon of Cg aligned
parallel to the Au(111) surface and centered on an hcp site. In this study, to highlight the
sensitivity of IETS to the adsorption configurations, four different orientations of the Csg molecule
are tackled and they correspond to i) two hexagons (on both sides) of Cgp aligned parallel to the
surface and centered on an hcp site ii) two pentagons of Cgp aligned parallel to the surface and
centered on an hcp site iii) two 6:6 ring bonds (hexagon:hexagon) parallel to the surface and
centered on an hcp site, and iv) two 6:5 ring bonds (hexagon:pentagon bond) parallel to the
surface and centered on an hcp site. Figure (VI.1) displays these four orientations, which are
respectively labeled H, P, H-H and H-P. The forthcoming analysis starts with the IET responses for
the H adsorption configuration and the study of (i) the influence of the molecule-electrode
distance on the IET response, and (ii) the impact of adding dispersion corrections in the XC
functional. Then, the effect of the orientation of the molecule on the gold electrode is addressed
by analyzing the IET spectra obtained for the P, H-H, and H-P adsorption configurations with

different molecule-electrode distances.
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Fig. VI.1. Representation of the top and side views of the different adsorption configurations (H, P,
H-H and H-P) of the Cgo molecule between Au electrodes.

VI.C.1. Analysis of the IET response in the H adsorption configuration by varying the
molecule-electrode distance.

First the equilibrium distance between the Cgo molecule and the Au electrodes has to be
determined. This is achieved by evaluating the energy profile as a function of the C¢o molecule-
electrode distance. In the H adsorption configuration this is the distance between the center of
the hexagon (aligned parallel to the Au(111) surface) and the hcp site of the Au(111) surface. It is
observed that the molecular junction becomes stable when the C¢o molecule-electrode distance is
2.8 A when using B3LYP(D) (3.2 A with B3LYP). These observations are in good agreement with
experimental and theoretical studies that have evidenced that Cgg is tightly held on gold by van
der Waals interactions with an equilibrium distance from the center of the C¢o molecule to the
gold surface of about 6.2 A.*Y The distance between the Cg center and any hexagon center
amounts to 3.3 A. However, it is expected that this distance varies in real devices as a function of
the surrounding effects, which implies a study of the influence of the molecule-electrode distance
on the IET response. So, IET spectra calculated at the B3LYP/cc-pVDZ/LANL2DZ level are
represented in Fig. (VI.2) for C¢ molecule-electrode distances ranging from 2.0 A to 4.0 A. The
vibrational frequencies (cm™) and corresponding transition potentials (mV), and the IET intensities
(arb. units) of the dominant vibrational modes are reported in Tables (VI.1-7). Note that modes
which are not labeled in our tables are not correlated with the modes found for the equilibrium

distance d=2.8 A we have considered as references.
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Fig. VI.2. IET spectra of the H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ (red line) and
B3LYP(D)/cc-pVDZ/LANL2DZ (black line) levels of approximation by considering molecule-
electrode distance values ranging from 2.0 A to 4.0 A.

Peak # Frequency (cm™) Potential (mV) Intensity (arb. units.) Relative Intensity
A 344 43 5.45x10® 0.122
B 416 52 2.48x107 0.554
D 526 65 4.48x10” 1.000
E 594 74 3.90x10” 0.871
F 779 97 7.04x10°® 0.157
G 999 124 1.25x10% 0.028
- 1139 141 1.84x10® 0.041
| 1233 153 1.08x10® 0.024

Table VI.1. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ
level of approximation, for d=2.0 A. Note that modes which are not labeled in our tables are not
correlated with the modes found for the equilibrium distance d=2.8 A we have considered as
references.
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Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

A 296 37 6.59x10™° 1.000
B 374 46 6.22x10™%° 0.944
C 437 54 4.28x10™ 0.065
D 503 62 2.30x10™"° 0.349
E 589 73 2.39x10™° 0.363
F 784 97 6.93x10™ 0.105
G 989 123 3.29x10™" 0.050
H 1114 138 4.67x10™"* 0.071
I 1214 151 9.44x10™* 0.014

Table VI.2. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ
level of approximation, for d=2.4 A.

Peak # Frequency (cm™) Potential (mV) Intensity (arb. units.) Relative Intensity

A 281 35 1.97x10"? 1.000
B 366 45 1.32x10? 0.670
C 437 54 1.26x10™" 0.064
D 501 62 3.53x10™ 0.179
E 591 73 3.66x10™ 0.186
F 787 98 1.31x10™" 0.066
G 985 122 6.00x10™ 0.030
H 1104 137 9.15x10* 0.046
I 1208 150 2.84x10" 0.014

Table VI.3. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ
level of approximation, for d=2.8 A.

Peak#  Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

A 272 34 3.20x10™" 1.000
B 360 45 1.39x10™" 0.434
C 437 54 1.51x107*° 0.047
D 500 62 3.65x10™° 0.114
E 591 73 3.71x10°% 0.116
F 788 98 8.11x10™Y 0.025
G 983 122 5.67x10™" 0.018
H 1101 137 1.43x10* 0.045
I 1207 150 6.40x10™"/ 0.020

Table VI.4. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ
level of approximation, for d=3.2 A.
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Peak#  Frequency (cm™) Potential (mV) Intensity (arb. units.) Relative Intensity
J 1279 159 1.04x10™" 0.098
K 1337 166 4.59x10™ 0.043
L 1372 170 8.18x10™ 0.077
M 1468 182 1.06x10™"2 1.000
N 1511 187 1.62x10" 0.153
o 1539 191 2.61x10™" 0.246
P 1568 194 2.39x10"3 0.225
Q 1608 199 7.60x10™ 0.717
R 1617 200 7.78x10™ 0.734

Table VI.5. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ
level of approximation, for d=3.6 A.

Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.) Relative Intensity
) 1279 159 1.11x10™ 0.073
K 1337 166 8.10x10™" 0.053
L 1372 170 1.26x10™* 0.083
M 1468 182 1.52x10" 1.000
N 1511 187 2.31x10™ 0.152
o] 1539 191 3.93x10™ 0.259
P 1568 194 3.67x10™ 0.241
Q 1608 199 1.02x103 0.671
R 1617 200 1.08x10™" 0.711

Table VI.6. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ
level of approximation, for d=4.0 A.

Peak#  Frequency (cm™) Potential (mV) Intensity (arb. units.) Relative Intensity
J 1279 (1277) 159 (158) 5.18x10™(5.89x10™%) 0.110 (0.124)
K 1337 (1336) 166 (166) 4.99x10™* (4.77x10™) 0.106 (0.100)
L 1372 (1372) 170 (170) 3.90x10*(3.77x10™) 0.083 (0.079)
M 1467 (1475) 182 (183) 4.70x107" (4.75x10™) 1.000 (1.000)
N 1511 (1520) 187 (188) 7.09x107*(6.72x10™) 0.151 (0.141)
o] 1539 (1544) 191 (191) 4.00x10™*(3.84x10™) 0.085 (0.081)
P 1568 (1579) 194 (196) 8.83x107*(8.80x10™%) 0.188 (0.185)
Q 1608 (1613) 199 (200) 2.06x1073(1.77x10™) 0.438 (0.373)
R 1618 (1624) 201 (201) 2.72x10™ (2.56x10™") 0.579 (0.539)

Table VI.7. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ
(B3LYP(D)/cc-pVDZ/LANL2DZ) level of approximation, considering the ‘gas model’.
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For a molecule-electrode distance of 2.8 A, the IET spectrum is composed of four major
vibrational signatures described in Table (VI.8). The most intense peak (labeled A) appearing at
281 cm™ (35 mV) corresponds to the lowest-energy excitation mode, where the molecule
oscillates between a spherical and a prolate shape [Fig. (VI.3)]. Among the three other dominant
signatures, peak B at 366 cm™ (45 mV) involves longitudinal motions of the two hexagons moving
from one electrode to the other. The peaks A and B correspond to symmetric and anti-symmetric
displacements of the adsorbed hexagon rings with respect to the electrodes. Peaks D and E are
associated to the Cgo breathing mode (modification of the radius of the sphere), and to distortions

of the two hexagons of the C¢o molecule swaying between the two electrodes, respectively.

) B3LYP B3LYP(D)
E\ebael Freq Potential | Freq Potential Mode description
(cm*)  (mV) |(em?) (mv)
spherical-to-prolate distortion
corresponding to symmetric
A 281 35 288 36 displacements of the adsorbed
hexagon rings with respect to the
electrodes
anti-symmetric displacements of
B 366 45 369 46 the adsorbed hexagon rings with
respect to the electrodes
distortions of the Cgo molecule:
C 437 54 438 54 out-of-plane motions of carbon
atoms
D 501 62 522 65 Ceo breathing mode
distortions of the adsorbed
E 591 73 612 76 hexagons swaying between the
electrodes
distortions motions mainly
F 787 98 805 100 localized on the carbon atoms
closest of each electrodes
G 985 122 1004 124 distortions of the C.60 molecule: C-C
stretchings
H 1104 137 1112 138 C-C stretchings of the adsorbed
hexagons
| 1208 150 1215 151 C-C stretchings of the adsorbed
hexagons

Table VI.8. Label, frequency (cm™), potential (mV), and description of the vibrational normal
modes dominating the IET spectrum of the H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ
and B3LYP(D)/cc-pVDZ/LANL2DZ levels of approximation for d=2.8 A, represented in Fig. (VI.3).
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Fig. VI.3. Sketch of the IET active modes (for d=2.8 A) of the H junction calculated at the B3LYP/cc-
pVDZ/LANL2DZ level of approximation. The direction of atomic displacements is perpendicular to
the junction plane between the two hemispheres of distinct color, and their amplitudes are
proportional to the radius of the sphere. The sum of the surfaces of the spheres is always
constant.

In order to evaluate the effect of the molecule-electrode distance on the IET spectra, we
focus on three specific features: the frequency shifts, the relative IET intensities, and the evolution
of nature of the vibrational modes given by the overlaps. As displayed in Fig. (VI.2), the same IET
signatures are observed for distances ranging from 2.4 A to 3.2 A. The frequency shifts observed
upon increasing the molecule-electrode distance are the largest for vibrational modes involving
atomic motions that are mainly localized on the pair of hexagons parallel to the gold electrodes:
e.g. modes A and B described hereabove and mode H involving C-C stretchings in these two
hexagons. Their frequencies respectively decrease by 24 cm'l, 14 cm'l, and 13 cm™ when going
from a molecule-electrode distance d=2.4 A to d=3.2 A. For the other IET active modes the
frequency variations are smaller than 7 cm™.

When the molecule-electrode distance increases the IET intensities decrease, which is
obviously explained by the fact that the energy coupling between the molecule and the electrode
decreases. For a molecule-electrode distance ranging from d=2.4 A to d=3.2 A, the relative
intensity of peak B with respect to the dominant peak A presents the largest intensity variation.
Based on the mode overlaps reported in Table (VI.9), one observes a perfect correlation between
the vibrational modes at 2.8 A and at 2.4 A and 3.2 A. Indeed, among the dominant peaks (i.e. A,

B, D and E), all the overlaps are very close to one.
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Peak label | d=2.0A d=2.4A d=3.2A
A 0.668 0.995 0.997
B 0.923 0.996 0.993
C - 0.762 0.851
D 0.783 0.991 0.990
E 0.837 0.854 0.987
F 0.625 0.653 0.694
G 0.978 0.992 0.991
H - 0.980 0.998
| 0.875 0.479 0.995

Table VI.9. Overlap values between the IET active vibrational modes of the H junction obtained fczr
different molecule-electrode distance values, taking as reference the results with d=2.8A,
calculated at the B3LYP/cc-pVDZ/LANL2DZ level of approximation.

Then, going to even smaller molecule-electrode distance i.e. 2.0 A, the IET spectrum is
again characterized by the same peaks though the frequency shifts are larger and the relative
intensities change a lot. The largest frequency variations appear for peaks A and B, with
frequencies increasing by 72 cm™and 56 cm™, respectively. The peak A is no longer dominant but
the breathing mode (peak D) presents the largest IET intensity followed by peak E. The analysis of
the nature of the vibrational modes shows that, in mode A, the atomic displacements localized on
the adsorbed hexagons get smaller [Fig. (VI1.4)] with respect to the corresponding ones observed
for d=2.8 A. This explains the significant decrease of the IET relative intensity of this peak upon
reducing the Cgo/electrode distance. On the other hand, modes D and E involve larger motions
localized on the hexagons parallel to the Au(111) surface. This brings additional evidence that the
motions localized on the hexagons centered on a hcp site strongly modulate the coupling between

the molecule and the electrodes, thereby having a direct impact on the IET intensities.
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Fig. VI.4. Sketch of modes A, D and E of the H junction characterized by significant intensity
variations when going from d=2.0 A to d=2.8 A, calculated at the B3LYP/cc-pVDZ/LANL2DZ level of
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approximation. The overlap values between the pairs of modes A, D and E are equal to 0.668,
0.783 and 0.837, respectively.
On the other hand, going towards larger distances, from d=3.6 A to oo — which corresponds

to the gas model where the molecule is isolated and only implicitly coupled to fictive electrodes,
i.e. the molecule/electrode coupling is set to a constant parameter of 0.05 eV — the major IET
signatures described in Table (VI.10) are different than those observed with shorter molecule-
electrode distances and they appear at larger frequencies. A similar phenomenon has been
observed in a study by Luo et al."® on the evolution of the IET signatures of a gold-benzenedithiol-
gold junction as a function of molecule-electrode distance. The IET spectra are now dominated by
three peaks M, Q and R, respectively observed at 1468 cm™, 1608 cm™, and 1617 cm™ for d=3.6-
4.0 A and at 1467 cm™, 1608 cm™, and 1618 cm™ for the gas model, respectively. These peaks are
associated to C-C stretchings mainly localized on the two adsorbed hexagons of the C¢g molecule
and are illustrated in Fig. (VI.5). When the molecule-electrode distance goes from d=3.6 A to 4.0 A,
their frequency variations are negligible while their relative IET intensities are similar. On the other
hand, in absolute value, the intensities decrease. The overlap values [Table (VI.11)] highlight a high

degree of correlation between the vibrational modes calculated for d=3.6 A, d=4.0 A and with the

gas model.
B3LYP B3LYP(D)
Peak . . "
label Freq Potential | Freq Potential Mode description
(cm®)  (mV) | (m?)  (mV)
J 1279 159 1278 158 6:5 bond stretchings
K 1337 166 1337 166 6:5 bond stretchings
L 1372 170 1372 170 6:5 bond stretchings
M 1468 182 1464 183 C-C stretchings of the two adsorbed hexagons
N 1511 187 1521 189 6:6 bond stretchings
(o] 1539 191 1544 191 6:6 bond stretchings
P 1568 194 1579 196 6:6 bond stretchings
Q 1608 199 1613 200 C-C stretchings mainly localized on the two
adsorbed hexagons
R 1617 200 1624 501 C-C stretchings mainly localized on the two
adsorbed hexagons

Table VI.10. Label, frequency (cm™), potential (mV), and description of the vibrational normal
modes of the H junction dominating the IET spectrum calculated at the B3LYP/cc-pVDZ/LANL2DZ
and B3LYP(D)/cc-pVDZ/LANL2DZ levels of approximation, for d=4.0 A.
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Fig. VI.5. Sketch of the vibrational normal modes corresponding to the dominant peaks of the IET
spectrum for a Cg molecule-electrode distance equal to 4.0 A, calculated at the B3LYP/cc-
pVDZ/LANL2DZ level of approximation.

Peak # | d=3.6A | Gas
J 0.815 0.856
K 0.996 0.993
L 1.000 0.998
M 0.996 0.435
N 1.000 1.000
(o) 0.966 0.915
P 0.998 0.973
Q 0.997 0.908
R 0.998 0.897

Table VI.11. Overlap values between the IET active vibrational modes of the H junctioon obtained
for different molecule-electrode distances, taking as reference the results with d=4.0A, calculated
at the B3LYP/cc-pVDZ/LANL2DZ level of approximation.

These results highlight the sensitivity of the IET response with respect to the Cgo-electrode
distance and illustrates the different pathways that the electrons follow during the inelastic
tunneling process depending on this junction parameter value.

Since the IET signatures depend on the molecule-electrode distances, it is interesting to
investigate the IET response of asymmetric molecular junctions, i.e. those where the distance
between the source and the Cgo molecule [d(S-Ceo)] differs from the distance between the Cg
molecule and the drain [d(Cego-D)]. Alternatively, one of these distances was fixed and the other

was varied. First, d(S-Cgo) is fixed at 2.8 A, while d(Cgo-D)=3.4 A or 4.0 A. Then, d(S-Cgo) was varied
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around the equilibrium position while keeping d(Cg-D)=4.0 A. The IET spectra simulated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation are sketched in Fig. (VI.6) and the frequency and
intensity values are reported in Tables (VI.12-15).

Voltage (V)
0.05 0.1 0.15 0.2 0.25

T T T

T
A d(S-Cgp)=2.8 & d(Cgy-D) =4.0A ---.
d(S—Ceo) =3.0 A d(CGO—D) =4.0 A o
d(S-Cgpy=3.2A d(Cgp-D) =4.04 ---

d2I/dV? (arb. unit.)

d(S—Ceo) =28 A d(Cso—D) =28 A -
d(S-Cgpy= 2.8 A d(Cgp-D) =3.4 A —
d(S-Cgp) = 2.8 & d(Cgp-D) =4.0A ===

400 800 1200 1600 2000
Wavenumbers (cm'1)

Fig. VI.6. IET spectra of the H junction simulated at the B3LYP/cc-pVDZ/LANL2DZ level by
considering asymmetric distances between the source and the molecule and between the
molecule and the drain.

Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

A 275 34 1.56x10™ 1.000
B 362 45 2.84x10™" 0.182
C 437 54 3.63x10™° 0.023
D 500 62 3.51x107 0.225
E 591 73 9.50x107*¢ 0.061
F 788 98 1.58x10™"° 0.101
G 984 122 4.32x10™ 0.277
H 1103 137 4.27x10™ 0.274
| 1209 150 9.29x107*¢ 0.060

Table VI.12. Positions and intensities of the IET active modes of the H junction calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d(S-Ceo)=2.8 A and d(Ceo-D)=3.4 A.
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Peak# Frequency (cm™)  Potential (mV)

Intensity (arb. units.)

Relative Intensity

>

274
362
437
500
5901
788
984
1103
1209

- I O mMmmOOT®

34
45
54
62
73
98
122
137
150

1.50x10™"
1.39x10™"
2.33x10™°
1.62x10°
2.88x10"°
6.33x10™"/
8.31x10*°
8.91x10*°
2.01x10%

1.000
0.927
0.155
0.108
0.192
0.042
0.554
0.594
0.134

Table VI.13. Positions and intensities of the IET active modes of the H junction calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d(S-Ceo)=2.8 A and d(Cgo-D)=4.0 A.

Peak# Frequency (cm™)  Potential (mV)

Intensity (arb. units.)

Relative Intensity

>

271
360
437
499
5901
788
983
1102
1208

- I O mMmmOO®

34
45
54
62
73
98
122
137
150

1.70x10*
1.04x10*
1.90x10™"
1.41x10™"
6.33x10™"®
6.79x10™"®
4.47x10™"
4.65x10™"
1.33x10™

1.000
0.612
0.112
0.083
0.037
0.040
0.263
0.274
0.078

Table VI.14. Positions and intensities of the vibrational normal modes of the H junction
dominating the IET spectrum calculated at the B3LYP/cc-pVDZ/LANL2DZ level of approximation,

for d(S-Cgo)=3.0 A and d(Ceo-D)=4.0 A.

Peak# Frequency (cm™)  Potential (mV)

Intensity (arb. units.)

Relative Intensity

>

269
359
437
499
5901
789
983
1101
1207

- I OmMmmOOT®

33
45
54
62
73
98
122
137
150

1.41x10™"
6.27x108
9.14x10™"°
1.04x108
4.54x10™"°
5.02x10™"
2.20x10"8
2.17x108
8.15x10™"°

1.000
0.445
0.065
0.074
0.032
0.036
0.156
0.154
0.058

Table VI.15. Positions and intensities of the vibrational normal modes of the H junction
dominating the IET spectrum calculated at the B3LYP/cc-pVDZ/LANL2DZ level of approximation,

for d(S-Cgo)=3.2 A and d(Ceo-D)=4.0 A.

160



Upon increasing d(Cgo-D), the largest frequency variations are observed for the two lowest
frequency IET active modes A and B. Their frequencies decrease by 7 cm™ and 4 cm™ from d(Ceo-
D)=2.8 A to d(Cs-D)=4.0 A, respectively. For the other IET active modes the frequency shifts are
negligible. Consistently with the previous analysis, the IET absolute intensities decrease when
d(Ceo-D) is enlarged owing to the diminution of the Cgo/drain coupling. Still, the relative IET
intensities change. Indeed, going from d(Cg-D)=2.8 A to d(Ceo-D)=3.4 A results in a significant
decrease of modes B and E. At the same time, the relative intensity of modes G and H increase,
and this effect is further enhanced for d(Ce-D)=4.0 A. On the other hand, the relative intensities of
modes B and E, as observed for the symmetric junction, are almost recovered when considering a
stronger asymmetry between the d(S-Ceo) and d(Ceo-D) values. Based on the overlap values
reported in Table (VI.16), one observes again a very good correlation between the IET active
modes calculated with d(S-Ceo)=2.8 A and with d(Ce-D)=2.8 A, 3.4 A and 4.0 A. Thereby, the
variations of IET intensities discussed before should not be explained in terms of changes of the
vibrational normal modes but rather by modifications of the coupling between the electronic

structure and the molecular vibrations.

d(S-Ce0)=2.8 A | d(S-Ce0)=2.8 A

Peak # d((Ceo-D))=3.4 A d((Ceo-D))=4.0 A
A 0.994 0.992
B 0.995 0.991
C 0.940 0.694
D 0.996 0.993
E 0.972 0.948
F 0.799 0.627
G 0.999 0.999
H 0.999 0.999
I 0.998 0.996

Table VI.16. Overlap values between the IET active vibrational modes of the H junction obtained
for different Ceo-drain distances, taking as reference the results with d(S-Cgo)=d(Ceo-D)=2.8 A,
calculated at the B3LYP/cc-pVDZ/LANL2DZ level of approximation.

For d(Ceo-D)=4.0 A, when going from d(S-Ce0)=2.8 A to 3.2 A, i) the frequency variations are
negligible, except for the two lowest frequency modes which change by 3-5 cm™, ii) the intensities
decrease, iii) this effect is stronger for modes B, G, and H, and iv) mode E presents the smallest
intensity. For this d(Ce-D)=4.0 A an excellent correlation is observed between the IET active
modes calculated with d(S-Ceo)=2.8 A, 3.0 A and 3.2 A [Table (VI.17)], demonstrating the key role

played by the electron/phonon coupling.
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Peakil d(S-Ce0)=3.0 /°§ d(S-Ceo)=3.2 /§

d(Ceo-D)=4.0 A | d(Ceo-D)=4.0 A
A 0.999 0.995
B 0.996 0.988
C 0.996 0.997
D 0.999 0.997
E 1.000 1.000
F 0.996 0.945
G 0.995 0.996
H 1.000 0.999
| 0.999 0.998

Table VI.17. Overlap values between the IET active vibrational modes of the H junction obtained
for different source-Cgo distances, taking as reference the results with d(S-Cep)=2.8 A and d(Ceo-
D)=4.0 A, calculated at the B3LYP/cc-pVDZ/LANL2DZ level of approximation.

VI.C.2. Effect of dispersion corrections in the XC functional on the IET response

Since dispersion forces play a role in describing the interactions between Cgo and goldm],

this section is devoted to study the effect of adding dispersion corrections to the traditional B3LYP
XC functional [Fig. (VI.2)]. The frequencies (cm™), the transition potentials (mV), and the IET
intensities (arb. units) of the dominant modes are reported in Tables (VI.18-23). For the shortest
molecule-electrode distance (d=2.0 A), the same IET signatures are observed by adding dispersion.
The largest frequency variations appear for the peak G associated to distortions of the Cg
molecule with stretchings of the C-C bonds of the two hexagons aligned parallel to the Au(111)
surfaces, as its frequency increases by 19 cm™. For modes with frequencies ranging from 500 cm™
to 1000 cm™ the variations attain 10 cm™, while for the other IET active modes they are less than 4
cm™. The largest relative intensity change concerns mode D with a 47% decrease, while the
intensity variations are negligible for the other modes. Based on the overlaps reported in Table
(V1.24), this decrease originates from a change in the nature of the vibrational mode. Indeed,
mode D is split into two contributions when using the B3LYP(D) XC functional, as illustrated in Fig.
(VI.7). The smaller contribution of the longitudinal motions of the two hexagons in the direction
parallel to the normal to the Au(111) surfaces observed when adding dispersion corrections to the

B3LYP XC functional explains this decrease of intensity.
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Peak # Frequency (cm™)  Potential (mV) Intensity (arb. units.)  Relative Intensity

A 348 43 5.15x10® 0.141
B 418 52 2.73x10” 0.746
D 537 67 2.36x10” 0.645
E 605 75 3.66x10” 1.000
F 791 98 6.35x10® 0.173
G 1018 126 7.70x10° 0.021
- 1133 140 1.55x10® 0.042
I 1235 153 1.58x10® 0.043

Table VI.18. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP(D)/cc-pVDZ/LANL2DZ
level of approximation, for d=2.0 A.

Peak # Frequency (cm™)  Potential (mV) Intensity (arb. units.)  Relative Intensity

A 292 36 7.27x10™"° 1.000
B 370 46 6.18x10™° 0.850
(o 434 54 3.80x10™ 0.052
- 492 61 6.27x10™"* 0.086
D 519 64 1.37x10™"° 0.188
E 602 75 2.41x10™%° 0.331
F 795 99 6.74x10™ 0.093
G 988 122 3.63x10™ 0.050
H 1116 138 4.25x10™ 0.058
| 1217 151 1.07x10™ 0.015

Table VI.19. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP(D)/cc-pVDZ/LANL2DZ
level of approximation, for d=2.4 A.

Peak # Frequency (cm™)  Potential (mV) Intensity (arb. units.)  Relative Intensity

A 288 36 1.82x10™"? 1.000
B 369 46 1.36x10™"2 0.747
(o 438 54 9.89x10™ 0.054
- 493 61 2.21x103 0.121
D 522 65 2.52x10™"3 0.138
E 612 76 3.45x10™" 0.190
F 805 100 7.87x10™ 0.043
G 1004 124 3.51x10™" 0.019
H 1112 138 7.96x10™ 0.044
| 1215 151 2.24x10 0.012

Table VI.20. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP(D)/cc-pVDZ/LANL2DZ
level of approximation, for d=2.8 A.
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Peak # Frequency (cm™)  Potential (mV)

Intensity (arb. units.)

Relative Intensity

A 275
B 361
C 438
- 491
D 520
E 614
F 806
G 1002
H 1107
I 1212

34
45
54
61
64
76
100
124
137
150

3.17x10™"
1.41x10"
1.42x10
2.04x10™"°
2.50x10"°
3.19x10*°
6.67x10™"
4.28x10™"
1.33x10™°
5.38x10™"/

1.000
0.445
0.045
0.064
0.079
0.101
0.021
0.014
0.042
0.017

Table VI.21. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP(D)/cc-pVDZ/LANL2DZ

level of approximation, for d=3.2 A.

Peak # Frequency (cm™)  Potential (mV)

Intensity (arb. units.)

Relative Intensity

1278
1337
1372
1467
1522
1544
1579
1613
1624

T PO VvVO0OZ22 - R -

158
166
170
182
189
191
196
200
201

8.79x10™
4.31x10™
7.99x10™
8.53x10"*
1.64x10™"
2.47x10™"
2.77x10™"
7.17x10"3
8.01x10™"

0.103
0.051
0.094
1.000
0.192
0.290
0.325
0.841
0.939

Table VI.22. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the of the IET active modes of the H junction calculated at the B3LYP(D)/cc-

pVDZ/LANL2DZ level of approximation, for d=3.6 A.

Peak # Frequency (cm™)  Potential (mV)

Intensity (arb. units.)

Relative Intensity

1278
1337
1372
1464
1521
1544
1579
1613
1624

T PO VO Z2Z2 - R -

158
166
170
183
189
191
196
200
201

9.86x10"
7.32x10"
1.24x10*
1.13x10"
2.36x10™
3.98x10™
4.17x107
1.01x10™"
1.11x10™"

0.089
0.066
0.112
0.946
0.213
0.359
0.376
0.910
1.000

Table VI.23. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP(D)/cc-pVDZ/LANL2DZ

level of approximation, for d=4.0 A.
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Peak # Overlap value
A 0.800
B 0.999
D 0.612
E 0.992
F 0.999
G 0.979
| 0.812

Table VI.24. Overlap values between the B3LYP and B3LYP(D) IET active vibrational modes of the H
junction obtained for d=2.0 A, taking as reference the results calculated at the B3LYP/cc-
pVDZ/LANL2DZ level of approximation.
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Fig. VI.7. lllustration of the splitting of vibrational mode D of the H junction into two contributions
when using the B3LYP(D) XC functional.

For d=2.4 A -3.2 A, a new peak appears close to 500 cm™ (492 cm™, 493 cm™ and 491 cm™
ford = 2.4 A, 2.8 A, and 3.2 A, respectively). It corresponds to longitudinal motions of the two
adsorbed hexagons in the direction parallel to the normal to the Au(111) surfaces, as displayed in
Fig. (VI.8). The largest frequency shifts are found for modes with frequency values ranging from
500 to 1000 cm™ and they attain about 20 cm™. Upon inclusion of dispersion interactions, the
largest intensity variations are found for peaks D and G and they originate from modifications of
the coupling between the electronic structure and the molecular vibrations since the
B3LYP/B3LYP(D) overlaps are larger than 0.95. The same observations concerning the frequency
and intensity variations [Tables (VI1.25-28)], and the nature of the vibrational modes in terms of
B3LYP/B3LYP(D) overlaps are made for the junctions with asymmetric molecule-electrode
distances. The only difference is the appearance of an additional peak at 1140 cm™ as illustrated in

Fig. (VI.8).
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493 cm1(61 mV)

>
S L 3

1140 cm™ (141 mV)

Fig. VI.8. Sketch of the vibrational modes of the H junction associated to the additional peaks
calculated at the B3LYP(D)/cc-pVDZ level of approximation, with d(S-Ceo)=2.8 A and d(Ceo-D)=2.8 A

(left) and d(Cgo-D)=3.4 A or 4.0 A (right).

Peak #

Frequency (cm™)

Potential (mV)

Intensity (arb. units.)

Relative Intensity

280
364
438
491
521
613
806
1003
1110
1140
1214

35
45
54
61
65
76
100
124
138
141
151

1.36x10™
2.14x107"
3.44x10™"°
3.27x107"
2.33x10™
8.39x10'®
1.38x10™"°
2.93x10™
3.86x10™"
1.25x10"
7.77x10™"°

1.000
0.157
0.025
0.240
0.171
0.062
0.101
0.215
0.284
0.092
0.057

Table VI.25. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP(D)/cc-pVDZ/LANL2DZ
level of approximation, for d(S-Ce)=2.8 A and d(Ceo-D)=3.4 A.

Peak # Frequency (cm™)

Potential (mV)

Intensity (arb. units.)

Relative Intensity

278
364
438
491
520
612
806
1002
1109
1140
1214

34
45
54
61
64
76
100
124
137
141
151

1.42x10"
1.41x10"
2.13x10°%®
3.19x107*°
1.19x10*®
2.47x10"°
6.66x10™"’
7.30x10®
8.17x107*°
2.34x10™"°
1.69x10*°

1.000
0.993
0.150
0.225
0.084
0.174
0.047
0.514
0.575
0.165
0.119

Table VI.26. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP(D)/cc-pVDZ/LANL2DZ
level of approximation, for d(S-Ce)=2.8 A and d(Ceo-D)=4.0 A.
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Peak # Frequency (cm™)  Potential (mV) Intensity (arb. units.)  Relative Intensity

A 274 34 1.66x107* 1.000
B 361 45 1.08x10* 0.651
(o 438 54 1.94x10™" 0.117
- 491 61 9.02x108 0.054
D 519 64 1.05x10" 0.063
E 612 76 3.45x10™"® 0.021
F 807 100 9.82x108 0.059
G 1002 124 2.72x10™" 0.164
H 1107 137 4.35x10™" 0.262
- 1140 141 1.04x10" 0.063
| 1212 150 1.16x10" 0.070

Table VI.27. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of the H junction calculated at the B3LYP(D)/cc-pVDZ/LANL2DZ
level of approximation, for d(S-Ce)=3.0 A and d(Ceo-D)=4.0 A.

Peak# Frequency (cm™)  Potential (mV) Intensity (arb. units.)  Relative Intensity

A 271 34 1.40x10™" 1.000
B 359 45 6.36x10"8 0.454
C 438 54 9.31x10™" 0.067
- 491 61 4.85x10™"° 0.035
D 519 64 8.92x10™ 0.064
E 612 76 5.01x10™" 0.036
F 807 100 5.54x10™° 0.040
G 1001 124 1.37x10™"® 0.098
H 1106 137 2.05x10™"® 0.146
- 1139 141 6.20x10%° 0.044
| 1212 150 7.25x10™ 0.052

Table VI.28. Frequency and potential values (cm™ and mV), IET intensities (arb. unit) and relative
intensities of the IET active modes of thtz H junction caIcuIa;ced at the B3LYP(D)/cc-pVDZ/LANL2DZ
level of approximation, for d(S-Cgp) =3.2 A and d(Ceo-D)=4.0 A.

For larger molecule-electrode distances (d=3.6 A and d=4.0 A), the largest frequency shifts
are observed for modes N and P with differences attaining 10 cm™. Then, the dominant mode M
observed at 1468 cm™ presents the largest intensity variations as it decreases by 20% and 26% for
d=3.6 A and d=4.0 A, respectively, what leads to close intensity values for the IET peaks M, Q and
R.

On the basis of this analysis of the IET responses of a single Cgo molecule embedded
between gold electrodes as a function of molecule-electrode distances, a comparison with

experimental measurements™™ can be performed. The derivative of the symmetric part of dI/dV
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with respect to bias reversal, corresponding to vibronic excitations of the C¢g molecule shows a
dominant peak at 34 mV that can be attributed to the spherical/prolate Cgodistortion (mode A) as
well as another significant feature at 114 mV associated to mode G in our calculations. The best
agreement with experiment is found when considering a molecular junction with d(S-Cgo) =2.8 A
and d(Ceo-D)=3.4 A. The study of Bohler and co-workers has also evidenced that some peaks may
have a different origin than the intrinsic vibrational modes of the system, e.g. the deformation of
the molecular contact. These peaks cannot be systematically reproduced from one experiment to
another as they are greatly dependent on the structure itself, like for example the peak observed

at 64 mV, which also appears in our simulation (mode D).

VI.C.3. Influence of the orientation of the C¢o molecule on the IET response.

The IET signatures are now analyzed for other orientations of the Cgo molecule on the gold
electrode plane, corresponding to the P, H-H, and H-P adsorption configurations illustrated in Fig.
(VI.1). The peaks associated to vibrational modes only active when considering the P, H-P, and H-H
junctions are labeled as Al..., A2... and A3..., respectively.

As observed in the case of the H junction, the equilibrium Cgo molecule-electrode distance
is 2.8 A when using the B3LYP(D) functional (3.2 A with B3LYP) for the P, H-H, and H-P adsorption
configurations. Considering the equilibrium distances, when using the B3LYP(D) functional, the H
configuration is the most stable (with a difference of 4.7 kcal/mol with respect to the one
presenting the highest energy i.e. the H-H junction, and of 0.1 kcal/mol with respect to the P
junction), while the B3LYP functional leads to similar energy values for the 4 configurations (only 1
kcal/mol of difference between the lowest and highest energy values).

Concerning the P junctions, the vibrational frequencies (cm™) and corresponding transition
potentials (mV), and the IET intensities of the dominant vibrational modes are reported in Tables
(V1.29-34), while Table (VI.35) describes the major IET signatures obtained for d=2.8 A. One
observes the same variations of the IET response (compared to the H junctions) as a function of
the molecule-electrode distance (Fig. (VI1.9)) defined in this case as the distance between the
center of the pentagon aligned parallel to the Au(111) surfaces and the hcp site. Indeed, for d
ranging from 2.4 A to 3.2 A, two peaks labeled A1 and B1 dominate the IET spectrum and they are
associated respectively to the deformation of the Csp molecule between a spherical and prolate
shape and to longitudinal motions of the pentagons moving from one electrode to the other, as
shown in Fig. (V1.10). However, for d=2.4-2.8A, peak B1 dominates the spectrum, while for d=3.2 A

the major contribution is attributed to peak A1l.
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Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

Al 337 42 1.00x10~ 0.043
B1 415 51 5.70x10” 0.248
c1 456 57 2.29x10” 0.100
- 527 65 6.38x10” 0.277
- 541 67 5.21x107 0.227
F1 608 75 2.30x10°® 1.000
G1 695 86 5.26x10° 0.023
- 772 9 3.37x10” 0.147
- 781 97 3.03x10” 0.132
11 978 121 1.86x10” 0.081
n 1116 138 1.83x10” 0.080

Table VI.29. Positions and intensities of the IET active modes of the P adsorption configuration,
calculated at the B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=2.0 A.

Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

Al 294 36 1.89x10” 0.620
B1 362 45 3.05x10” 1.000
c1 441 55 1.06x10” 0.348
D 503 62 4.02x10™"° 0.132
E1 533 66 1.51x107° 0.050
F1 589 73 7.38x10™"° 0.242
G1 689 85 1.05x10” 0.344
F 785 97 4.95x10° 0.162
11 978 121 2.18x10™%° 0.071
n 1123 139 2.17x10°%° 0.071

Table VI.30. Positions and intensities of the IET active modes of the P junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=2.4 A.

Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.) Relative Intensity

Al 278 34 1.47x10™ 0.870
B1 351 44 1.69x10* 1.000
c1 440 55 5.02x10™* 0.297
D 500 62 1.29x10™" 0.076
El 535 66 1.13x10? 0.067
F1 591 73 1.83x10™" 0.108
G1 706 88 4.97x10"? 0.294
F 787 98 1.02x10™" 0.060
11 980 122 3.80x10™"® 0.022
n 1125 139 3.32x10"® 0.020

Table VI.31. Positions and intensities of the IET active modes of the P junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=2.8 A.
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Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity
Al 270 33 1.35x10* 1.000
B1 347 43 1.17x103 0.867
c1 438 54 3.82x10™ 0.283
D 499 62 9.47x10" 0.070
E1 536 66 1.45x10™ 0.107
F1 590 73 8.60x10™ 0.064
G1 715 89 2.76x10™ 0.204
M 1468 182 3.19x10"° 0.024
o] 1537 191 5.12x107 0.038

P 1567 194 6.30x10"° 0.047
Q 1608 199 1.20x10™ 0.089
R 1615 200 1.38x10™* 0.102

Table VI.32. Positions and intensities of the IET active modes of the P junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=3.2 A.

Peak# Frequency (cm™)  Potential (mV) Intensity (arb. units.)  Relative Intensity
K 1279 159 4.93x10" 0.033
L 1335 166 4.71x10™ 0.031
M 1468 182 1.50x10™" 1.000
N 1511 187 2.37x10™ 0.158
o] 1539 191 4.45x10™ 0.297
P 1568 194 2.23x10™ 0.149
Q 1608 199 9.00x10™ 0.600
R 1616 200 1.04x107™" 0.693

Table VI.33. Positions and intensities of the IET active modes of the P junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=3.6 A.

Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity
K 1279 159 3.60x10™ 0.031
L 1337 166 6.49x10™ 0.055
M 1467 182 1.18x10* 1.000
N 1511 187 1.50x10 0.127
o 1539 191 1.87x10™ 0.158
P 1568 194 1.15x10™ 0.097
Q 1609 199 4.20x10™ 0.383
R 1617 200 4.52x10™ 0.356

Table VI.34. Positions and intensities of the IET active modes of the P junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=4.0 A.
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Fig. VI.9. IET spectra of the P junctions calculated at the B3LYP/cc-pVDZ/LANL2DZ (red line) and
B3LYP(D)/cc-pVDZ/LANL2DZ (black line) levels of approximation by considering molecule-
electrode distances ranging from 2.0 A to 4.0 A.
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B3LYP B3LYP(D)
Peak label Freq Potential | Freq Potential Mode description
(cm™) (mV) |(em™®) (mV)

spherical-to-prolate distortion
corresponding to symmetric

Al 278 34 284 35 displacements of the adsorbed
pentagon rings with respect to the
electrodes
anti-symmetric displacements of the
Bl 351 44 358 44 adsorbed pentagon rings with respect

to the electrodes
symmetric displacements of the

C1 440 55 442 55 adsorbed pentagon rings with respect
to the electrodes

D 500 62 521 65 Ceo breathing mode

El 535 66 536 66 distortions of the Csg molecule

distortions of the adsorbed pentagons
swaying between the electrodes
distortions of the two adsorbed
pentagon rings
F 787 98 805 100 distortions of the Cgg molecule

C-C stretchings of the adsorbed
pentagon rings

C-C stretchings of the adsorbed
pentagon rings

F1 591 73 612 76

Gl 706 88 712 88

11 980 122 999 124

J1 1125 139 1141 141

Table VI.35. Label, frequency (cm™), potential (mV), and description of the vibrational normal
modes dominating the IET spectrum of the P junction calculated at the B3LYP/cc-pVDZ/LANL2DZ
and B3LYP(D)/cc-pVDZ/LANL2DZ levels of approximation, for d=2.8 A.

By going from d=3.2 A to d=2.0 A, the relative intensities of peaks A1, B1, C1 and G1
decrease, while it increases for peak F1. These intensity variations find their origin in changes of
the vibrational modes, as illustrated in Fig. (VI.11). Indeed, from d=2.8 A to d=2.0 A, the amplitude
of the motions localized on the two pentagons aligned parallel to the Au(111) surfaces gets
smaller for modes A1, B1, C1 and G1, while larger for mode F1. For larger molecule-electrode
distances (d>3.6 A), the major IET signatures involve C-C stretching motions, and the three
dominant vibrational modes associated to distortions of the pentagon rings aligned parallel to the
Au(111) surfaces are sketched in Fig. (VI1.12).

We can draw a general conclusion for the IET response of the H and P adsorption
configurations as a function of the molecule-electrode distance. At short distances, there are
strong interactions between the molecule and the gold electrodes, so that longitudinal motions
localized on the two rings facing the Au(111) surfaces (hexagons for the H configuration,
pentagons for the P configuration) are responsible of the IET activity. On the other hand, at larger
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molecule-electrode distances we mainly find C-C stretchings that are associated to the paths that

electrons follow during the tunneling process.
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Fig. VI.11. lllustration of the correlation table between the vibrational normal modes of the P
adsorption configuration obtained with d=2.0 A and of its d=2.8 A analog. The overlap values
between the pairs of modes A1, B1, C1, G1 and F1 obtained for d=2.0 A/2.8 A are equal to 0.630,
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Fig. VI.12. Sketch of the vibrational normal modes (side and top views) corresponding to the
dominant peaks of the IET spectrum for a Cgo molecule-electrode distance equal to 4.0 A for the P
junction, calculated at the B3LYP/cc-pVDZ/LANL2DZ level of approximation.

In the cases of the H-P and H-H adsorption configurations a stronger sensitivity is observed
for the IET response as function of the molecule-electrode distance, defined as the distance
between the center of the 6:5 bond (6:6 bond for H-H) oriented parallel to the Au(111) surface
and the hcp site [Figs. (VI.13) and (VI.16)]. The vibrational frequencies (cm™) and corresponding
transition potentials (mV), and the IET intensities of the dominant vibrational modes (Tables
(V1.36-38) and (VI1.40-42) for the H-P and H-H junctions respectively). For d=2.8 A, the IET active

modes characteristic to the H-P (H-H) junctions are sketched in Fig. (VI.14) (Fig. (VI.17)) and are
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described in Table (VI.39) (Table (VI.43)). The analysis focuses on three molecule-electrode

distances highlighting the main variations of the IET response: d=2.0 A, 2.8 A and 4.0 A.
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Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

A 315 39 4.47x10” 0.438
- 357 44 4.78x10” 0.469
B 380 47 1.02x10°® 1.000
- 429 53 6.60x10” 0.647
B2 482 60 3.34x10” 0.327
- 509 63 7.56x10” 0.741
c2 523 65 5.34x10” 0.524
E 583 72 4.04x10” 0.396
- 662 82 1.49x107 0.146
- 773 96 1.13x10” 0.111

Table VI.36. Positions and intensities of the IET active modes of the H-P junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=2.0 A.

Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

A 277 34 3.64x10™ 0.790
B 362 45 3.73x10™" 0.809

A2 438 54 1.57x10™ 0.341
B2 489 61 4.61x10™ 1.000
c2 541 67 4.02x10™ 0.872
D2 565 70 1.13x10™ 0.245
E 591 73 4.17x10™ 0.090

| 1213 150 5.01x10™*2 0.109

E2 1242 154 1.13x10™ 0.245
) 1279 159 1.67x10™* 0.362

F2 1302 161 7.96x10™ 0.173
1335 166 9.12x10™*2 0.198

L 1369 170 1.01x10™" 0.219

G2 1463 181 3.32x10™ 0.720
M 1469 182 3.32x10™ 0.720
0] 1537 191 8.99x10™ 0.195
P 1566 194 8.91x10™*2 0.193

Q 1606 199 1.84x10™ 0.399
R 1614 200 1.91x10™" 0.414

Table VI.37. Positions and intensities of the IET active modes of the H-P junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=2.8 A.
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Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

H 1098 136 2.80x10™" 0.174
I 1215 151 3.30x10™ 0.205
E2 1244 154 7.31x10"%° 0.454
J 1279 159 1.25x10 0.776
F2 1303 162 4.81x10™ 0.299
K 1338 166 6.78x10™" 0.421
L 1371 170 1.61x10™ 1.000
G2 1466 182 1.19x10%° 0.074
M 1468 182 1.13x10%° 0.070
o 1539 191 5.37x107° 0.033
Q 1607 199 7.79x10"° 0.048
R 1617 200 7.01x10% 0.044

Table VI.38. Positions and intensities of the IET active modes of the H-P junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=4.0 A.

Freq B3LYP Freq B3LYP(D) .
Peak label (cm’l) (mV) (cm'l) (mV) Mode description
longitudinal motions of the two carbons of
A2 438 54 439 54 the 6:5 bonds parallel to the Au(111)
surfaces
B2 489 61 491 61 distortions of the hexagon and pentagon
close to the electrodes
) 541 67 543 67 distortions of the hexagon and pentagon
close to the electrodes
D2 565 70 569 71 distortions of the hexagon close to the
electrodes
E2 1242 154 1246 154 6:5 bond stretchings
F2 1302 161 1306 162 6:5 bond stretchings
C-C stretchings mainly localized on the two
G2 1463 181 1465 182 hexagons linked to the ones facing each
electrode

Table VI.39. Label, frequencies (cm™ and mV), and description of the vibrational normal modes
characteristic to the H-P junction calculated at the B3LYP/cc-pVDZ/LANL2DZ and B3LYP(D)/cc-
pVDZ/LANL2DZ levels of approximation for d=2.8 A.

For the H-P junctions, the IET spectrum obtained for d=2.0 A is dominated by peak B
observed at 380 cm™ associated to longitudinal motions of the 6:5 bonds aligned parallel to the
Au(111) surfaces. Two other significant contributions are found at 429 cm™ and 509 cm™: the first
one corresponds to longitudinal displacements of the two carbon atoms of the 6:5 bonds parallel
to the Au(111) surfaces; while the mode appearing at 509 cm™ is associated to distortions of the

hexagon-pentagon moieties facing each electrode.
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When going from d=2.0 A to d=2.8 A, an increase of the relative intensity of peak A
(spherical/prolate mode) is observed and is attributed to a greater contribution of motions
localized on the hexagon closest to each electrode, as displayed in Fig. (VI.15). The relative
intensity of peaks B2 and C2 also increases while the peak E almost disappears. These modes are
associated to distortions of the hexagon and pentagon close to the electrodes and the intensity
increases (decrease) are related to greater (weaker) amplitude of distortion motions [Fig. (VI.15)].
Besides, peaks appear at higher frequencies and are mostly associated to C-C stretchings. Larger
molecule-electrode distances mainly exhibit similar stretching motions and, in particular for d=4.0
A, the two dominant peaks J and L observed respectively at 1279 cm™ and 1371 cm™ are
associated to symmetric and anti-symmetric stretchings of the 6:5 bonds all over the Cso molecule.

This observation stresses the role of the junction configuration (i.e. rings or edges facing
the gold surfaces) in the exaltation of the peaks appearing in the IET spectra. Indeed, contrary to

the H and P configurations new peaks appear at larger frequencies.
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Fig. VI.15. lllustration of the vibrational modes of the H-P adsorption configuration characterized
by significant intensity variations when going from d=2.0 A to 2.8 A. The overlap values between
the frequency modes obtained for d=2.0 A/2.8 A pairs of modes A, B2, C2 and E are equal to
0.931, 0.936, 0.915, and 0.694 respectively.

Concerning the H-H junctions, for d=2.0 A the main signatures are observed in the 300-535
cm™ range as illustrated in Fig. (VI.16). The dominant peak C3 appearing at 376 cm™ is associated
to longitudinal displacements of the two carbon atoms of the 6:6 bonds parallel to the Au(111)
surfaces, and the other peaks correspond to distortions of the Csg molecule mainly localized on the
two hexagons closest to each gold electrode. By considering a molecule-electrode distance of 2.8
A, we can notice a decrease of the relative intensity of these peaks, as shown for mode €3 for
which the intensity decrease is attributed to a weaker amplitude of the motions involving the two
carbon atoms of the 6:6 bonds parallel to the Au(111) surfaces [Fig. (VI.18)]. The intensity

decreases of modes A2 and B2 are explained similarly by weaker amplitudes of the distortion
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motions localized on the two hexagons closest to each gold electrode. For d=2.8 A and larger

molecule-electrode distances the dominant IET signatures are found in the 1460-1615 cm™ range

and are associated to C-C stretchings mainly localized on the two 6:6 bonds aligned parallel to the

Au(111) surfaces: e.g. the major peak M observed at 1467 cm™ is associated to anti-symmetric

stretchings of the 6:6 bonds aligned parallel to the Au(111) surfaces. We can point out that these

IET signatures were also observed in the case of the H and P configurations (for large distances),

while their IET intensities are weak when considering the H-P junction.

0.25

d?I/dV? (arb. unit.)

Voltage (V)
0.05 0.1 0.15 0.2
T T T M QI.R
oP
1_X QR d=4.0 &
™M
op
ok d=364
QR
M
Op
E2) K R d=3.2 &
™
O p
A3p3C3 c2
| R A o 24 x 20
c QR
AR D3 E2) g M 2R d=2.4 &
c3
B2
s [\ A2 c2
400 800 1200 1600 2000

Wavenumbers (cmq)

Fig. VI.16. IET spectra of the H-H junctions calculated at the B3LYP/cc-pVDZ/LANL2DZ (red line)
and B3LYP(D)/cc-pVDZ/LANL2DZ (black line) levels of approximation by considering molecule-
electrode distance values ranging from 2.0 A to 4.0 A.

Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity
A3 306 38 1.27x10°® 0.236
c3 376 47 5.39x10° 1.000
A2 436 54 1.87x10°® 0.347
B2 486 60 2.22x10°® 0.412

- 513 64 2.82x10°° 0.523
c2 535 66 2.16x10° 0.401
- 590 73 9.53x10” 0.177
D3 681 84 9.19x10” 0.171
E2 1233 153 2.84x107 0.053
o 1539 191 3.18x107 0.059
P 1564 194 4.32x10” 0.080
Q 1603 199 5.93x10” 0.110
R 1609 199 6.33x10” 0.117

Table VI.40. Positions and intensities of the IET active modes of the H-H junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=2.0 A.
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Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

A3 276 34 1.42x10™"° 0.231
B3 343 43 1.05x10™"° 0.171
c3 362 45 1.32x10°%° 0.215
A2 436 54 8.38x10™! 0.136
B2 489 61 7.17x10°™ 0.117
c2 541 67 1.94x10™"° 0.316
D3 713 88 3.48x10™! 0.057
E2 1241 154 6.81x10! 0.111
J 1275 158 5.08x10* 0.083
K 1335 166 4.64x10™" 0.076
M 1467 182 5.25x107° 0.855
o 1538 191 2.73x10™"° 0.445
P 1566 194 2.55x10%° 0.415
Q 1606 199 5.87x10™"° 0.956
R 1615 200 6.43x10™"° 1.000

Table VI.41. Positions and intensities of the IET active modes of the H-H junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=2.8 A.

Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.) Relative Intensity

) 1278 158 5.68x10™"° 0.075
K 1336 166 1.16x10™* 0.153
M 1467 182 7.56x107* 1.000
o] 1539 191 2.97x10 0.393
P 1567 194 3.22x10 0.426
Q 1608 199 6.23x10 0.824
R 1617 200 7.00x10* 0.898

Table VI.42. Positions and intensities of the IET active modes of the H-H junction, calculated at the
B3LYP/cc-pVDZ/LANL2DZ level of approximation, for d=4.0 A.
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A3276 cm (34 mV) B3 343 cm (43 mV) €3362 cm™ (45 mV) D3 713 cm™ (88 mV)

Fig. VI.17. Sketch of the IET active modes characteristic of the H-H junction for a Cgo molecule-
electrode distance equal to 2.8 A, calculated at the B3LYP/cc-pVDZ/LANL2DZ level of
approximation.
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Freq B3LYP Freq B3LYP(D)

Peak label em)  (mV) | (emY)  (mv)

Mode description

longitudinal displacements of the two

A3 276 34 279 35 carbons of the 6:6 bonds parallel to
the Au(111) surfaces

out-of-plane motions of C-C bonds of

B3 343 43 346 43
pentagons
longitudinal displacements of the two
c3 362 45 364 45 carbons of the 6:6 bonds parallel to
the Au(111) surfaces
D3 713 88 718 89 distortions of the two hexagons close

to each electrode

Table V1.43. Label, frequencies (cm™ and mV), and description of the vibrational normal modes
characteristic of the H-H junction calculated at the B3LYP/cc-pVDZ/LANL2DZ and B3LYP(D)/cc-
pVDZ/LANL2DZ levels of approximation, for d=2.8 A.
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Fig. VI.18. lllustration of the vibrational modes of the H-H adsorption configuration characterized
by significant intensity variations when going from d=2.0 A to 2.8 A. The overlap values between
the frequency modes obtained for d=2.0 A/2.8 A pairs (376 cm™/362 cm™), (436 cm™/436 cm™)
and (486 cm™/489 cm™) are equal to 0.923, 0.720 and 0.946, respectively.

As a final remark, we stress out the fact that changes in terms of nature of the IET active
modes observed when increasing the molecule-electrode distances for each adsorption
configuration can not be described by a general statement. Indeed, even if these transitions
appear to be continuous for every system, we note that the “threshold” distance around which
such transitions occur depends on the studied system. Moreover, the width of the distance
interval required to observe a neat change in the IET signature also varies as a function of the
system. For example, we observe after additional calculations considering intermediate molecule-

electrode distances that the transition interval is [3.4 A-3.6 A] for configuration H [Fig. (VI.19)],
[3.2 A-3.6 A] for configuration P [Fig. (VI.21)], while [2.4 A-3.2 A] [Fig. (VI.13)] and [2.0 A-3.2 A]
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[Fig. (VI.16)] for configurations H-P and H-H, respectively.

The rationalization of the sensitivity of the IET responses is not always straightforward. In
the present case, we observe an interesting consistency between the variations of the IET
signatures and the changes in the frontier molecular orbitals topologies, especially the HOMO.
Taking the example of the H configuration, we observe that the description of the HOMOs related
to Cg molecule-electrode distance in the [2.0 A-3.4 A] involves isosurfaces localized at the
interface between the molecule and the metallic electrode, i.e. in the contact region [Fig. (VI.19)].
This can be attributed to the significant overlap occurring between the molecule and the
electrodes, and correlates well with the nature of the dominant IET modes active for these
distances involving longitudinal motions between the contact moieties (i.e. the hexagon rings) and
the electrodes, e.g. peaks D and E for d=2.0 A and peaks A and B for d=2.8 A [Fig. (VI.20)]. On the
other hand, for distances larger than 3.6 A the isosurfaces corresponding to the HOMO are mainly
localized on the Cg, molecule, and do not involve orbital overlaps between the C¢o molecule and
the metallic electrodes. The corresponding IET signatures are associated to stretching motions
localized only on the C¢o molecule (e.g. peak R) [Fig. (VI.20)]. Note that such molecular response
properties dependency on the molecule-electrode orbitals overlap has already been
demonstrated in a study focusing on the NLO properties of a Cso molecule adsorbed on a SiO,
surface'?®. In a similar way, we can correlate the HOMOs with the IET signatures of the P
configuration. The analysis remains identical with the case of the H configuration in terms of
correlation between the nature of the IET active vibrational modes and the topology of the
HOMOs. However, we can note that the IET spectrum related to d=3.4 A [Fig. (VI.21)] is
characterized by peaks involving longitudinal motions between the Cgo molecule and the
electrodes and also C-C stretchings, illustrated in Fig. (VI.22). This can be correlated to the
progressive evolution of the HOMOs topology around the transition interval [3.2 A-3.6 A].
Considering the Mulliken charges presented in Table (VI.44) for the H and P configurations, we
observe a clear decrease of the charge transfer from the Cgo molecule to the electrodes when
increasing the Cgo molecule-electrode distances. This is coherent with the analysis of HOMO
topologies, for which the overlap between the molecule and the electrodes decrease when
increasing the distance between the Cg molecule and the electrodes. Furthermore, this charge

I.[24], who have shown

transfer tendency is consistent with the results presented by Leszczynski et a
that, for a C¢op molecule sandwiched between clusters containing 2 to 8 gold atoms on each side
(d(S-Au)~2.4 A) investigated at a similar level of calculation, there is an electronic charge transfer

from the Cgo molecule to the gold clusters.
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Fig.VI.19. Representation of the isosurfaces of the HOMO of the H junction for several Cg
molecule-electrode distances (top) and IET spectra of the H junctions calculated at the B3LYP/cc-
pVDZ/LANL2DZ (red line) and B3LYP(D)/cc-pVDZ/LANL2DZ (black line) levels of approximation
(bottom).
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Fig.VI.20. lllustration of dominant IET modes of the H junction for different Cso molecule-electrode
distance values.
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Fig.VI1.21. Representation of the isosurfaces of the HOMO of the P junction for several Cg
molecule-electrode distances (top) and IET spectra of the P junctions calculated at the B3LYP/cc-

pVDZ/LANL2DZ (red line) and B3LYP(D)/cc-pVDZ/LANL2DZ (black line) levels of approximation
(bottom).
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Fig.VI.22. Sketch of some IET active modes of the P junction for a C¢o molecule-electrode distance
of 3.4 A.
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H Source Ceo Drain
d=2.0 A | -0.0397 0.0285 0.0112

d=2.4A | -0.3193 | 0.5704 -0.2511
d=2.8A | -0.2057 | 0.3709 | -0.1652
d=3.2A | -0.1057 | 0.1941 | -0.0884
d=3.6 A | -0.0532 | 0.0999 | -0.0467
d=4.0A | -0.0341 | 0.0661 | -0.0319

P Source Ceo Drain
d=2.0 A | -0.0338 | 0.0670 | -0.0332
d=2.4A | -0.2175 | 0.4348 -0.2173
d=2.8 A | -0.1433 | 0.2867 | -0.1434
d=3.2A | -0.0796 | 0.1593 | -0.0796
d=3.6 A | -0.0457 | 0.0914 -0.0457
d=4.0A | -0.0343 | 0.0686 | -0.0344

Table VI.44. Mulliken charges (au) for the different parts constituting the H and P molecular
junctions.

VI.C.4. Dispersion correction effects on the IET response of the P, H-P and H-H junctions

Concerning the P junctions with a molecule-electrode distance value of 2.0 A, the largest
intensity variations are observed for B3LYP (B3LYP(D)) modes appearing at 456 cm™ (462 cm™)
associated to mode C1, at 541 (548 cm™), at 527 cm™ (532 cm™) and at 608 cm™ (617 cm™) related
to mode F1, as their values increase by 61%, 51% and decrease by 43% and 26%, respectively
[Tables (VI.29) and (VI1.45)]. These intensity decreases (increases) can be attributed to weaker
(greater) amplitude of the motions involving the two pentagons facing the gold electrodes, as
illustrated in Fig. (VI.23). For d=2.8 A, the inclusion of dispersion interactions involves no
significant changes in terms of relative intensity among the dominant IET peaks, while for a larger
molecule-electrode distance (d=4.0 A), the largest intensity variations (sketched in Fig. (VI.24))
appear for the B3LYP modes M and R as their value respectively decrease by 29% and 17%, as also
found for the H junction. As a general conclusion, the analysis of the IET responses of the P
junctions (Fig. (V1.9)) allows to show a small impact of the inclusion of dispersion interactions on
the IET spectra, the largest intensity variations concerning the dominant IET peaks being observed

for modes F1 (d=2.0 A) and modes M (d=4.0 A).
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Fig.VI.23. lllustration of the vibrational modes of the P adsorption configuration (d=2.0 A)
characterized by significant intensity variations when adding dispersion corrections in the B3LYP
XC functional. The overlap values between the B3LYP/B3LYP(D) frequency modes for pairs (456
cm*/462 cm™), (527 cm™/532 cm™), (541 cm™/548 cm™) and (608 cm™/617 cm™) are equal to
0.991, 0.731, 0.866 and 0.902, respectively.
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Fig. VI1.24. Illustration of the vibrational modes of the H and P adsorption configurations (d=4.0 A)
characterized by significant intensity variations when adding dispersion corrections in the B3LYP
XC functional. The overlap value between the B3LYP/B3LYP(D) pair of modes M of the H junction is
equal to 0.889, and the overlap values between the B3LYP/B3LYP(D) pairs of modes M and R of
the P junction are equal to 0.768, 0.935, respectively.

In the case of a H-P junction with a small molecule-electrode distance (d=2.0 A), we do not
observe significant intensity variations when adding dispersion corrections, as all the IET intensity
shifts are smaller than 14% (Tables (VI.36) and (VI.46)), except for the B3LYP (B3LYP(D)) mode
observed at 509 cm™ (502 cm™) as its intensity decreases by 52% when adding dispersion
corrections due to a weaker amplitude of the displacement motions involving the carbon atoms

localized on the 6:5 bonds and the Au(111) surfaces. In addition, we can point out that in the 480-
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530 cm™ range, the B3LYP mode providing the largest intensity value (mode appearing at 509
cm™) is not correlated to the B3LYP(D) mode dominating this frequency range (mode €2 observed
at 525 cm™), as the overlap value is smaller than 0.1. These two dominant modes are associated to
distortions of the C¢o molecule, but are not localized on the same ring: in the B3LYP spectrum the
atomic motions of the dominant vibrational mode are mainly localized on the hexagon ring close
to the H-P edge, while for the B3LYP(D) IET response the dominant peak is associated to
distortions of both the pentagon and hexagon rings close to the H-P edge. For a molecule-
electrode distance of 2.8 A, the largest intensity variations appear for modes M, G2, R, as their
values decrease respectively by 48%, 41% and 26%, and for modes D2 and A2 as their value
respectively increases by 52% and 34% [Tables (VI.37) and (VI1.47)]. The IET intensity decreases
observed for modes M and R is related to the weakening of the C-C stretchings involved in the 6:5
bonds close to each electrode, as shown in Fig. (VI.25). In the case of modes A2 and D2, the IET
intensity increase can be attributed to a greater longitudinal displacement of the 6:5 bonds in the
direction parallel to the normal to the Au(111) surfaces [Fig. (VI.25)]. Finally, the intensity decrease
of mode G2 when adding dispersion corrections can be attributed to weaker C-C stretchings
mainly localized on the two hexagons linked to the ones facing each electrode. For d=4.0 A, we
can observe that the inclusion of dispersion corrections does not affect the relative intensities of

the dominant peaks.
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Fig. VI.25. lllustration of the vibrational modes of the H-P adsorption configuration (d=2.8 A)
characterized by significant intensity variations when adding dispersion corrections in the B3LYP
XC functional. The overlap values between the B3LYP/B3LYP(D) pairs of modes A2, D2, G2, M and
R are equal to 0.950, 0.688, 0.783, 0.738 and 0.882, respectively.

Finally, considering the H-H junctions for d=2.0 A, the addition of dispersion corrections

induces the largest IET intensity variations (among the dominant peaks) for mode B2, as its value

186



increases by 38% [Tables (VI.40) and (VI.48)]. This is explained by a greater amplitude of the
longitudinal displacements of the two 6:6 bonds involved in the molecule-electrode contact [Fig.
(V1.26)]. Moreover, one can note that the dominant peaks appearing in the 500-540 cm™ range are
not correlated: the mode appearing on the B3LYP spectrum at 513 cm™ is characterized by
distortions of the hexagon rings surrounding the 6:6 bonds facing the gold electrodes, while the
B3LYP(D) mode observed at 526 cm™ involves longitudinal displacements of these 6:6 bonds. For
molecule-electrode distances of 2.8 A and 4.0 A, the largest intensity variation is observed in each
case for mode M, and originates from a weaker amplitude of the stretching motions involving the

6:6 bonds parallel to the Au(111) surfaces, as illustrated in Fig. (VI.26) for d=2.8 A.
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Fig. VI.26. lllustration of the vibrational modes of the H-H junction characterized by significant
intensity variations when adding dispersion corrections in the B3LYP XC functional. The overlap
values between the B3LYP/B3LYP(D) pairs of modes B2 (d=2.0 A) and pairs of modes M (d=2.8 A)
are equal to 0.937 and 0.680, respectively.

Peak#  Frequency (cm™) Potential (mV) Intensity (arb. units.) Relative Intensity

Al 341 42 9.95x10® 0.058
B1 420 52 5.90x10”’ 0.345
c1 462 57 3.69x107 0.216
- 532 66 3.61x10” 0.211
- 548 68 7.89x10” 0.461
F1 617 76 1.71x10°® 1.000
G1 699 87 4.82x10°® 0.028
- 779 97 2.84x10” 0.166
- 794 98 3.09x10” 0.181
11 991 123 1.73x10” 0.101
n 1123 139 1.82x107 0.106

Table VI.45. Positions and intensities of the IET active modes of the P junction, calculated at the
B3LYP(D)/cc-pVDZ/LANL2DZ level of approximation, for d=2.0 A.
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Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

A 316 39 4.44x10” 0.404
- 360 45 4.79x10” 0.435
B 380 47 1.10x10°® 1.000
- 430 53 6.76x10” 0.615
B2 482 60 3.04x10” 0.276
- 502 62 3.60x10” 0.327
c2 525 65 7.22x107 0.656
E 593 74 3.75x10” 0.341
- 666 83 1.46x10” 0.133
- 783 97 1.29x10~ 0.117

Table VI.46. Positions and intensities of the IET active modes of the H-P junction, calculated at the
B3LYP(D)/cc-pVDZ/LANL2DZ level of approximation, for d=2.0 A.

Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

A 282 35 3.27x10 0.663
B 365 45 4.48x10™ 0.909

A2 439 54 2.10x10™" 0.426
B2 491 61 4.93x10™ 1.000
c2 543 67 4.67x10™" 0.947
D2 569 71 1.72x10 0.349
E 613 76 4.31x10™ 0.087

1218 151 5.77x10™*2 0.117

E2 1246 154 1.01x10™ 0.205
| 1278 158 1.59x10™* 0.323

F2 1306 162 7.19x10™*2 0.146
1335 166 9.26x10™*2 0.188

L 1370 170 1.11x10™! 0.225

G2 1465 182 1.96x10™* 0.398
M 1480 183 1.73x10™* 0.351
o] 1542 191 8.31x10™*2 0.169

P 1578 196 8.68x10™ 0.176

Q 1612 200 1.47x10™ 0.298
R 1622 201 1.42x10™" 0.288

Table VI.47 Positions and intensities of the IET active modes of the H-P junction, calculated at the
B3LYP(D)/cc-pVDZ/LANL2DZ level of approximation, for d=2.8 A.
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Peak# Frequency (cm™) Potential (mV) Intensity (arb. units.)  Relative Intensity

A3 307 38 1.29x10°° 0.239
c3 376 47 5.39x10° 1.000
A2 437 54 2.09x10° 0.388
B2 487 60 3.07x10° 0.570
- 526 65 2.57x10° 0.477
c2 536 66 2.43x10° 0.451
- 603 75 9.94x10” 0.184
D3 685 85 8.06x10” 0.150
E2 1235 153 3.05x10” 0.057
o] 1544 191 3.57x10” 0.066
P 1575 195 5.15x107’ 0.096
Q 1607 199 8.82x10” 0.164
R 1615 200 9.42x10” 0.175

Table VI.48. Positions and intensities of the IET active modes of the H-H junction, calculated at the
B3LYP(D)/cc-pVDZ/LANL2DZ level of approximation, for d=2.0 A.

VI.D. Conclusion

In this study, we have simulated the IET response of a single C¢o molecule embedded
between two gold electrodes by using the QCME code which is based on the Green’s function
formalism within the harmonic approximation for evaluating the vibronic couplings. The sensitivity
of the IET spectroscopy to junction parameters has been evidenced by considering four different
orientations of the Cg molecule and by varying the molecule-electrode distance. For all the
adsorption configurations (H, P, H-P, H-H) and considering a small molecule-electrode distance
(d=2.0 A) the dominant peaks are associated to longitudinal displacements of the contact moieties
(hexagon cycles for the H configuration, pentagon cycles for the P configuration, 6:5 bonds for the
H-P configuration, 6:6 bonds for the H-H configuration). When considering d=2.8 A, depending on
the configuration the dominant signatures are not associated to the same atomic motions. In
particular, for the H and P fixed with a molecule-electrode distance d=2.8 A, the two dominant
peaks are associated to deformations of the C¢g molecule between a spherical and a prolate shape
and to longitudinal motions of the hexagons cycles in the H junction (pentagon cycles in the P
junction) moving from one electrode to the other. For the H-P junction fixed with d=2.8 A the two
dominant peaks correspond to longitudinal motions of the 6:5 bonds in the direction of the
normal to the gold surfaces. Moreover, in this specific case we can observe the apparition of small

peaks at higher frequencies corresponding to C-C stretchings. For the H-H junction fixed with
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d=2.8 A we also observe the apparition of high-frequency modes which have the higher relative
intensities, the two dominant peaks being associated to C-C stretchings of the 6:6 bonds aligned
parallel to the Au(111) surfaces. On the other hand, for d=4.0 A the four adsorption configurations
only exhibit peaks corresponding to C-C stretching modes. In the case of the H junction, the
dominant peaks are associated to large endocyclic stretchings of the contact hexagons, while for
the P junction the major signatures are associated to deformations of the contact pentagons. In
the case of the edge contacts (H-H and H-P) the dominant peaks are associated to C-C stretchings
mainly localized on the 6:6 or 6:5 bonds aligned parallel to the Au(111) surfaces. The
rationalization of the sensitivity of the IET response as a function of the Cgo molecule-electrode
distance has highlighted an interesting consistency between the variations of the IET signatures
and the changes in the HOMO topologies. Indeed, when considering small Csg molecule-electrode
distances the dominant IET peaks involving longitudinal motions between the contact moieties
and the electrodes are associated to isosurfaces localized at the interface between the Cg; and the
electrodes, while for larger distances the dominant contribution of the C-C stretchings motions in
the IET response is correlated to a delocalization of the HOMO on the Cgo molecule, and does not
involve orbital overlaps between the Cgg and the electrodes.

51 3nd our theoretical

The best agreement between the experimental measurements
calculations has been found when considering a molecular junction characterized by two hexagons
of the Cgp molecule aligned parallel to the Au(111) surfaces and centered on a hcp site, with a
distance between the center of the hexagon (aligned parallel to the Au(111) surface) and the hcp
site of the source reservoir of 2.8 A, and with a distance between the center of the hexagon and
the hcp site of the drain reservoir of 3.4 A. In this case, the dominant signature is associated to the
spherical/prolate Cgo distortion mode, which is correlated to a H; mode of a free Cgo molecule,
active in Raman spectroscopylzs]. This observation is consistent with previous studies focusing on
the IET response of a single C¢o molecule in contact with Pb(111), Ag(110), and Al(100) surfaces
showing that H; modes are strongly coupled to transportm].

Finally, the study of Bohler and co-workers has also evidenced that some signatures do not
originate from the intrinsic vibrational modes of the system, but rather from the deformation of
the molecular contact as found for the peak observed at 64 mV (correlating to the A; breathing
mode also active in Raman spectroscopy). Our approach can therefore be of great help in

understanding, beside the intrinsic vibrational behavior of one compound, the small structural

variations induced by the proximity to the metallic electrodes.
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VII. IET spectra simulation of complex Cgo-porphyrin derivatives
within TINTIN project

In the context of the ARC proposal TINTIN, we have extended our calculations to complex
systems which are constituted of two Cgo-porphyrin based molecules sketched in Fig. (VII.1) and
denoted S1 and S2 in our study. Their synthesis is realized in the frame of the PhD thesis of Sylvia
Forensi under the supervision of Professor Davide Bonifazi in the Laboratoire de Chimie Organique
des Matériaux Supramoléculaires (COMS) in the University of Namur. The optimization of the
geometrical structures, the vibrational frequencies as well as the first-order derivatives of the
wavefunction with respect to the normal mode coordinates have been calculated at the B3LYP/6-
31G(d) level of approximation. Note that the huge computational needs required for the
calculation of the vibrational frequencies of S1 and S2 (having respectively 642 and 768 normal
modes) have been provided by the Consortium des Equipements de Calcul Intensif (CECI), funded
by the Fonds de la Recherche Scientifique de Belgique (F.R.S.-FNRS). The simulation of the IET
spectra has been performed by considering isolated molecules, i.e. the gold surfaces have been
considered implicitly. In this case, the coupling between the molecule and the electrodes is

defined as a constant parameter set to 0.05 eV, and the temperature is fixed to 4.2 K.

Fig. VII.1. Representation of the Cgo-porphyrin based molecules S1 (left) and S2 (right) optimized at
the B3LYP/6-31G(d) level of calculation.
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The IET spectra obtained for S1 and S2 are illustrated in Fig. (VIl.2). The vibrational

frequencies (cm™) and corresponding transition potentials (mV), and the IET intensities (arb. units)

of the dominant vibrational modes of S1 and S2 are respectively reported in Tables (VII.1-2).
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Fig. VII.2. IET spectra of S1 (black) and S2 (red) calculated at the B3LYP/6-31G(d) level of
approximation. The temperature is fixed to 4.2 K and the FWHM of the IET spectra to 20 cm™.

Frequency | Potential Intensity Mode description
C-H motions of the tert-butyl groups together with C-C
1517 188 6.93x10* | stretchings of the bridges separating the pyrrole rings and
C-C strechings of the pyrrole rings
1555 193 1.32x10" C-C strechings and C-H bendings of the pyrrole rings
1589 197 2.75x10™ | C-C stretchings of the bridges separating the pyrrole rings
1595 198 5 99x10°13 N-H and C-H bending motions of the pyrrole rings and C-C
stretchings of the bridges separating the pyrrole rings
1608 199 2.15x10™"3 C-C strechings and C-H bendings of the pyrrole rings

Table VII.1. Frequency (cm™), potential (mV), intensity (arb. units), and description of the
vibrational normal modes dominating the IET spectrum of S1 calculated at the B3LYP/6-31G(d)
level of approximation.

Frequency | Potential Intensity Mode description
1516 188 9.69x10° C-C stretchings of the bridges separating the pyrrole rings
and C-C strechings of the pyrrole rings

1555 193 1.24x10" C-C strechings and C-H bendings of the pyrrole rings

1587 197 2.20x10™® | C-C stretchings of the bridges separating the pyrrole rings

1595 198 5 971013 N-H and C-H bending motions of the pyrrole rings and C-C
stretchings of the bridges separating the pyrrole rings

1608 199 1.76x10™" C-C strechings and C-H bendings of the pyrrole rings

Table VII.2. Frequency (cm™), potential (mV), and description of the vibrational normal modes
dominating the IET spectrum of S2 calculated at the B3LYP/6-31G(d) level of approximation.
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For both compounds, the dominant IET signatures appear at similar frequencies in the
1515-1610 cm™ (188-200 mV) range, and are associated to five vibrational modes reported in
Tables (VII.1) and (VII.2). The two major peaks observed in the spectrum corresponding to S1 (S2)
are illustrated in Fig. (VI1.3) (Fig. (VI1.4)) and emerge at 1589 cm™ (1587 cm™) and 1595 cm™ (1595
cm™). The first pair of modes is characterized by C-C stretchings of the bridges separating the
pyrrole rings, while the second is associated to N-H and C-H bending motions of the pyrrole rings

together with C-C stretchings of the bridges separating the pyrrole rings.

1589 cm (197 mV) 1595 cm™ (198 mV)

Fig. VII.3. Sketch of the two dominant IET vibrational modes of S1 calculated at the B3LYP/6-
31G(d) level of approximation.

1587 cm™ (197 mV) 1595 cm™ (198 mV)

Fig. VII.4. Sketch of the two dominant IET vibrational modes of S2 calculated at the B3LYP/6-
31G(d) level of approximation.
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Moreover, the peaks found at 1555 cm™ and 1608 cm™ on both spectra also involve atomic
motions localized on the porphyrin moiety, and more particularly C-C strechings and C-H bendings

of the pyrrole rings as sketched in Figs. (VII.5) and (VII.6).

1555 cm™ (193 mV) 1608 cm™ (199 mV)
Fig. VII.5. Sketch of active IET vibrational modes of S1 calculated at the B3LYP/6-31G(d) level of
approximation.

1555 cm* {193 mV) 1608 cm* (199 mV)

Fig. VII.6. Sketch of active IET vibrational modes of S2 calculated at the B3LYP/6-31G(d) level of
approximation.

Considering the dominant signatures, the largest variation of relative intensity is observed for the

peak appearing at 1517 cm™ (1516 cm™) when considering S1 (S2) and can be explained by a
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change of the nature of the vibrational mode, as illustrated in Fig. (VII.7). Indeed, the smaller
contribution of the peak observed in the case of S1 can be attributed to a decrease of the
amplitude of the C-C stretching motions of the bridges separating the pyrrole rings with respect to
S2, while the contribution of motions localized on tert-butyl groups becomes significant. This
brings additional evidence that motions localized on the porphyrin moiety have a direct impact on
the IET activity, while none of the IET peaks (even the less intense) is associated to atomic motions

localized on the Cgo moieties.

1516 cmt (188 mV)

Fig. VII.7. Sketch of the two vibrational modes of S1 (left) and S2 presenting the largest variation
of intensity calculated at the B3LYP/6-31G(d) level of approximation.

Finally, concerning the less intense peaks the largest variations of intensity are observed for
modes of S1 (S2) appearing at 639 cm™ (640 cm™) and 1175 cm™ (1170 cm™). In the first case, it is
not associated to a change of the nature of the vibrational modes [Fig. (VII.8)], while for the
second the intensity decrease observed for the S2 derivative is attributed to a smaller amplitude
of the motions localized on the tert-butyl groups, as sketched in Fig. (VII.8).

A further extension of this preliminary study would be to describe explicitly the gold
electrodes, what may require a reduction of the size of the system in order to reduce the
computational needs. This could be achieved by replacing the tert-butyl groups by smaller
substituents. Note that in the frame of our collaborative work, these structures and spectra are

open to comparisons with experiment.
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Fig. VII.8. Sketch of the two vibrational modes of S1 (top) and S2 (bottom) characterized by
significant variations of relative intensities, calculated at the B3LYP/6-31G(d) level of
approximation.
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VIII. Conclusions and outlooks

This thesis has aimed at predicting, determining and interpreting the inelastic electron
tunneling responses of molecular junctions of interest for molecular electronics. All the IET
simulations carried out on these junctions, constituted of a single molecule sandwiched between
gold electrodes, have been performed by using the Quantum Chemistry for Molecular Electronics
(QCME) code that implements a generalized quantum chemical model for simulating the IET
responses of molecular systems. One original aspect of our approach consists in rationalizing the
results provided by this code via the sophisticated graphical support of the Pyvib2 program,
bringing new perspectives for future analytical applications of the IET technique.

Successive investigations have been carried out, considering single-molecular junctions of
increasing size and complexity. The IET technique is known for being sensitive to many junction
parameters, such as the molecular conformation, the orientation of the molecule with respect to
the metal electrodes, the molecule-electrode distance and the nature of molecule-electrode
anchoring. Our investigations have therefore demonstrated the important role of IETS as an
analytical tool to provide essential information about the structure and nature of a given
molecular junction.

The first study has focused on the selection of an appropriate level of calculation to
evaluate IET responses, providing a good compromise between accuracy and computational
needs. This preliminary work is justified by the lack of information available in the literature. The
impact of the atomic basis set and of the exchange-correlation (XC) functional on the inelastic
electron tunnelling (IET) spectra have been investigated by considering the prototypical 1,4-
benzenedithiol molecule. We have first noticed that the basis set effects on the IET characteristics
are larger than those of the XC functional. We observed that the cc-pVTZ, cc-pVQZ, and aug-cc-
pVDZ basis sets provide consistent IET intensities, and that the cc-pVTZ basis set offers the best
compromise between accuracy and computational needs. As for the XC functional, B3LYP turned
out to be suitable to predict the relative vibrational frequencies. The ability of the selected
B3LYP/cc-pVTZ level of approximation to predict accurate relative vibrational frequencies has been
supported by tackling the reliability of IR absorption spectra of our system. Indeed, provided a
scaling factor is used, the root mean square error on the vibrational frequencies goes down to 18

-1
cm .
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The second study has consisted in simulating and interpreting the Inelastic Electron
Tunneling (IET) spectra of an anil molecule switching between an enol-imine (E) and a keto-amine
(K) forms (via an intramolecular proton transfer). Despite the lack of IET experimental data, it
represents a straight continuation of a previous study concerning their nonlinear optical switching
behavior in the solid state. The interest of this work has been to assess the responses of such
systems in view of practical application in the field of molecular electronics and constitutes a
prerequisite step for future simulations and experimental measurements. We have considered
each tautomeric form of the molecule in two situations: isolated and sandwiched between gold
electrodes. We have shown that the IET spectra of the isolated molecules vary significantly as a
function of the chemical functions characteristic of each tautomeric form. When considering the E
and K forms of the molecule sandwiched between the gold electrodes, the dominant IET peaks
appear at similar voltages but their intensities are clearly different. In addition, we have
consistently observed the activity of vibrational modes involving atomic motions localized on
moieties specific to each tautomeric form. Therefore, IET is an analytical technique suitable to the
characterization of the molecular state of switches. This study also showed that, for all the
investigated configurations, in-plane longitudinal atomic motions contribute significantly to the IET
activity of vibrational modes and are thereby associated to the paths followed by the electrons as
they tunnel through the molecular junctions.

The variation of the IET activity observed when adding the gold electrodes has motivated
the investigation of the influence of the contact configuration, i.e. of the size and shape of the gold
cluster modeling the electrodes. We have considered junctions based on three different
hydrocarbons that have already been investigated experimentally (C;;, OPE and OPV) for which we
have modulated the electrodes size and shape, the molecule-electrode distances and the nature
of the anchoring group. Considering the Ci;-based junctions, the variation of the molecular
orientation and of the molecule-electrode distance allowed us to determine the structure
presenting the best agreement with the experimental IET spectrum, highlighting the high
sensitivity of the IET spectroscopy and its ability to identify the best configuration to match
experimental data. Regarding the OPE and OPV drain-less structures, we have observed a weak
influence of the shape of the source electrode on the IET activity, while the explicit description of
the drain electrode affects significantly the IET responses and makes the choice of the source
shape significant. A systematic feature in this case is the contribution of longitudinal C-S stretching
to the major IET active peaks playing a key role in the modulation of the coupling between the

molecule and the electrodes. We noticed that considering weak or strong molecule-electrode

202



couplings (i.e. implicit or explicit description of the drain electrode) is not always enough to match
the experimental signatures in a satisfying way. This should lead to further simulations taking into
account the asymmetry of the molecular junction, i.e. considering molecular junctions for which
the source-molecule distance is different from the molecule-drain distance. As it was already
evidenced in the study of anil derivatives, the IET spectroscopy is able to make the distinction
between similar systems presenting small variations in their chemical functionalities and, in this
case, allowed to differentiate thiol- and thiolate-terminated OPE and OPV structures. This result
supports the idea that the IET technique is perfectly suitable for chemical analysis, in the same
way as usual vibrational spectroscopies such as Infrared and Raman, requesting a proper
rationalization of propensity rules that remains challenging.

We have then extended our simulations on larger systems, based at first on a single Cego
molecule sandwiched between two gold electrodes. In the same trend as the previous study on
the Cyi-based junction, we observed a strong sensitivity of the IET response towards structural
parameters such as the nature of the anchoring moiety defined by the Cgo orientation and the Ceo-
electrode distance. Depending on the value of this distance, different natures of atomic motions
involving the moieties making the contact between the Cg and the electrodes contribute to the
dominant IET peaks. For d=2.0 A they are associated to longitudinal displacements while for the
largest distance considered in this study (d=4.0 A) they are related to C-C stretching motions. On
the other hand, for an intermediate distance value (d=2.8 A) the dominant signatures are not
associated to the same atomic motions depending on the nature of the contact moiety. In
particular, we found that the symmetric junction involving hexagon cycles as contact moieties
allows to reproduce the major IET peak associated to the deformation of the Cg molecule
between a spherical and a prolate shape observed in experimental measurements. The
rationalization of the sensitivity of the IET response with respect to the Csg molecule-electrode
distance has put in evidence a coherence between the changes in the HOMO topologies and the
variations of the IET signatures. Indeed, when considering small Cgo molecule-electrode distances,
the observation of isosurfaces localized at the interface between the Cgo and the electrodes is
correlated to the dominant IET peaks involving longitudinal motions between the contact moieties
and the electrodes, while for larger distances, the delocalization of the HOMO on the Cgo molecule
is associated to the dominant contribution of the C-C stretching motions in the IET response.
Taking into account the need to consider the asymmetry of the junction we pointed out in the
study of the OPE-based junction, the best agreement with the experiment has been found for the

molecular junction involving two hexagon rings facing the electrodes for which the distance
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between the center of the hexagon and the hcp site of the source (drain) electrode is fixed to 2.8
A (3.4 A). Beside the intrinsic vibrational behavior of this system, our approach has proven to be
helpful to detect the small structural variations originating from the vicinity with the gold surfaces.

Within the frame of the ARC proposal TINTIN, we have finally extended our investigations
to two Cgo-porphyrin based molecules for which we have implicitly considered the gold surfaces
due to the heavy computational requirements. The dominant signatures are associated to C-C
strecthings localized on the bridges between the pyrrole rings and to N-H bending motions. In
order to decrease the computational needs, an alternative could be to replace the tert-butyl
groups with smaller substituents and then allow to consider explicitly the gold surfaces in the IET
simulation. Such investigation of the IET spectra of very large systems (constituted of 216 and 258
atoms) within a quantum chemistry approach is new in the computational chemistry field and
opens perspectives in our ability to predict the vibrational responses of large m-conjugated
systems.

In the light of these results, we can propose a series of future developments. Given the
ability of the IET spectroscopy to predict the influence of the adsorption configuration on the
resulting spectrum, one can go further in investigating the effect of intermolecular interactions on
the IET response, referring to the experimental situation where the molecules of interest are
packed in the form of monolayers. Indeed, this would be interesting to bring an additional
knowledge for the rationalization of experimental results and characterization of experimental
configurations.

Even if we mainly focused our investigations on systems for which the molecule is anchored to the
gold surfaces via thiol/thiolate groups, a natural development would be to investigate the
influence of the chemical nature of the anchoring group on the IET response.

Another phenomenon to consider in our simulations concerns the potential polarization and
deformation of the molecule due to the application of a bias voltage, what could lead to a better
description of the dynamics of the IET process.

Finally, in spite of a long-running effort to rationalize the propensity rules characteristic of the IET
technique, it remains a recurring challenge because of the difficulty to understand the key factors
modulating the IET activity such as the symmetry matching between the electronic states with the
nuclear motions associated to the IET active vibrational modes. Such attempt must be verified by
trial on a set of large and non-ideal systems to ensure their reliability when applied on systems of

interest of similar complexity to those presented hereabove.
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