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The inelastic electron tunneling spectroscopy (IETS) of semifluorinated hexadecanethiol junctions is
theoretically studied. The numerical results show that the C-F vibration modes of semifluorinated
alkanethiol series can not be detected, and the C—H stretching mode in IETS is related to the CHs
vibration. It is demonstrated that the Raman modes are preferred over IR modes in IETS, which is
in good agreement with the experimental measurements presented by Beebe et al. [Nano Lett., 2007,

7(5): 1364].
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1 Introduction

In the last decade, inelastic electron tunneling spec-
troscopy (IETS) has attracted considerable attention on
studying properties of organic molecules. For molecular
junctions, as tunneling electrons strongly couple with vi-
brational modes of molecules, well-resolved peaks can be
observed in IET spectra. It is realized that the IETS is
an important tool for characterizing the molecular junc-
tions [1—3]. Recently, a variety of experimental and the-
oretical works on a few kinds of molecules have been
carried out for pursuing fundamental rules during the
scattering process. Concerning the IETS of molecular
junctions, a number of issues such as the temperature
dependence [4—6], the molecule-metal contact structure
effect [7], the molecular orientation effect [8, 9], the hy-
dration effect [10], and the propensity rules based on the
molecular symmetry and on the topology of the molecule
in the junction [11—13] have been investigated. A series
of propensity rules for interpreting IETS of molecular
junctions have thus been revealed. However, these in-
sights are just obtained from a few molecules, and some
discrepancies between theoretical simulation and exper-

imental measurement are still remained.

Very recently, Beebe et al. have measured IET spec-
tra for junctions formed from hexadecanethiol molecules
with varying degrees of fluorination [14]. New insights
into the vibronic coupling between the charge carriers
and nuclear motions of the molecules, such as Raman
modes are preferred over infrared modes, and an inten-
sity of IETS related to a specific bond does not depend
on the number of the bond have been concluded. This in-
vestigation not only explores the selection rules in IETS
for a new series of molecules but also provides data for
testing validity of theoretical models.

Basing on the early developed quantum chemical ap-
proach for electron transports in molecular junctions,
Luo et al. developed a first-principles computational
method with hybrid density functional theory [15, 16].
The vibronic coupling is introduced by expanding the
electronic wave function over different vibrational nor-
mal modes within the harmonic approximation. This
approach is successful to assign and interpret features of
IETS given by experimental measurements [6, 7]. In or-
der to understand the experimental observations given
by Beebe et al. [14], we make a theoretical investigation
on the molecular junctions formed by hexadecanethiol
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molecular series.

2 Theoretical model

The molecular device is divided into three parts, source
(S), drain (D), and extended molecule, as shown in Fig. 1.
The source and drain are described by an effective mass
approximation, while the extended molecule is treated
with hybrid density functional theory at ab initial level.
Our formality for the charge transport through molecular
junction is based on Green’s function theory, and it has
been proven to have good descriptions for experimen-
tal measurements [6, 7, 15, 16]. For three-dimensional
electrodes, the current density along molecular axis z is
given as:

dem*kgT

Jsp =" 4
./Oo {ln 1+exp|[(Er — E, +¢eVp)/kpT)] }
0 1 + exp [(EF — Ez)/kBT]
|T(Vp, Q)] nnPdE., (1)

where n® and nP are the density of states of the source
and the drain, respectively, T" is the device working tem-
perature, m* is the electron effective mass, and Vp is the
external voltage. Here, Er is the Fermi energy, which
is taken as middle of highest occupied molecular or-
bital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the extended molecule, and the nonequilib-
rium transport is considered by simple line-up the Fermi
energy of the extended molecule and the bulk metals.
The total current is I = Ajsp, where A is the effective in-
jection area of the transmitting electron. The transition
matrix element from the source to the drain, T'(Vp, Q)

Fig. 1 Schematic structure of 1-hexadecanethiol molecular junc-
tion for a linear chain of three gold atoms and a triangle structure
with three gold atoms. The fluorinated carbon atoms are noted.
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is dependent on the vibrational motion ) and can be
determined by

T(Vp,Q)=>_> Vis(@Vpx(Q)> gk (2)
J K I

where V;5(Q) (Vb (Q)) represents the coupling energy
between the site J(K) of the molecule and the reservoir
S(D) in the site representation; J and K run over the
molecular sites; ¢/ is the carrier-conduction contribu-
tion from scattering channel €, and can be written as:
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where |J}') and |K{) are the electronic function of the
molecular site J and K at equilibrium position, respec-
tively; and w, is the frequency for vibrational normal
mode Q.. Orbital |u) is the eigenstate of the Hamil-
tonian for the extended molecule. In the expression of
g7k, the electronic wave function expanded as Taylor
series along the vibrational normal mode is truncated
to the first-order derivative with adopting the harmonic
approximation, and the elastic off-resonant scattering
regime is considered. Here, parameter z, is a complex
variable, z, = E, +iI;/¥ with E, being the energy at
which the scattering process is observed and I/ being
the escape rate determined by the Fermi golden rule:

II*(Q) = an’Vis(@Q) (I (Q) | w(@))I*

+anP V3 (Q) (@) | K(Q)* (4)

From the current we can get the differential conductance
as dI/dV. Taking the second derivative of the current,
we get what we will refer to as the IET spectrum:

d21

(7)

dv?2
which is often normalized with respect to the differential
conductance, i.e.,

d21/dv?

dr/av ®)
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3 Results and discussion

The semifluorinated alkanethiol junctions are noted as
FO, F1, F2, F3, and F10, with the same nomenclature,
as that in Ref. [14]. The IET spectra of the molecu-
lar junctions in three models are simulated. As a very
simplified model to simulate the IETS, the first model ig-
nores the influence of molecule-metal contact and takes
the optimized structure of the gas-phase molecule, where
the molecule—electrode coupling in the formalist is arti-
ficially introduced. This model is promised to clearly
display the effect of the fluorine substitution in the
molecules on TETS.

In the two other models, the influence of molecule-
metal contact is considered. Here, contact atomic con-
figurations of the linear chain and the triangle structure
with three gold atoms are assumed (see Fig. 1). In the
triangle configuration, the sulfur atom of the thiolate is
located on the hollow position of three gold atoms with
the S—Au bond length of 0.285 nm. We assume that
the terminal hydrogen and fluorin atoms are at a given
distance of 0.15 nm from the Au atom. The Au-Au
bond length is fixed to be 0.288 nm for both cases. The
molecular optimizations and frequency calculations have
been performed at the B3LYP/Lanl2DZ level by using
the Gaussian 03 program package [17]. The IETS is cal-
culated using the QCME (Quantum Chemistry Molecu-
lar Electronics) program [18]. The temperature is taken
as 4.2 K. A uniform broadening factor is set to be 4.0
meV for all simulated spectra.

The calculated IET spectra of semifluorinated alka-
nethiol series without considering the effect of metal-
molecular contact are displayed in Fig. 2(a). In Fig.
2(a), one can see that these IET spectra are similar to
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Fig. 2 (a) Illustration of the calculated IETS in gas phase for
the semifluorinated hexadecanethiol series. The enlarged regions
corresponding to CH2 wagging and stretching modes are shown as
insets in (b) and (c), respectively.
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each other. The assignments for the vibrational modes
in our calculations have some resemblances with those in
the calculated Raman spectra for each of the molecules.
The C—F vibrational modes are not resolved in the
IETS. With this simplified model, it seems to indicate
that the Raman modes are preferred over infrared modes
for contributing the scattering cross section. Five spec-
tral peaks contributed from v(C—S), CHs twisting, CHs
wag, CHs scissoring, and CHy stretching modes are ob-
served, and the strongest intensity is dominated by the
CHa;, scissoring modes. Furthermore, by careful examina-
tion, we find that the peak at 1050 cm ™! is certainly due
to the pure CHy twisting modes, and the v(C—C) vibra-
tional modes are absented in IETS, obtaining a different
situation from that shown in Raman spectra.

It is interesting to note that there is a decrease in
the peak intensities of v (C—S) (720 cm™!), CHy twist-
ing (1120 cm~1!), CHy scissoring (1500 cm~1), and CH,
stretching modes (2950 cm~! ) when the number of flu-
orinated carbons increases from FO to F10. However,
the variation of the intensity of the CHy wag modes at
1300 cm~! is nonmonotonic for the number of fluorine
atoms [see Fig. 2(b)], in which the intensity for molecule
F10 takes the largest value. From these features, one at
least can conclude that the IETS intensity is not a fully
additive quantity.

For clarity, the region corresponding to the C—H
stretching modes is enlarged, as shown in Fig. 2(c). It is
observed that the IETS peaks of the vibrational modes
for FO and F1 take little difference. Note that the CHs
group is replaced by the CF3 group for molecule F1. The
simulated results demonstrate that the C—H stretching
modes contributed to peak at 2950 cm ™! are related to
the CHy vibration and not to the CHs vibration. The
further careful examination on the atomic vibration and
frequency indicates that the peak is due to the symmet-
ric stretching of the CHy group localized on the region
directly adjacent to the sulfur atom. To our knowledge,
the source of the C—H stretching mode was neither dis-
cussed nor correctly assigned. For instance, the theoret-
ical calculations for alkanethiol molecules suggest that
the peak of C—H stretching mode is related to the CHs
vibration.

The calculated IET spectra of F1 molecular junction
for three situations considered, together with the corre-
sponding experimental spectra are shown in Fig. 3. For
the experimental spectrum of F1 in Fig. 3(d), there exist
four visible peaks, which are C—S stretching vibration
at 94 mV, C—C stretching vibration at 135 mV, CHs
wagging vibration at 173 mV, and CHs stretching vibra-
tion at 359 mV, respectively. In the triangle (gas-phase)
case, the calculational v(C—S) mode and CHy wagging
and twisting mode (CHs wagging modes in gas-phase
case) are found at 81.8(86.7) mV and 154.8(161.2) mV,
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Fig. 3 ET spectra of F1 for different cases: (a) The gas phase,
(b) The chain contact, (¢) The triangular contact, and (d) The
experimental result.

respectively, which is in agreement with the experimen-
tal measurements of Wang et al. [4]. However, compared
with the observed results of Beebe et al. [14], the v(C—S)
and CHy wagging and twisting modes are shifted down.
Moreover, in the triangle and the gas-phase cases, the
features at 183.2 mV and 186.2 mV respectively are due
to the CHj scissoring vibrations. These vibrations come
from the motions of CHy adjacent to the S atom and
can also be assigned by other observed and calculated
results [3, 4, 6—8]. Therefore, the experimental peak of
CH, wagging vibration might be a sum of several spec-
tral features, including not only the CHs wagging mode
but also the CHy twisting and scissoring modes.

With the increase of the number of fluorinated car-
bons, the theoretical results for FO, F2, F3, and F10
are also carried out for the linear chain case that are
not shown in this paper. From these results, we find
that the contributions of CHgy stretching mode cannot
be detected in the chain configuration for all semifluo-
rinated alkanethiol molecules. Furthermore, comparing
of the calculated IETS in the chain configurations with
the experimental spectra, we notice that the calculated
results do not fit with the experiments, which may imply
that the contact structure for these molecular junctions
should not be the chain configuration.

With the increase of the number of fluorinated car-
bons, the theoretical results in triangle cases for F0, F1,
F2, F3, and F10 are displayed in Fig. 4. Although there
are C—F vibration modes in these semifluorinated alka-
nethiol series, the contribution of these modes to the
IETS cannot be detected in our calculation, which is
in agreement with the measured results. In Fig. 4, we
can clearly see that the CHy stretching modes have
contribution to IETS for all semifluorinated molecules,
though the relative peak intensities of these modes are
quite lower. Interestingly, it needs to note that there
are contributions of C—C—C scissoring modes (belong
to the fluorinated part of F10) to IETS. Since the calcu-
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lated peaks of C—C—C scissoring modes are not found
in other alkanethiol molecules, the contribution of these
modes might be due to the fact that the number of the
C—F bonds is more than that of C—H bonds in F10.
Furthermore, the existence of C—C—C scissoring modes
can partly explain the experimental red-shift of v(C—C)
mode in F10, namely, the experimental peak of v(C—C)
vibration should contain the contribution of C—C—C
scissoring mode in the F10 junction.
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Fig. 4 Illustration of the calculated IETS for the semifluorinated

hexadecanethiol series with triangular gold contacts.

We note that the contributions for the peak at around
155 mV are from CHy wagging and CHy twisting modes
that often mix with each other in the “fingerprint re-
gion” [8]. In Fig. 4, it is interesting to note that there
are frequency shifts of the vibrations depending on the
odd or even numbers of the fluorinated carbon atoms in
the region between 130 mV and 200 mV, while the sim-
ilar shift can only be detected in the low energy region
for F10 in the experiment.

4 Conclusion

The IET spectra of semifluorinated hexadecanethiol se-
ries are investigated by using the Green’s function-based
scattering theory. We conclude that the linear Au trimer
contact is not a possible contact for the semifluorinated
molecular series. The theoretical IET spectra show the
contribution of the CHy wagging, twisting, and scissor-
ing modes, which corresponds to the “CHy wag” label in
the experiment. The C—H stretching mode comes from
the CHy vibration, which highly agrees with the exper-
imental conclusion, and the stretching motion of the
CH; group mainly comes from the one directly adjacent
to the sulfur atom. Our results of semifluorinated alka-
nethiol series in the simple model support the conclusion
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that the Raman modes are preferred over IR modes in
IETS. Our calculations are helpful for understanding the
experiment results presented by Beebe et al..
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