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ABSTRACT: We use inelastic electron tunneling spectroscopy first-principles simulations to
identify the different chemical bonds present at metal—molecule junctions. We unambiguously
identify the nature of these bonds from two distinctive features in the calculated spectra: (i) the
presence (or absence) of active vibrational modes and (ii) the dependence of vibrational
frequencies on electrode separation. We use this method to present a study of the vibrational
properties of alkanes bound to the electrodes via highly conducting Au—C links. In the
experiment, these links were formed from molecules synthesized with trimethyl-tin (SnMe,)
terminations, where the SnMe; groups were removed in situ at the junction, in a process
involving both breaking and formation of bonds [Cheng, Z.-L.; Skouta, R; Véazquez, H.;
Widawsky, J. R;; Schneebeli, S.; Chen, W.; Hybertsen, M. S.; Breslow, R.; Venkataraman, L. Nat.
Nanotechnol. 2011, 6, 353—357]. We obtain the vibrational fingerprint of these direct Au—alkane
links and extend this study to the other scenario considered in that paper (bonding via SnMe,
groups), which may be relevant under other experimental conditions. We also explore the effect
of deuteration on inelastic electron tunneling spectroscopy (IETS). Complete deuteration of the
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molecules diminishes the differences of the spectra corresponding to the two bonding geometries, making identification more
difficult. IETS of an isolated SnMe; fragment provides an additional basis for comparison in the characterization of the molecular

junction.

B INTRODUCTION

The flow of an electrical current through molecules has been
studied extensively over the past decades due to its fundamental
interest and its importance in many physical, chemical, and
biological processes." These molecules are often prepared with
chemical end groups which bind to the metal electrodes,
forming stable and well-defined contacts for the molecular
circuit. Thiol* and amine® groups are the most prevalent in
single-molecule transport studies. At the same time, however,
other link groups are being explored since metal—molecule
links strongly influence the geometric and conducting proper-
ties of the molecular junction.** Recently, highly conducting
Au—C links for single molecule transport were demonstrated.®’
For alkanes, the measured conductance was almost ~100 times
higher than that with other terminations. These molecules were
initially synthesized with trimethyl tin (SnMe;) end groups. It
was shown®’ that the SnMe; groups were detached in situ at
the junction, resulting in the formation of covalent Au—C
bonds. However, unlike molecules having other linkers,>™®
SnMe;-terminated alkanes undergo both the breaking of
molecular bonds as well as the formation of new bonds
between electrode and molecule. This process of in situ
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breaking and formation of bonds that led to Au—C links has
not yet been studied in detail. Therefore, one cannot, in
principle, rule out the occurrence of other bond breaking and
formation processes under different experimental conditions
(e.g., in ultrahigh vacuum or at low temperature). In particular,
in ref 6, the authors initially considered another binding
scenario, where only a methylene group (and not the whole
SnMe;) was removed at each end and the alkane backbone was
bonded via SnMe, links.

Inelastic electron tunneling spectroscopy (IETS) is ideally
suited to address this issue, due to its ability to identify
molecular species at nanojunctions that has resulted in its use in
chemical analysis of single molecules.*"'® In this paper, we use
IETS to unambiguously identify the different bonds present at
the molecular junction. We predict the vibrational signature of
the two scenarios considered in ref 6 for the in situ formation of
metal—molecule bonds: (i) cleavage of the whole SnMe,
groups and direct binding of Au to the alkane backbone, and
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(ii) scission of one CH; group from each Sn atom and binding
of the alkane backbone through SnMe, links. The different
metal—molecule links in these scenarios give rise to distinctive
features in the IETS signals, which allow us to chemically
characterize the junction and unambiguously identify the
conducting molecular species. We expect this work to be
useful in the study of the in situ formation of highly conducting
links as it predicts the vibrational signatures associated with the
presence of the different bonds (e.g,, Sn—C, Sn—Au, or Au—C)
that can be formed from SnMe; molecules. Moreover, since the
vibrational properties of alkanes bound via direct Au—C links
(scenario (i)) have not been, to the best of our knowledge,
investigated before, our results represent the first study of the
IETS signature of alkanes having highly conducting Au—C
links.

B METHODS

Figure 1 shows the isolated SnMe;-terminated hexane molecule
(C6, Figure 1a) as well as the two considered binding scenarios
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Figure 1. (a) C6 molecules initially synthesized with SnMe; groups.
(b) Scenario with direct Au—C covalent bonds resulting from the
cleavage of SnMe; groups. (c) Bonding through SnMe, links after
scission of a methyl group. L defines the electrode separation and is
measured between the (fixed) second Au layers at both sides of the
junction. C atoms, green; Sn, blue; H, white; Au, yellow. Red arrow
indicates the direction of electron flow for V' > 0.

to the gold electrodes: direct Au—C bonds (C6—Au, Figure 1
b) or bonding via SnMe, groups (C6—Sn, Figure 1c). We
calculate the junction structure and its transmission properties
using the SIESTA/TranSIESTA'"'* codes based on density
functional theory (DFT). We use the Inelastica''* package to
calculate the vibrational modes, electron-vibration couplings
M?, and IETS spectra. We use a single-( polarized basis for gold
(Au) and a double-{ polarized basis for hydrogen (H), carbon

(C), and tin (Sn) atoms. Also, for the atoms of the outermost
gold surface, we use a diffuse orbitals basis.'> For gold, we use a
lattice constant a = 4.14 A, corresponding to the relaxed lattice
parameter with the calculation parameters used here. All
calculations are performed in the generalized gradient
approximation.'® The real-space grid is fixed at 250 Ry, while
a k=5 X5 X 1Monkhorst—Pack mesh is used for the sampling
of k-space. For each electrode—electrode separation, we relax
the position of the atoms in the molecule, adatoms, and the first
gold layer until residual forces are below 0.02 eV/A. At each
distance, transmission at the Fermi level is calculated with a k-
point sampling of k = 15 X 15. The dynamical region for the
calculation of electron-vibration coupling includes the molecule
and the gold adatoms. IETS signals were calculated in the wide
band approximation'” as an average over electron momentum'®
with a k-grid of 10 X 10.

The IETS signals in Figure 3 are calculated using a
modulation voltage V. = S meV'*'* and are consistent with
results using other V values. For a range of electrode—
electrode distances, we calculate the vibrational fingerprints of
both bonding scenarios using IETS, defined in the usual way as
the ratio (d*I/dV?*)/(dI/dV) between the second and first
derivatives of the tunnel current I with respect to the applied
bias V. We start at the energy minimum with respect to the
electrode separation and increase the distance between
electrodes in steps of 0.5 A for a total of 2 A to reproduce
the experimental conditions in molecular traces.

B RESULTS

Concerning the elastic transport properties, we find that the
calculated conductance of C6—Au is approximately an order of
magnitude higher than that of C6—Sn. Unlike the case of thiol-
functionalized alkanes, for which it has been reported that
stretching the junction induces an increase of the con-
ductance,’”™* our results show that, for both pure and tin-
functionalized alkanes, the transmission around the Fermi
energy decreases almost linearly with increasing electrodes
separation (Figure 2). We relate this to the reduction of the
electronic coupling between metal and molecular states upon
stretching.

The IETS curves for C6—Au and C6—Sn are shown in
Figure 3. The IETS signals in the 50—200 meV range and their
dependence on electrode separation show differences which
allow us to clearly distinguish between Au—C and Au—Sn
bound junctions. In general, a clear signal in the IETS of alkane
chains arises from C—H and C—C modes'***7*° while low-
energy peaks are associated with the heavier gold and tin atoms.
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Figure 2. Transmission coefficient at the Fermi level as a function of stretching for (a) C6—Au and (b) C6—Sn. The red curves are linear fits with

slopes —0.013 and —0.0022 A™' for C6—Au and C6—Sn, respectively.
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Figure 3. Calculated IETS of (a) C6—Au and (b) C6—Sn for five
different electrode separations. For clarity, these curves are shifted by
0.5 V™. For each geometry, the spectra for positive (negative) voltages
are shown in solid (dashed) lines. The labels indicate different
vibrational modes (str = stretch, rc = rock, wg = wag, sc = scissor).
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Figure 4. (a) Probe vector constructed by considering the movement
of just the methyl groups. (b) Mode-resolved change in the
conductance G for C6—Sn. The radius of the filled circles is
proportional to the projections over the probe mode. Colors indicate
different stretching conditions according to the convention adopted in
Figure 3. Data corresponding to different stretching conditions are
offset for clarity. The horizontal lines indicate the baseline (zero 5G)
of each calculation.

Features below ~25 meV are typically related to the Au
atoms."?

The labels in Figure 3 describe the vibrational modes giving
rise to a particular peak or group of peaks. In the case of C6—
Au, the low-energy peak around 70 meV is given by the Au—
C* stretching mode. The frequency is smaller than the typical
S—C* stretching mode in alkanethiol-based junctions'”***°
where it is usually found between 80 and 90 meV. In the case of

Figure S. Side view of the most transmitting eigenchannels for (a)
C6—Au and (b) C6—Sn junctions corresponding to scattering states
incoming from below. In both cases, the eigenchannels are of o
symmetry. (c) Front view of the scattering state of C6—Sn also
visualized in panel (b).

Table 1. Softening Rate (d#iw/dL) of Low Energy Peaks
with Respect to Increasing Electrode Separation for the C6—
Au and C6—Sn Junctions®

dhw/dL

molecule  mode freq (meV) (meV/A) mode description
C6—Au 62 —4.0 Au—C™

122 =27 c-C™

133 -09 C-C™

15§ —-13 C—-C"8 + C—C™"

163 —4.1 C—-C"8 + C-C™"
C6—Sn 64 =20 Sn—C*"

90 —06 CHE

125 -09 c-C™

135 -0.3 C-C™

155 —-0.6 C—-C"8 + C—C™"

163 -1.6 C-C"® + C—-C™"

“The second column represents the position of the peak at the
equilibrium distance Lj,.

C6—Sn, a similar IETS peak is also found around 70 meV but
corresponding to the Sn—C*"* mode. The vibrational signature
of the Au—Sn mode, which lies below ~25 meV, does not
appear clearly in the IETS curve. The features in the 120—135
meV region can be described for both C6—Au and C6—Sn in
terms of C—C®" stretching modes. Between 140 and 150 meV,
the main contributions come from CH, wag modes (CH}®)
while the peak at 170 meV is given by CH, scissor modes
(CHY).

At first glance, our computed IETS curve thus appear rather
similar to features of alkanes reported in the literature.'”*” >
Upon close inspection, the IETS curves of C6—Au and C6—Sn
present important differences, in particular, around 90 meV
where the CHY rock mode, previously reported to be active,*
indeed gives a signal only for C6—Sn.

To quantify the vibrational character of the different signals
in IETS, we project the vibrational modes ®; onto well-
characterized probe vectors p. As an example, we constructed
the probe vector shown in Figure 4a with pure CHj; rock
motion (constructed by considering the movement of just the
methyl groups). Figure 4b then reveals simultaneously for each
vibrational mode its CH; rock character (symbol radius
proportional to the projections) as well as its contribution to
the IETS intensity (y-axis proportional to the conductance
change 6G; over the emission threshold). Clearly, the mode at
90 meV is well characterized as CHj; rock and it leaves a
considerable signal in IETS.

dx.doi.org/10.1021/jp5077824 | J. Phys. Chem. C 2014, 118, 27106—27112
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Figure 6. IET spectra of the fully deuterated (a) C6—Au and (b) C6—Sn molecules in the L, geometry. Deuterium atoms are marked in violet. For
each geometry, the spectra for positive (negative) voltages are shown in solid (dashed) lines. Red arrow indicates the direction of electron flow for V

> 0.

For C6—Au, no features are found in IETS in this energy
range since there are no CH; groups bound to the conducting
backbone. The CHj signal is therefore a signature of SnMe,-
bound junctions and thus allows us to unambiguously
discriminate between the two binding scenarios.

A slight asymmetry in IETS with respect to bias polarity
develops in C6—Sn junctions with increasing electrode
separation. This originates from the geometric asymmetry in
the orientation of the SnMe, groups (Figure 4b), which
primarily affects the rock mode of the CH; groups.

The relative amplitude of the peaks shown in Figure 3 can be
rationalized in terms of the matrix elements |(‘I’ﬁnlM’ll‘P,"m)l2
between initial (¥;,,) and final (¥;,) scattering states together
with the electron-vibration couplings M*.*' For both C6—Au
and C6—Sn, we have one main transmission eigenchannel32
with rotational (o-type) symmetry with respect to the electron
tunneling pathway (Figure S). Electron waves incoming from
either electrode decay exponentially through the molecular
backbone as expected from the tunneling conditions. The
propensity rules®' hence favor longitudinal modes with respect
to the transport axis, such as the C—C, Au—C, and Sn—C
stretch modes.

Interestingly, although the CHj; rocking mode does not
involve the carbon backbone of the molecule, it still gives an
appreciable contribution to IETS. The eigenchannel plots
(Figure S) reveal that the scattering state of C6—Sn has a
significant amplitude on the methyl groups attached to the Sn
atom. This is consistent with the deformation potential
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associated with the CH; mode at 90 meV having a nonzero
overlap with scattering states on both sides of the molecule and
resulting in a peak in the IETS curves.

Dependence of IETS on Electrode Separation. We now
discuss the dependence of the dominant IETS peaks as a
function of electrode sepa,ration,19’26’33”3’4 since it provides
another means to clearly distinguish between C6—Au and C6—
Sn junctions. Table 1 shows the stretching dependence (dfiw/
dL) for the two considered bonding scenarios, calculated as the
fit to the peak maxima over the five electrode separations
considered and averaged over positive and negative bias. The
Au—C* peak of C6—Au shifts significantly upon junction
stretching, having a red shift of 8 meV over a 2 A increase. For
C6—Sn, the Sn—C*™* peak moves down by only 4 meV over the
same electrode separation range. This is in part due to the fact
that the C6—Sn junction is longer than C6—Au, which
distributes the stretching among more bonds, and in part due
also to the stiffness of the different (Au—Sn, Sn—C, and Au—C)
chemical bonds. The softening rate of the modes with C—C™"
character is three times higher for C6—Au than for C6—Sn
junctions. The small peak at 165 meV resulting from CH3® and
C—C*™ modes splits in two contributions for both C6—Au and
C6—Sn. The splitting with electrode separation is roughly the
double for C6—Au than for C6—Sn.

Finally, the signal from the CH; modes at 90 meV (for the
C6—Sn junction) displays a rather weak distance dependence.
From our calculations, we thus see that the dependence of
IETS peak position on electrode separation is much stronger

dx.doi.org/10.1021/jp5077824 | J. Phys. Chem. C 2014, 118, 27106—27112
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Figure 7. (a) IET spectra of C6—Sn after deuteration of the upper and lower methyl groups (b). For each geometry, the spectra for positive
(negative) voltages are shown in solid (dashed) lines. Red arrow indicates the direction of electron flow for V > 0.
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Figure 8. (a) Side view of the SnMe; fragment at L = 14.0 A and (b) IET spectra of the SnMe; fragment at four different electrode separations. For
each geometry, the spectra for positive (negative) voltages are shown in solid (dashed) lines. Red arrow indicates the direction of electron flow for V/

> 0.

for C6—Au than for C6—Sn. This points to a second
mechanism by which to discriminate the composition of the
molecular junction: quantifying the peak shifts in the IETS
signal with electrode separation.

IETS of Deuterated Molecules. We now turn to the effect
of deuteration on the IETS curves. Figure 6 shows the IET
spectra of the fully deuterated molecules. For both C6—Au and
C6—Sn, we see a down-shift of all peaks associated with CH,
modes, which now mix with C—C stretching modes. The peak
at 135 meV remains at the same position in both cases but now
it is a combination of C—C*" and CD} modes. For both C6—

27110

Au and C6—Sn, two additional peaks appear slightly above 100
meV and at 117 meV. In the 110—160 meV energy range, in
addition to the C—C™" modes, we now find CD}® and CD¥
modes.

The most relevant result is that the C6—Sn peak associated
with the CHY mode merges with the Sn—C*" peak. Thus,
complete deuteration diminishes the differences in IETS of the
two different bonding scenarios, making identification more
difficult.

In contrast, selective deuteration of the CHj; groups attached
to only one of the two Sn atoms in C6—Sn gives rise to a

dx.doi.org/10.1021/jp5077824 | J. Phys. Chem. C 2014, 118, 27106—27112
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pronounced asymmetry in the IETS signal arising from the
CD¥ mode (Figure 7). We note that this asymmetry may be
used as an additional tool to identify the C6—Sn junction.

IETS of the SnMe; Fragment. In order to provide a
complete characterization of both binding scenarios, we
calculate the inelastic signal expected in the case where the
SnMe; fragments separate from the alkane chain. Energetic and
entropic arguments® suggested that the SnMe, fragments
adsorb on the Au surface. Here we predict its vibrational
features for future experimental (e.g,, low-temperature STM)
studies. We show that this fragment would give a very different
inelastic spectrum compared to that of both C6—Au and C6—
Sn. Figure 8a shows the side view of the junction geometry for
L = 14.0 A, where the dashed line encloses the dynamical
region. Figure 8b shows the IET spectra at four different
electrode separations. The asymmetry in the low energy part of
the spectrum with respect to bias polarity is due to the
asymmetry of the molecular junction.

The SnMe; group gives a clear IETS signal. At ~ 60 meV
there is a feature arising from the Au—Sn*" and Sn—C*" modes.
The peak resulting from the CHY mode appears around 80
meV, slightly lower than in the case of C6—Sn. For SnMe;
there are no C—C bonds and the (small) signal present
between 120 and 144 meV is due to a combination of Sn—C
stretching and CH; d-deform modes.”® The characterization of
the IETS characteristics of the SnMe; fragment completes the
analysis of the C6—Au scenario where the whole SnMe; groups
are detached.

B CONCLUSIONS

In summary, we carry out first-principles calculations of IETS
to investigate and characterize junctions where alkanes
synthesized with SnMe; groups are bound to Au. We consider
two binding scenarios and obtain the vibrational fingerprints
corresponding to the binding of the alkane backbone directly to
Au or via SnMe, groups. The IETS curves of C6—Sn junctions
show a peak around ~90 meV arising from the CH; groups
bound to Sn. The vibrational spectra of C6—Au junctions
exhibit no features at this energy. In addition, the dependence
on electrode separation of the IETS peaks is significantly
stronger in the case of Au—C bonds than for SnMe,-terminated
molecules. Selective deuteration of the CH; groups at just one
of the molecular terminations, though not complete deutera-
tion, introduces a strong asymmetry in the IETS signals with
respect to bias polarity. Finally, we obtain the vibrational
fingerprint of the SnMe; fragment cleaved from the alkane
chain during the formation of the Au—C bond. These
differences allow us to unambiguously characterize both
scenarios chemically and to provide important information on
the different metal-molecule bonds present at molecular
junctions.
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