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We report on the vibrational fingerprint of single C60 terminated molecules in a mechanically

controlled break junction (MCBJ) setup using a novel statistical approach manipulating the

junction mechanically to address different molecular configurations and to monitor the

corresponding vibrational modes. In the IETS spectra, the vibrations of the anchoring

C60 dominate the spectra; thus information on the unit anchored with C60 to the electrodes is

masked by the modes arising from the anchoring groups. However, we have identified the

additional modes from the fluorene backbone optically.

1 Introduction

Fullerenes have recently been introduced as anchoring groups

for single molecule electronics1,2 in order to benefit from an

enlarged contact area and their affinity for noble metals. In

our molecular design sp3 hybridized carbons are introduced

between the anchoring fullerenes and the central unit, providing

well defined tunneling barriers.3 The fullerene anchors

hybridize strongly with the metal electrodes;4 however, due

to the internal tunneling barriers the central unit is electro-

nically decoupled from the electrodes and the electronic

properties of this unit are therefore expected to be preserved

when the molecule is contacted.3

In this paper, we examine the signature of such fullero-

pyrrolidine-anchored molecules in inelastic electron tunneling

spectroscopy (IETS). In molecular electronics, IETS is a

versatile tool to fingerprint the molecule under investigation.

IETS is based on measurements of the current–voltage (I(V))

characteristics: vibrations which couple to electron transport

can be detected in the differential conductance of the junction

(dI/dV(V)) and compared to theory5–9 or bulk characterizations

(infrared (IR) and Raman spectroscopy).10–12 Due to the size

of the fulleropyrrolidine end groups, many vibrational modes

exist and therefore it is important to examine the influence of

the anchoring group on the IETS signal. Only when the signature

of the anchoring groups is known can useful information

regarding the central unit be extracted.

We have performed IETS on a fulleropyrrolidine anchored

fluorene (‘‘fluorene dumbbell’’) molecule (double-sided

anchoring), and on a phenyl fulleropyrrolidine (‘‘tadpole’’)

molecule (single-sided anchoring) in a mechanically controlled

break junction (MCBJ) setup and compared the results to

Raman and IR spectroscopy (see Fig. 1A). The tadpole

molecule can be considered as an extended C60, where the

symmetry of C60 is broken due to the attachment of the

pyrrolidine moiety. Its vibrational modes are therefore very

similar to the ones of the anchoring C60 group in the fluorene

dumbbell. Comparison of the IETS spectra measured on the

different molecules could in principle be used to disentangle

vibrations originating in the anchoring C60 from the ones in

the central unit.

In a MCBJ setup, the distance between two partially

suspended electrodes is controlled by the bending of a flexible

substrate (see Fig. 1B and C). A mechanical attenuation of

B5 � 10�5 yields picometer control over the gap distance and

a high lateral stability of the electrodes due to the close

proximity of the supports; this stability provides a means to

carefully study the electrical characteristics as a function of

electrode spacing.13
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Statistical analysis of the low-bias conductance of the tadpole

molecule will be published in a separate paper.14

2 Results and discussion

2.1 IR and Raman spectroscopy

Lowering of the C60 symmetry by chemical modification

makes many of the silent C60 modes optically active.15 The

reduced number of silent modes is beneficial for the comparison

of the IR and Raman spectra to the electronic IETS spectra,

for which no selection rules apply and all vibrational modes

are allowed and in principle observable.

Almost all IR and Raman active modes are similar for the

tadpole and the fluorene dumbbell molecules (see Table S1,

ESIw). This may not be that surprising since the tadpole and

the fluorene dumbbell molecules share the fulleropyrrolidine

as anchoring group(s), from which apparently most of the

modes originate.

Let us first discuss the vibrational modes of C60. It has

46 distinct frequencies among the 174 vibrational modes.16

There are 10 irreducible representations of the full icosahedral

group (Ih) to which C60 belongs. Adapting the notation of

modes fromWeeks and Harter17 (g and u denote even and odd

modes) these are Ag/u, T1g/u, T3g/u, Gg/u, Hg/u with dimensions

1, 3, 3, 4, and 5 respectively. The Hg modes are Jahn-Teller

active in the excited or charged state of C60.
18

C60 has only ten distinct Raman-active frequencies (two for

the Ag modes and eight for the Hg modes) and four distinct IR

active frequencies (the T1u modes). Thus only 14 modes are

optically active. We found that below 200 meV (1600 cm�1)

the fluorene dumbbell has 31 Raman active and 36 IR active

frequencies. 16 of the modes have Raman as well as IR peaks,

thus 51 distinct frequencies exist. 33 of these frequencies match

C60 frequencies within a few meV, and they include all 14

optically active C60 modes. The pyrrolidine functionalization

breaks the symmetry of C60 and makes forbidden transitions

in the fullerenes visible.15

We further note that C60 itself does not have single-phonon

modes above 200 meV. For the tadpole and fluorene dumbbell

molecules we do observe IR and Raman peaks in this region

(see Fig. S4, ESIw): strong IR peaks at 251 meV and 256 meV

for both the tadpole and fluorene dumbbell molecules are

present and a strong IR mode at 214.4 meV for the fluorene

dumbbell molecules only. In addition we observe a large

amount of small Raman and IR peaks which are attributed

to higher order modes or combinations of modes.

Fig. 2 shows unique IR active modes at 214.4 meV for the

fluorene dumbbell molecule, and at 187.7 meV for the tadpole

molecule. The fluorene dumbbell also has a unique Raman

peak at 199.9 meV and a unique IR peak at 157.2 meV,

however these peaks overlap with peaks from the tadpole

molecule (an IR and a Raman peak respectively).y It will

therefore be difficult to use these modes as a fingerprint for the

fluorene dumbbell. It should further be noted that the unique

modes must be located at the fluorene and benzene units,

respectively, as modes originating from fulleropyrrolidine are

similar for both molecules.

2.2 Conductance

Conductance measurements on junctions of the tadpole and

fluorene dumbbell molecules have been compared with a

reference measurement on a device that was exposed to a

clean solvent only (toluene).

In a typical break junction experiment, the evolution of the

junction conductance at a constant bias voltage is measured in a

so-called breaking trace as the electrodes are stretched. 2D

histograms19 were constructed from more than 500 such break-

ing traces. The data were binned in conductance and approx-

imate gap size. High counts in these 2D histograms correspond

to the typical conductance evolution of the junctions.

Fig. 1 (A) Molecular structure of the fluorene dumbbell and the

tadpole. (B) Schematic of a MCBJ. The underetched lithographic

defined gold wire is stretched by bending a flexible substrate (phosphor

bronze). The bending is controlled by pushing the substrate with

a pushing rod against the counter supports. (C) Scanning electron

micrograph of a single junction.

Fig. 2 IR (top and right y-axis) and Raman (bottom and left y-axis)

spectra of tadpole (‘—’/red) and fluorene dumbbell (‘- -’/blue). Peak

positions are marked with vertical dotted lines.

y The tadpole and fluorene dumbbell molecules have more peaks
which are unique to them (see Table S1, ESIw), however these peaks
are too close in energy to other peaks in order to be used as fingerprint
modes.
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For the molecular junctions, the 2D histograms show a clear

increase of counts in the tunneling region at larger gap size

(Fig. 3B and C) compared to the reference junction (Fig. 3A).

This signature is indicative of the formation of molecular

junctions. However, conductance histograms of tadpole junctions

(Fig. 3B) have reduced counts below 10�3G0, indicating

that no configuration of the molecular junction gives such

conductances. Furthermore, in addition to a fast conductance

decay similar to the one observed in the clean junction, the 2D

histogram of the dumbbell shows a slow tail down to a

conductance of about 10�4G0 (Fig. 3C), which may be the

signature of these single-molecule junctions. The toluene

histogram (Fig. 3A) does have some ‘‘molecular’’ features in

the tunneling region although the pressure is more than 5 orders

of magnitude lower than the vapour pressure of toluene. Thus it

cannot be ruled out that some toluene molecules remain in the

gap region due to strong interaction with the surface.

Both molecular junctions (Fig. 3B and C) show an increase

in counts at long distances in the region around 10-2G0, but no

clear plateaus are visible. Accordingly, junction configurations

with different conductances seem to be probed in the experiments.

This is surprising in light of earlier measurements of well-

defined conductances in such fullerene-anchored molecules.2,19

The formation of junctions with variable conductance might

be due to some remaining solvent molecules which limit

electron injection from the electrodes into the anchoring

groups, or due to non-linear junction configurations in which

the molecule is contacted at different positions throughout the

electrode stretching.

Informed by these experiments as well as earlier measurements

on such fullerene-anchored molecules,19 we carried out IETS

experiments around conductances of 10�2G0 and 10�4G0 to

further investigate the formation of molecular junctions.

2.3 IETS

The signature of vibrations in IETS depends on the exact

geometry of the molecular junction under investigation, thus

the signal is expected to vary when the distance between the

electrodes is changed and the metal–molecule–metal junction

is reconfigured. Thereby the electron–phonon coupling

changes. As a consequence not all possible modes may be

visible in a single IETS measurement. Furthermore, it is also

important to realize that different electrode configurations

may change the IETS signal either due to quantum interference

effects originating from impurity scattering in the electrodes,20

or by a change in the binding geometries of the molecule to the

two electrodes. A statistical measurement approach is therefore

crucial when performing IETS on single-molecular junctions.

In the histogram of the conductance measurements,

the fluorene dumbbell shows a range of stable molecular

configurations; for some of those the current is believed to

flow only through the anchoring fulleropyrrolidines. Possibly,

IETS can then be used to distinguish between the different

molecular junction configurations: if current does not pass

through the entire molecule, but only through the fullero-

pyrrolidines, a weaker electron–phonon coupling is expected

for the unique modes originating from the central part of the

molecules. In contrast, if the molecule is trapped in such a way

that current passes through the entire molecule, the modes of

the central unit couple more strongly to electron transport and

are likely to show up in the IETS spectra. Thus, measuring the

magnitude of the IETS signal for these modes could possibly

allow us to track the pathway of the electrons.21 By measuring

IETS spectra at different junction configurations (different

conductances), information on the orientation of the molecule

in the junction could therefore become accessible. At high

conductance values it is, however, difficult to measure the

IETS signal up to high energies as the junctions become

unstable at the high bias voltages required.z
We have measured the IETS signal consecutively while

opening (breaking) the junction in small incremental steps.

An I(V) curve is measured simultaneously with dI/dV(V), and

d2I/dV2(V) is obtained by numerical differentiation (see

Fig. 4). Curves are recorded in both bias scan directions by

ramping the voltage as a triangular wave beginning from zero.

When the applied bias voltage aligns with the energy of a

molecular vibration (o�h), an inelastic process can occur

resulting in the excitation of the vibration. At the onset of

this energy a new channel is opened for electron tunneling, and

a change in slope is expected in the I(V) characteristics which

results in a peak in the d2I/dV2(V) at positive bias voltage (and

symmetrically a dip at negative bias voltage.)

Often a dip around zero bias voltage is observed in the

dI/dV(V), which may be attributed to dynamic Coulomb

blockade.22 The tunneling event produces an electron–hole

pair in the opposite electrodes with a life time set by the

impedance (Z) of the circuit. If the timescale of the tunneling

Fig. 3 2D histograms of MCBJ conductance measurements of (A) toluene/bare gold (see the text), (B) tadpole molecule, (C) fluorene dumbbell

molecule. The X-axes give the apparent opening of the junction after breaking of the last gold–gold contact, y-axes give the conductance of the

junctions and the color scale is the normalized counts.

z At short electrode separation and at energies above a junction specific
value (typical 150 meV) the current starts fluctuating stochastically. At
even higher voltage the electrodes tend to fuse together.
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process (set by the charging energy) is smaller than that of the

electron–hole pair ð �h
e2=2C

oZCÞ, tunneling becomes suppressed

at low bias voltage due to Coulomb blockade. It is as if the

electron (and the hole) only diffuses away slowly and an extra

barrier has to be overcome. The effect is also known as the

‘‘diffusive anomaly’’ or ‘‘environmental Coulomb blockade’’.23,24

Histograms of peak positions for each breaking sequence

are constructed by selecting peaks/dips in d2I/dV2(V) which

are present in both voltage scan directions and which are

symmetric in bias voltages (within 3 meV). All IV’s during

stretching of the contact are used. A new electrode configuration

and thereby a new IETS breaking sequence is obtained by

pushing the junction into metallic contact and separating the

electrodes again. A different molecular orientation in the gap

as well as a change in quantum interference with impurities in

the electrodes may be established giving rise to a somewhat

different IETS signal. In this way, features arising from

quantum interference and random switching are averaged

out. This novel construction of peak position histograms from

different breaking sequences ensures that different molecular

orientations are probed.

Fig. 5A shows a histogram of the peak positions in IETS

collected from a single breaking sequence of a fluorene

dumbbell junction at small zero bias conductance (B10�4G0).

The peak positions change only little throughout the stretching

of the contact, which results in sharp peaks in the histogram

(see S2, ESIw). However, if the peak histograms of 12

consecutive breaking sequences are added together (see

Fig. 5B), an average over different molecular configurations

is created and more peaks appear in the histogram. For

example, Fig. 5A shows no peak at B40 meV but when the

different breaking traces are added together a peak appears at

this value (Fig. 5B). This demonstrates that the IETS spectra

depend strongly on the junction configuration and that we can

probe their electrical properties by the mechanical manipulation

in our novel statistical measurement approach.

Peaks at low energy (below 90 meV) are also visible in

reference experiments without molecules (see S5 and S6,

ESIw), but no peaks above the noise level are visible at higher

energies (measured up to 160 meV). In contrast, molecular

junction with the fullerene molecules do clearly show peaks at

energies above 90 meV. In the reference experiments we

mainly observe peaks with energies of a multiple of B20 meV,

which can be assigned to the Au–Au stretch.25

The histogram in Fig. 5 is plotted together with the IR (red

curve) and Raman (blue curve) spectra. The optical spectra are

consistent with the IETS spectra obtained from measuring the

current through the molecule. In the interval from 30 to 155 meV

87% of the IETS peaks match optically active (IR or Raman)

modes within 3 meV. 73% of the optically active modes match

IETS peaks within 3 meV. For the reference measurement with

no molecule the corresponding percentages are 59% and 35%

compared to the optical modes of the fluorene dumbbell.

Of the 22 IETS peaks identified in Fig. 5B below 200 meV,

17 match in energy with C60 modes. Of these 17, seven match

with the eight Hg modes (see Table S2, ESIw). Within 3 meV,

34 of the 43 IETS peaks identified match with a Raman peak

and 15 with an IR peak. Specifically, we do observe a small

IETS peak at 212 meV, which is close to the IR unique peak at

215 meV. No optically active modes are measured below

30 meV because it is below the threshold of the Raman and

IR measurements, thus the two IETS peaks observed below

30 meV (see Table 1) cannot be assigned to any of the optical

modes. However it is expected that the C–C–C scissor mode of

the alkane chain,26 and the Au–Au stretch25 have modes in

this region. In addition three IETS peaks are not assigned to

measured optically active modes; namely 39 meV, 106 meV

and 233 meV. The 39 meV mode could be the second order

mode of the Au–Au stretch which is also measured in the clean

toluene junctions (see Fig. S5, ESIw). Trace amount of toluene

in the junction could give rise to the peaks at 106 meV and at

233 meV due to modes at 104.4 meV and 230.4 meV.

In Fig. 6B the histogram of a tadpole breaking sequence is

given. To compare the peak positions with those measured on

a fluorene dumbbell junction, we have chosen to take I(V)

curves at approximately the same conductance values,

B10�2G0. Both molecules show increased counts in the corres-

ponding conductance histograms around this value indicating

a stable molecular configuration. It is tempting to assume that

transport in both cases is mainly through a fulleropyrrolidine

anchoring group. The corresponding IETS histogram of the

fluorene dumbbell is given in Fig. 6A. The IETS histograms

for both molecules have similar characteristics and the peak

positions largely coincide with vibrational energies of the C60

modes (see Table 1). In this table, IETS peaks are assigned to

the closest C60 mode or the two closest modes if more C60

modes have the same energy within a few meV.8 The table

shows that for the tadpole as well as for the fluorene dumbbell

five of their IETS peaks match one of the six Jahn–Teller

active C60 modes (the Hg modes) present in this region (below

160 meV). Three of those correlate with one of the most

pronounced peaks. Thus, we can conclude that the C60

Jahn–Teller active modes are predominant in the high

(Fig. 6) as well as the low-conductance region (Fig. 5) of the

dumbbell molecule. However, we do find more IETS peaks

than observed for pure C60.
27,28

In general no selection rules apply for vibrations that can be

observed in IETS, however propensity rules can be deduced.29

For example, the Jahn–Teller active modes couple strongly to

Fig. 4 Measured dI
dV
ðVÞ (‘—’), and numerically calculated d2I

dV2ðVÞ
(‘- -’) from a fluorene dumbbell junction at about 8 K. Both directions

of the voltage ramp are shown. Peaks in the second derivative indicate

the position of vibrational modes.

8 The difference between IR/Raman and IETS peaks is not uniform
over the whole voltage/energy range due to, among other reasons, a
random readout error of the peak position in the IETS measurements.
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the LUMO dominated electron transport in C60.
30 Experi-

mentally it has been found that the position of the Fermi level

of the metal electrodes is crucial to observe all the active Hg

modes.28 On one hand, the proximity of the C60 LUMO to the

Fermi level appears to be necessary to observe all modes, on

the other hand, a strong overlap between the LUMO and the

Fermi level seems to damp the signal completely. We observe

almost all the active Hg modes and many other modes as well.

Therefore we conclude in agreement with the theoretical

findings3 that the LUMO level of the C60 anchored molecules

investigated here aligns closely to the electrodes Fermi level

but has a rather weak electronic coupling.

Using our statistical measurement approach, we can

now monitor the evolution of the various IETS peaks upon

stretching the electrodes and inducing different junction

geometries. A subset of the IETS spectra from the fluorene

dumbbell junction showed a change in the peak positions

during stretching of the contact. Fig. 7 depicts the d2I
dV2 during

Fig. 5 Histograms of peaks in d2I
dV2 at V 4 0 from fluorene dumbbell junctions with low bias conductance around 10�4G0. Only symmetric peaks/

dips are included in the histogram. (A) Histograms constructed from peak positions of a single IETS breaking sequence. (B) Histograms

constructed using peak positions of twelve different breaking traces (including the histogram in ‘‘A’’). Raman (blue) and IR (red) spectra are

overlaid and peak positions marked with vertical dashed lines.

Table 1 Phonon modes in meV of C60
16 within a few meV of IETS histogram peak positions are shown in columns 1 and 2. Columns 3, 4 and 5

show the peak positions from IETS histograms of fluorene dumbbell junctions, tadpole junctions and toluene junctions, respectively. The most
pronounced peaks are shown in bold face, and the closest optical (Raman or IR) frequency is given in parentheses for all IETS peaks

Mode C60 Fluorene dumbbell Tadpole Toluene

— — 20 22.5 20,25
— — 29.5 29.4 28 (26.8)
Hg(1) 33.7 33.8 (33.2) 35 (33.9) —
Gu(1) 43.8 41.4 (42.7) 43.2 (42.1) 39.7, 41 (42.7)
Hu(1) 50.0 48.0 (48.6) 48.5 (48.8) 49.7
Hg(2) 53.7 52.6 (52.7) — 52.5
Ag(1) 61.5 61.5 (59.7) 60.5 (60.6) 59.7 (57.5)
T3g(1) 68.6 68.7 (68.6) 67.5 (68.5) —
— — 80.0 (77) 77.0 (77.0) 75, 79.6 (77.2)
Hu(3) 82.8 84.4 84.4 (82.0) —
Hg(3) 87.9 89.5 (89.2) 90 (90.3) —
Hg(4)/Gu(3) 95.7/96.2 97.5 (95.9) 97.5 (95.9) —
— — 112.0 (111.7) 113 (112) —
Gu(4) 119.1 119.0 (119.0) 117/122.5 (119.0/121.2) —
Au 122.0 125.5 (124) 125.2 (124) —
— — 130.7 131.7 (131.7) —
Gg(4)/Hg(5) 133.8/136.3 134.0 (134.1) 135.2 (135.4) —
T1u(3)/T3u(4) 146.5/149.4 148.0 (147.2) 148 (147.2) —
Hu(5) 151.6 151.0 (150.5) 150 (149.9) —
Hg(6) 155.2 — 154.5 (155.2) —
T1g(3) 159.8 158.0 (158.0) — —

Fig. 6 Histograms of peaks in d2I
dV2 at V 4 0 for junctions with a

low-bias conductance around 10�2G0. (A) Fluorene dumbbell junction.

(B) Tadpole junction. The peak positions (and shoulders) are marked

with vertical dotted lines.
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breaking (IV number 0–24) and making (IV number 25–51) of

a molecular junction in the high conductance regime

(B10�2G0). The peak at 40 mV is very sensitive to junction

stretching (dashed line): it moves to higher energies when the

junction is stretched, and moves to lower energies when the

junction is closed (a complete histogram of the junction is

shown in S3, ESIw). The change in peak position indicates that

this particular excitation is sensitive to the exact coupling of

the molecule to the electrode. A vibration which includes

changes of bond lengths between C60 and the electrodes could

be a possible explanation. This specific excitation could,

however, also be electronic. The degenerated LUMO and

HOMO would have a different charge distribution, thus image

charge effects may lift the degeneracy and an electronic

excitation of a few meV could be possible.

The agreement between IR/Raman and IETS gives clear

evidence that tadpole and dumbbell molecules have been

trapped and measured in the MCBJ setup. Because of the

sharp electrodes produced by the MCBJ technique, the number

of molecules probed in an experiment is very small, down to

one molecule. In addition, the large size of the molecules under

investigation (the diameter of C60 is 1 nm) puts a further

limitation on the number of molecules which can be fitted in

between the electrodes. Based on these considerations, we find

it most likely that a single molecule has been contacted in these

MCBJ experiments.

In principle IETS measurements can also be used to further

examine the orientation of the molecule in the junction, as the

electron–phonon coupling may depend on it. For example,

specific modes originating from the central unit are expected to

couple more strongly to electron transport when the molecule

bridges the electrodes compared to the situation when electron

tunneling only occurs through one of the C60 units. Our

experiments show some indications that indeed this kind of

information can be deduced from measuring IETS spectra for

different electrode spacings. However, the energies needed are

not experimentally accessible at high conductances and small

electrode displacements in this particular system. A detailed

analysis of the IETS peak heights and a close comparison

within theoretical calculations could provide the information

needed to further decide on the orientation of the fluorene

dumbbell molecule in the junction.

3 Experimental

IETS is performed using a custom-made MCBJ setup31,32 and

lithographically defined MCBJ devices with gold electrodes.

Molecules were deposited onto the unbroken/pristine chips

from a mM solution (toluene as solvent) under a N2 atmosphere.

Self-assembly of the molecules on the Au surfaces was allowed

for up to 3 h, whereafter the chips were blow dried with N2.

A molecular junction is first formed at room temperature, at

B10�5 mbar pressure. When a molecular signature (plateaus

in distance vs. conductance breaking traces) had been observed

in constant-voltage breaking traces, the junction was cooled to

approximately 8 K (by immersion into He2(l)), while keeping

the electrode distance in the tunneling regime using a feedback

loop. IETS experiments were performed at approximately 8 K.

As high conducting molecular junctions are unstable at high

bias voltages, the bias voltage range was adjusted to be a

maximum of 190 mV at G 4 5 � 10�3G0 and up to 500 mV at

lower conductance values.

The I(V) and dI/dV(V) characteristics of the molecular

junctions were measured simultaneously using home-built low-

noise electronics. The differential conductance was determined

with a lock-in amplifier at 1.5 mV modulation of the DC bias

voltage at B170 Hz. At each point of the bias voltage sweep,

the DC current was obtained by averaging the junction current

over a fixed interval in time. During each measurement the DC

voltage across the junction was swept in a triangular curve

beginning from zero, and both scan directions were recorded.

Two complete I(V) and dI/dV(V) characteristics were

recorded at each electrode displacement in order to check

the reproducibility at every position. The numerical derivative

of the differential conductance (d2I/dV2(V)) was obtained

from pointwise linear fits of the dI/dV(V) data within intervals

of 3 mV.

An automated routine (LabVIEW with ADwin-Gold

ADC/DAC) was implemented to record the I(V) and dI/dV(V)

characteristics of molecular junctions within a fixed interval of

low-bias conductances. During these measurements the junction

was repeatedly broken and established. In individual breaking/

making runs the electrode distance was changed in increments

of about 5 pm and I(V)’s (and dI/dV(V)’s) were recorded at

each point. Between each breaking run the junction was

brought into contact (toB3G0) in order to obtain a new junction

configuration.

Histograms of peak positions are constructed by selecting

peaks which are present in both voltage scan directions and

which are symmetric in bias voltages (within 3 meV) from

several (typically 450) consecutive I(V) traces which differ by

a small electrode spacing. Due to an uncertainty in the

measured peak position a 3 meV interval was chosen to ensure

that peaks were identified by the algorithm as being symmetric.

The resolution is limited by the 1.5 mV AC modulation as well

as the 3 meV intervals used for the numerical calculation of the

d2I/dV2(V) peaks. Thus phonon modes which are closer than

3 meV are not resolved by this method.

Fig. 7 IETS evolution of a fluorene dumbbell junction during

stretching and fusing. (top) The color scale is d2I
dV2, and is normalized

to the maximum value for each IV (x-axis). The y-axis is bias

voltage. (bottom) Red curve (left y-axis) is low bias conductance,

blue curve (right y-axis) is the approximate relative opening of the

junction.
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Conductance histograms were normalized to the distance

between data points (in approximately gap opening) and to the

number of breaking traces in the histogram. Breaking traces

were measured using a constant voltage of 100 meV.

IR measurements were performed on a Bruker ALPHA-P

FTIR Spectrometer. Samples were placed as powder or

dried solutions onto a diamond crystal, and attenuated total

reflectance Fourier transform infrared (ATR-FTIR) spectro-

scopy was performed.

Raman measurements were performed by placing powder or

dried solutions onto a cleaned glass cover slip on an Olympus

IX71 microscope. As excitation source a 488 nm CW Argon

Ion laser (CVI Melles Griot 35MAP431-200) was used. A

narrow bandpass filter centered at 488 nm from Semrock was

used to spectrally clean the laser source. The laser light was

reflected in the microscope on a 451 longpass dichroic filter

(Semrock RazorEdge 451, 488 nm) towards a 100� 1.3 NA

Olympus objective (immersion oil objective UplanFL N) that

focused the laser on the sample and collected the Raman

signal. The power at the sample was 5.5 mW focused into a

diffraction limited spot. A Notch filter (Kaiser Optics) was

used to block the 488 nm laser light in the detection path.

The Raman spectrum was recorded by using a PI Acton

SpectraPro SP-2356 polychromator (1200 g mm�1 blazed

at 500 nm) and a PI Acton SPEC-10:100B/LN_eXcelon

Spectroscopy System with a back-illuminated CCD chip

(1340�100 pixels).

Toluene Raman and IR data are from Wilmshurst and

Bernstein.33

4 Conclusion

We have presented IETS measurements on single tadpole and

fluorene dumbbell molecules being single- and double-sided

anchored to Au surfaces using fullerenes. Using a novel

statistical measurement approach, many different configurations

of the molecular junction are probed and different electron–

phonon couplings are achieved thereby.

Consistent with conductance measurements, we found

that different configurations of the C60 terminated molecules

are possible in the junctions. We found that by collecting IETS

peak position histograms for many IETS breaking sequences,

additional modes were found than using only a single breaking

sequence. Such a statistical approach is required to arrive at a

full picture, especially if many adsorption geometries and

electron–phonon couplings are possible.

The intrinsic modes of fulleropyrrolidine dominate the IETS

spectra making it difficult to extract the pure signature of the

central part of the molecule when using C60 as the anchoring

group. However, when the signature of the anchoring group is

known, IETS can give a quick confirmation of the presence of

a molecule in the junction without knowing the signature of

the central part of the molecule.

By carefully analysing single IETS breaking sequences we

were able to extract information of the evolution of the

junction upon stretching. The IETS spectra are changed

mostly at high conductance values. Further investigations

are needed in order to address the origin of these changes.

Acknowledgements

This research was supported by the European Commission

with the project SINGLE (Contract No. FP7/2007-2013/

213609), FOM, and UNIK - Synthetic Biology program

(Grant 09-065274). We thank R.H.M. Smit for helping in

setting up the MCBJ experiments, D. Dulic and M.L. Perrin

for clean room work, and H.G. Kjaergaard for helping with

Raman experiments.

References

1 C. A. Martin, D. Ding, J. K. Sørensen, T. Bjørnholm, J. M. van
Ruitenbeek and H. S. J. van der Zant, J. Am. Chem. Soc., 2008,
130, 13198–13199.
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