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ABSTRACT: In situ gap-mode Raman spectra were ac-
quired in an electrochemical environment on a single-crystal
gold electrode employing a Au(100)|4,40-biphenyldithiol
(BPDT)|Au-NP(55 nm) sandwich assembly. This geome-
try enabled an investigation of the influence of an applied
electrochemical gate field on the conformational changes in
nanojunctions, such as the torsion angle (j) of molecules. A
linear correlation between the intensity ratio ICdC/ICring�S

and cos2 j in 4,40-BPDT-type molecular junctions was
established and subsequently utilized to estimate the po-
tential dependence of the torsion angle of the “flexible”
molecule M1 at different potentials. The latter decreases as
the potential (charge) becomes more negative, resulting in
better π�π coupling, which correlates with enhanced
junction conductance. The demonstrated spectroelectro-
chemical strategy and the direct correlation of the spectro-
scopic results with (single) molecular conductance studies
may guide the selection and elucidation of functional
molecules for potential applications in novel nanodevices.

Self-assembled organic monolayers (SAMs) of organo(di-)
thiols on gold surfaces have emerged as model systems for

exploring fundamental aspects of the structure and functionality
of organic thin films and monolayers.1,2 In particular, the under-
standing and tuning of charge transport in nanoscale metal
|molecule|metal junctions represent key issues in the realization
of an electronics based on molecules.3�6 Mesoscopic transport
experiments with single molecules and molecular ensembles in
different test beds (see the recent reviews in refs 3�8 and the
literature cited therein) as well as electrochemical studies with redox
proteins9 or ferrocene covalently attached to electrodes via molec-
ular linkers10 have revealed that polyaromatic (di)thiols may act as
efficient molecular wires and electron-transfer promoters.

However, the direct probing of structure and chemical
changes in nanoscale molecular junctions upon application of
an electric field is still a major challenge. Therefore, it would
be highly desirable to develop strategies capable of identifying
and characterizing the structures of molecules in these junctions
and revealing relationships between molecular structure and

electrical properties or other functionalities. Current experimen-
tal strategies are based on inelastic electron tunneling spectros-
copy (IETS)11,12 and surface-enhanced Raman spectroscopy
(SERS) in “on-edge”,13 electromigrated,14 or nanoscale break
junctions;15 tip-enhanced Raman spectroscopy (TERS);16 and
various ensemble approaches involving the alignment of
103�1012 molecules in parallel between two conducting
substrates.17,18 While conventional SERS is limited to rough
metallic or nanostructured surfaces,19 the Raman scattering
efficiency is greatly enhanced in nanosized gaps through excita-
tion of localized surface plasmons.14�16,20�24 A particular unique
gap-mode configuration with high structural control has been
achieved by depositing “plasmonic” gold nanoparticles (Au-
NPs) with a narrow size distribution on top of organic mono-
layers adsorbed on atomically flat single-crystal metal surfaces.21,25

This approach was extended recently by Li et al.26 using Au-NPs
covered with an inert silica shell to protect the SERS-active nano-
structure from direct chemical interaction with the adlayer and/or
the substrate surface.

In the present communication, we report the first electro-
chemical study of gap-mode Raman spectroscopy on an Au(100)
single-crystal electrode in 0.05 M KClO4 at pH 9. Employing the

Figure 1. Schematics of the sandwich assemblies and the investigated
4,40-biphenyldithiols M1�6.
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concept of “electrolyte gating”27 to Au(100)|4,40-biphenyldithiol
(BPDT)|Au-NP(55 nm) junctions, we demonstrate electric-
field-induced changes in the torsion angle between the two
phenyl rings.

Recent single-molecule STM-based break junction experiments
have shown that the conductance through p-NH2-,

28 p-SH-,29 and
p-CN-substituted30 biphenyls attached to gold contacts varies
linearly with cos2 j, where j is the torsion angle. The torsion
angle between the two interconnected aromatic ringswas controlled
by “chemical tuning”. In particular, in refs 29 and 30, attachment of
alkyl chains of various lengths (“molecular straps”) at the 2 and 20
positions guaranteed minimum motion and conformational free-
dom of the bridge without changing the electronic character of the
substituents and the length of the bridging molecules.

In order to address the role of an applied electric (electrochemical)
field on j in π-conjugated aromatic compounds, we performed
in situ Raman spectroscopic measurements on 4,40-BPDTs with
“free” (M1) or (for internal reference) fixed (M2�6) torsion angles
ranging between 17 and 79,7�29,31 in a Au(100)|4,40-BPDT|Au-
NP(55nm) configurationunder electrochemical conditions. Figure 1
illustrates the experimental setup. The chosen sandwich structure
represents an ensemble arrangement of parallel molecular tunneling
junctions with nanometer-sized dimensions on a well-defined single-
crystal electrode. The applied electrochemical potential controls the
potential drop between the Au(100) and Au-NP(55 nm) electrodes
(the “Helmholtz layer”) and therefore resembles the bias voltage in a
molecular conductance experiment.

The sandwich structure was created by first assembling the
chosen 4,40-BPDT molecules on an island-free Au(100)-(1� 1)
surface from 0.3 mM ethanol solution at 60 �C. Ensuring the
absence of oxygen led to densely packed but disordered mono-
layers with one thiol group bound to the gold substrate and the
biphenyl backbone tilted at angles of up to 40�with respect to the
surface normal.16,31,32 Next, ∼55 nm diameter Au-NPs that had
been synthesized by citrate reduction of HAuCl4 in aqueous
solution33 were dropped onto the Au(100)|4,40-BPDT surface
and dried in vacuum. The freshly prepared electrode was
subsequently transferred into a custom-made spectroelectro-
chemical cell for in situ gap-mode Raman experiments in a
backscattering geometry. Further details concerning sample
preparation and the experimental Raman setup are summarized
in the Supporting Information (SI).

Identical results were obtained with nanoparticle films and
well-dispersed nanoparticles (see the SI). In the latter case, the

interparticle distance was much larger than the sphere�plane
gap (i.e., the thickness of the organic monolayer). Therefore, one
may expect that the dominant Raman gap modes are mainly
excited between the Au-NP(55 nm) and the Au(100) plane.16,21

Figure 2A displays typical potential-dependent gap-mode Raman
spectra recorded for Au(100)|M1 in the presence of an Au-
NP(55 nm) top layer upon excitation with 632.8 nm light from a
He�Ne laser. Figure 2B compares the spectrum ofM1 with those
of M2 to M6, the latter five having chemically fixed torsion angles
between the twophenyl rings, at the particular potentialE=�0.80V,
where the gold surface is negatively charged (see the SI). The
acquired spectra show an excellent signal-to-noise ratio. No
Raman signals were obtained in the absence of the Au-NP-
(55 nm) layer, as no local surface plasmons could be excited by
the propagating optical wave on the atomically smooth Au(100)
surface. On the other hand, the gap-mode spectra of all of the
molecules studied revealed four dominant bands, such as those at
1083, 1200, 1283, and∼1584 cm�1 forM1 at E =�0.80 V. They
are assigned to Cring�S stretching, C�H in-plane bending
(�C6H4), C�C bridge stretching between the two phenyl rings,
and aromatic tangential phenyl ring stretching (CdC).13,21,34�36

Except for the band at 1584 cm�1, the band positions shifted
toward slightly higher values (2�3 cm�1 V�1) as the potential
becamemore negative. Their intensities increased until the onset of
reductive desorption of the organic monolayer at E < �1.10 V.32

The increase in intensity is tentatively attributed to the enhanced
electromagnetic coupling between the Au-NP(55 nm) layer and
the increasingly more negatively charged surface (see the SI).

Of particular interest are the bands at∼1580 cm�1 (tangential
CdC stretch in the two phenyl rings) and ∼1081 cm�1

(Cring�S stretch). The intensity of the former depends on the
conjugation of the two phenyl rings16 and is therefore directly
related to the torsion angle between the planes of the rings. On
the other hand, the nature and intensity of the Cring�S band is
not related to conjugation and torsion angle. Consequently, we
used this band as an internal standard. The ratio of the integrated
intensities, ICdC/ICring�S, could be chosen as a measure of the
interplanar torsion angle of the 4,40-BPDT system under inves-
tigation. Figure 3A depicts ICdC/ICring�S forM1 as a function of
the applied potential. The ratio increases rather slowly until
E ≈ �0.60 V, and subsequently at a more negatively charged
surface (c.f. SI), the ratio increased more rapidly until desorption
of the thiol occurred (solid circles). A similar trend was observed
when the potential was scanned in the reverse direction
from �1.10 to 0.0 V (open circles). From this we conclude that
the torsion angle of M1 changed reversibly with the applied

Figure 2. (A) Potential-dependent gap-mode Raman spectra of Au
(100)-(1 � 1)|M1|Au-NP(55 nm) in 0.05 M KClO4 (pH ∼9). (B)
Corresponding Raman spectra of M1 to M6 at �0.8 V vs Ag/AgCl,
normalized to the Cring�S stretching band of M1. Excitation line,
632.8 nm; laser power, 0.15 mW; acquisition time, 5 s.

Figure 3. (A) Integrated intensity ratio I1580/I1080 (ICdC/ICring�S) for
M1 vs potential from 0 to �1.1 V and �1.1 to 0 V. (B) ICdC/ICring�S

ratios for M2�M6 vs potential from 0 to �1.0 V.
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potential, i.e. we observed a conformational change within the
nanojunctions of the Au(100)|M1|Au-NP(55 nm) sandwich
architecture in situ upon “electrolyte gating”. Furthermore, we
found that the ICdC/ICring�S ratios for M2�M6 were rather
insensitive to the electrode potential (Figure 3B), indicating that
the alkyl chains of various lengths bridging the 2 and 20 positions
fix the torsion angle under in situ electrochemical conditions.
Comparing the data for M1 with those obtained for M2�M6
therefore provides a direct measure of the potential dependence
of the torsion angle between the phenyl rings in M1, as
determined using the relationship between j and the ICdC/
ICring�S ratio.

Figure 4 depicts the relationship of the intensity ratio and cos2

j based on the data acquired for the six molecules at the
representative potentials �0.20, �0.50, and �0.80 V. The cos2

j representation was chosen because theoretical studies indicated
that the orbital overlap of adjacentπ systems correlates with cosj
and that the electron transmission is proportional to cos2j.29,37,38

A linear dependence is clearly observed for M2�M6,
as expressed by the linear fit ICdC/ICring�S = A þ B cos2 j with
A = 1.63( 0.03, B = 1.88( 0.07, and σ = 0.99. The fixed torsion
angles of these fivemolecules were obtained from crystal structure
data.29,31 Using this linear relationship as an internal calibration, we
estimate a potential-induced change in the time-averaged torsion
angle30 ofM1 from63� for�0.10V<E<�0.50V to47� at�1.10V.
This trend of the potential-dependent decrease in the torsion
angle for M1, which leads to an increasing π�π coupling and
consequently electron delocalization between the two phenyl
rings, correlates with the increasing accumulation of negative
charge on the Au(100) surface (see the SI).

A linear relationship was also reported for the conductances of
single-molecule junctions formed between M2�M6 and gold
leads.29 This fact demonstrates that both measured parameters
(i.e., molecular conductance and ICdC/ICring�S) reflect the π�π
coupling between the aromatic rings. In other words, the applied
electrochemical gate field (Debye screening length≈ 1 nm,which is
comparable to the thickness of the molecular adlayer) in combina-
tion with in situ gap-mode Raman spectroscopy in an Au(100)
|4,40-BPDT|Au-NP(55 nm) sandwich geometry provides access
to structure changes in nanojunctions with direct relevance to
(single) molecule transport experiments and other potential appli-
cations in molecule-inspired nanoelectronics. We note that the
assembly chosen in the above experiment leads to an electrostatic
potential gradient between the top of theNP layer and the Au(100)
single-crystal surface. However, in comparison with an electronic
transport experiment, there is no net current (i.e., no steady-state
charge flow through the molecule takes place).

In summary, in situ gap-mode Raman spectra were acquired in
an electrochemical environment on a single-crystal gold elec-
trode employing a Au(100)|4,40-BPDT|Au-NP(55 nm) sand-
wich assembly. This geometry enabled an investigation of the
influence of an applied electrochemical gate field on conforma-
tional changes in nanojunctions, such as the torsion angle (j) of
molecules. A linear correlation between the intensity ratio ICdC/
ICring�S and cos2 j in 4,40-BPDT-type molecular junctions was
established and subsequently utilized to estimate the dependence
of the time-averaged torsion angle of the “flexible” moleculeM1
at different electrode potentials. The latter decreases as the
potential (charge) becomes more negative, resulting in better
π�π coupling, which correlates with an enhanced junction
conductance. The demonstrated spectroelectrochemical strategy
and the direct correlation of the spectroscopic results with
(single) molecular conductance studies may guide the selection
and elucidation of functional molecules for potential applications
in novel nanodevices.
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