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Vibrational Signature of Double-End-Linked Molecules at Au Nanojunctions
Probed by Surface-Enhanced Raman Spectroscopy

Yi-Fan Huang, Nai-Ning Yin, Xiang Wang, De-Yin Wu,* Bin Ren,* and
Zhong-Qun Tian'"!

In the past decade, a lot of efforts have been made to
look for new materials and develop new methods for molec-
ular electronic devices. Metal/molecule/metal junctions have
been widely used as a model system for discovering new de-
vices and studying the working principle of the molecular
devices. Up to date, molecular rectifiers, wires, and switches
have been reported on the basis of the above strategy.!"
However, the mechanism of the electron transport in molec-
ular devices still remains ambiguous due to a lack of under-
standing of the molecular structure in the junction, especial-
ly during the conducting process; this has become a severe
barrier for the development of molecular devices. Therefore,
it is highly desirable to develop strategies capable of identi-
fying and characterizing the structure of molecules in the
junction to reveal the relationship between the electrical
properties and the molecular structure, one of the most im-
portant issues in the molecular electronics. Among various
techniques for characterizing molecular junctions, vibration-
al spectroscopy appears to be very powerful and promising
because it can readily provide the structural information at
the molecular level. For example, inelastic electron tunnel-
ing spectroscopy,®” infrared,*¥ and surface-enhanced
Raman spectroscopy (SERS)! have been utilized to char-
acterize the molecules trapped in the junctions.

Among them, SERS is particularly suitable for this pur-
pose owing to its ultra-high sensitivity to single molecules,
non-destructivity for diagnosing the trace amount of surface
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species, and the capability of working in the normal environ-
ment, in addition to the abundant information on the molec-
ular structure.’! The huge enhancement obtained in the
single molecule SERS reveals the importance of the electro-
magnetic coupling (mainly localized surface plasmon reso-
nance, LSPR) between nanoparticles (NPs), which is the
physical origin of hot spots. The molecules sitting in the vi-
cinity of a hot spot will experience the most significant en-
hancement. Among these molecules, some of them may
bridge between the two NPs, forming the important metal/
molecule/metal junction. The molecules in such a configura-
tion are termed double-end-bonded (DB) species. In normal
SERS measurements, the coverage of surface species
amounts to a full monolayer. Therefore, the relative number
of DB species to the single-end-bonded (SB) species is rela-
tively low. As a result, the signal from DB species may be
merged with that of the SB species, even though most DB
species experience the highest enhancement.

In this work, we propose a strategy to overcome this
problem, the schematic diagram of which is shown in Figur-
e la. As can be seen in the figure, when bare Au NPs are
dispersed on a smooth Au electrode adsorbed with a mono-
layer of target molecules, for example, 4,4'-bipyridine (bpy)
or 14-benzenedithiol (bdt), the important metal/molecule/
metal junctions will naturally form on the surface. In this
case, those molecules adsorbed on the smooth Au surface
and which are not in close vicinity to the NPs will not give
any detectable SERS signal, so that we can effectively elimi-
nate the background signal. On the other hand, the coupling
between the NPs with the electrode may markedly enhance
the electromagnetic field and therefore the Raman signal of
the molecules in vicinity of the junction will be significantly
enhanced.”! In this case, the ratio of the signals of the DB
to SB species significantly increases so that the signal in the
junctions can be manifested. The finite-difference time-
domain (FDTD) calculation was performed to estimate the
field enhancement in the nanojunction system and density
functional theory (DFT) was utilized to analyze the relation-
ship between the Raman spectral feature and the structure

WWILEY

1449



CHEMISTRY

A EUROPEAN JOURNAL

Double-end Bonded

Single-end Bonded

Figure 1. The architecture (a) and an SEM image (b) of the Au/bpy/Au junction and the distribution of the electromagnetic field of the monomer of an
Au sphere (c) and the dimer (d) on a smooth Au electrode simulated by FDTD.

of the molecule. This work provides a feasible strategy for
investigating the structure of molecules in the junction by
SERS.

Figure 1b presents the SEM image of the self-assembled
Au NPs on the Au electrode adsorbed with bpy. The cover-
age of the NPs is much less than a monolayer. It can be
easily understood from the schematic diagram of Figure 1a
that the molecular number ratio of DB to SB species in-
creases with the increase of the coverage of the NPs. In gen-
eral, because the size of the NPs is much larger than that of
the molecule, it is highly possible that there may be one to
several molecules trapped in the junction of the NPs and
the electrode, which will further increase the ratio. Evident-
ly, the absolute amount of the SB species should always be
larger than that of DB species. However, in such a configu-
ration, only those molecules trapped in the junction can be
greatly enhanced through LSPR coupling between the NPs
and the electrode and SB molecules will experience expo-
nentially decreasing enhancement with the increase of the
distance to the junction.”) To understand such a statement,
Figure 1c depicts the distribution of the electric field simu-
lated by FDTD method for a configuration of single NP
with a Au electrode. It can be seen that the enhancement is
constrained in the junction between the NP and the elec-
trode and decays exponentially with the increase of the dis-
tance to junction. In the SEM image (Figure 1b) we see that
some NPs form dimers. To consider how the formation of
dimer will influence the distribution of the field strength, we
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simulated the configuration of the dimer on the smooth Au
electrode and the result is shown in Figure 1d. Surprisingly,
the junction of the NPs and the electrode gives about 600-
fold enhancement over that in junction of the two NPs. The
enhancement in the former junction is about 2-3 orders of
magnitude higher than that in other region of the surface.
Considering the increasing amount of molecules contribu-
ting to the total signal with the increasing distance away
from the centre of the junction, we estimated the intensity
ratio of DB to SB according to the FDTD results mentioned
above (see Supporting Information for detailed method).
The contrast of DB/SB for monomer and dimer is about
0.015 and 0.327, respectively. From the FDTD result, the in-
tensity ratio of DB obtained in the dimer to monomer cases
is about 3.5x10* (see the Supporting Information for de-
tails). In Figure 1b, we see that the number of dimers is
only about one third of that of the monomers. Therefore,
one can easily find out that it is the dimer instead of the mo-
nomer that contributes to the side band at 1645 cm™ and
the small amount of DB molecules can give comparable in-
tensity to that of a large amount of SB molecules.

Figure 2a and 2b shows the Raman spectra of bpy on a
roughened Au electrode and on the molecular junction of
Au electrode/bpy/Au NPs. The signal-to-noise ratio of Au/
bpy/Au is lower than that of bpy on the roughened Au elec-
trode. This phenomenon is understandable and can be as-
cribed to a much lower number of junctions in the Au/bpy/
Au case compared with the large amount of aggregates on
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Figure 2. Raman spectra of bpy on a) roughened Au, b) Au/bpy/Au, c) in
acidic and d) in neutral aqueous solution.

the roughened Au substrate. The bands at about 1021, 1294,
and 1610 cm ™' dominate the spectra profile with similar rela-
tive intensity in both spectra. A new band at 1645cm™,
which has not been observed in any previously reported
SERS spectrum, appears in the spectrum of the Au/bpy/Au.
Interestingly, in our previous tip-enhanced Raman spectro-
scopic study of bpy on a Au(111) surface, a similar band at
1635 cm ™! was observed, which was ascribed to the bpy lying
flat on the surface and connected by protons assisted by the
simultaneously obtained STM image.” So we speculate that
the band at 1645cm™' in the present system might arise
from the bpy bonded to the Au electrode and the Au NPs si-
multaneously. In order to verify the speculation, the Raman
spectra of bpy and its diprotonated species the bonding con-
figuration of which is similar to that of Au/bpy/Au were
studied. Figure 2¢ and 2d shows the Raman spectra of bpy
in neutral (pH~6.4) and acidic (pH < 1) aqueous solutions.
A frequency shift from 1615 to 1641 cm™ is observed. A
similar protonation effect has been reported in the litera-
ture.”) Hence, we think the appearance of the 1645 cm™
band is very likely due to the bonding effect on both nitro-
gen atoms in the two pyridyl rings, which can be considered
as a characteristic of the junction configuration.

In order to study the influences of the bonding effect on
the SERS spectra and the structure of the molecular junc-
tion, we performed DFT calculation of the Raman spectra
of DB bpy with the Au; or Au, clusters. Previous theoretical
and experimental results indicate that bpy can be chemisor-
bed strongly on the substrate. Therefore, the system can be
well described by the cluster model. A change in the molec-
ular structure may indicate the influence of the bonding
effect with the formation of junctions. Unfortunately, we
cannot find any significant difference between the bpy/Au,
and the Au,/bpy/Au,, as shown in Figure S2 in the Support-
ing Information. Besides, the calculated spectrum of SB
bpy/Au, is similar to that of DB Au,/bpy/Au,, although a
small shoulder band appearing at 1597 cm™!, which is as-
signed to the vg, mode of the non-bonded pyridyl ring.®! To
understand the deviation between the theoretical and exper-
imental work, we calculated the vibrational frequencies of
bpy and bpyH,**. Interestingly, the calculated band position
of the vg, mode of bpy shifts from 1605 to 1642 cm™' when it
is diprotonated (See Supporting Information). It fits the ex-
perimental result very well. Considering the polarization
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effect of the protons in bpyH,**, we further calculated the
(Au/bpy/Au)** cluster. Compared to bpy-Au (1607 cm™'),
the vg, band frequency of (Au/bpy/Au)** cluster shifts to a
higher frequency (1617 cm™). However, when the size of
the Au clusters increases, the shift diminished markedly. We
speculate that it can be ascribed to the charge redistribution
in the larger clusters. However, the present results imply
that the localization of charge may be a key character of
molecular junctions.

Next, we examined the bonding effect on the electronic
structure of bpy. Under the harmonic approximation, the
frequency of a Raman active mode is determined by the re-
duced mass and the force constant. The bonding effect can
affect the frequency of a vibrational mode by strengthening
or weakening the correlated bond. Comparing the molecular
orbitals of bpy and bpyH,**, we find that the bonding effect
readily affects the m* orbital distribution between C2 and
C3, C5 and C6, C2'and C3’, and C5'and C6’ (as shown in
Figure 3top and bottom right), which contribute primarily to
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Figure 3. The correlated molecular orbitals of bpy (top left), bpyH,**

(top right), (Au/bpy/Au)** (bottom left) and the notation of the atoms of
bpy (bottom right).

the vg, mode. Similarly, the orbital can also be influenced by
the bonding of Au atoms in (Au/bpy/Au)** as shown in
Figure 3 (bottom left). In fact, bpy is a heterocyclic aromatic
species and the hybridization of the nitrogen atom is sp’.
The two 2p, orbitals of nitrogen atoms form a conjugated =
orbital with carbon atoms. The attachment of Au atom to
the nitrogen atoms of bpy reduces the antibonding feature
of the occupied m orbital between C2 and C3. In addition,
the electrostatic interaction induces the redistribution of the
electron density as displayed in Figure 3 (bottom left). Both
of the above two factors strengthen the C2—C3 bond, so the
frequency of the vz, mode increases due to the strengthening
of the bond.

To confirm the above results, we selected 1,4-benzenedi-
thiol (bdt), another important model molecule in the investi-
gation of molecular devices, as a linking molecule. Being dif-
ferent from the heterocyclic aromatic structure, bdt is a
para-derivative of di-substituted benzene and the binding
group is not directly on the aromatic ring.

Figure 4 (left) displays the SERS spectra of bdt on a
roughened Au and Au/bdt/Au junctions. Again, it is ob-
served that the signal-to-noise ratio of Au/bdt/Au is lower in
the latter case; however, both of the spectral profiles are do-
minated by the bands at 1064, 1175, and 1564 cm™'. The fre-
quencies of the vg, mode or other bands do not show ob-
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Figure 4. Left: The SERS spectra of bdt on Au/bdt/Au (upper spectrum)
and a roughened Au electrode (lower spectrum). Right: the correlated
nt* orbital of bdt (top) and Aus/bdt/Aus (bottom).
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servable shift by the bonding effect. According to the previ-
ous analysis of bpy, we examined the bonding effect on the
at* orbital of bdt. As shown in Figure 4 (right), the bonding
of two Au clusters to bdt has a minor effect on the distribu-
tion of that orbital. In fact, bdt attaches to the Au atom
through its sulfur atom. The localized bond between Au and
S prevents the influence of Au on the phenyl ring.”! As a
result, the bonding effect on the benzene ring is much small-
er than that on the pyridyl ring. Therefore, the influence
from bonding effect on the vibrational spectrum of bdt is
too weak to be observed. Furthermore, this result also dem-
onstrates that the heterocyclic aromatic species the aromatic
ring of which bonds to the metal electrode directly in metal/
molecule/metal junctions can be identified by SERS accord-
ing to the frequency of the vibration in aromatic rings.

In summary, we conveniently obtained a large number of
Au/bpy/Au and Au/bdt/Au junctions by spreading Au NPs
over a smooth Au electrode pre-adsorbed with molecules
with bifunctional groups. The molecular junctions were suc-
cessfully identified and characterized by SERS. We found
that the frequency shift of the vg, mode (from 1610 to
1645 cm™) of bpy can be used as a signature to verify the
formation of Au/bpy/Au junction. The comparative study of
bpy and bdt indicates that it is better to choose molecules
that have a very sensitive response to the bonding effect,
such as bpy rather than bdt, in order to study the structure
of molecules in the junction. The results also indicate that
SERS can be used as an effective tool for identifying and
characterizing the molecules in junctions by spreading clean
SERS-active nanoparticles over a functional molecule-modi-
fied planar substrate.

Experimental Section

Experimental methods: Spherical Au NPs with a diameter of 55 nm were
synthesized by reducing HAuCl, with sodium citrate according to the
procedure reported in the literature."”’ The junctions were prepared ac-
cording to the following procedure: mechanically polished mirror-finish
Au electrodes were immersed into the 1 mm solution of bpy in water or
bdt in ethanol for 20-30 min. Then, they were rinsed with the respective
solvents so that the physically adsorbed molecules on the surface can be
removed leaving the self-assembly monolayer. Afterwards, the diluted
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Au sol (nearly colorless) was dropped onto the smooth Au electrodes sur-
faces adsorbed with target molecules, which was let dry in vacuum to
obtain the desired Au nanoparticle/molecule/smooth Au electrode junc-
tions.

Computational methods: The cluster models with sizes of Au,, Au,, and
Au;g were selected to simulate the surface of electrode or NPs. The calcu-
lations were performed by hybrid density functional of B3LYP!"! for full
geometry optimizations and vibrational spectral calculations. The basis
sets for C, N, S and H were 6-311 4+ G**. The valence and core electrons
of Au were described by LanL2DZ and its ECP, respectively.'” The
method has been safely used to predict the bonding energy and the vibra-
tional spectra between pyridine and Au cluster.!"¥ In order to fit the ex-
periment, the frequency was scaled by a factor of 0.98. All the calcula-
tions were performed with the software package Gaussian 03."! The elec-
tromagnetic field distribution was simulated by the 3D-FDTD method by
using X-FDTD software by numerically solving Maxwell’s functions.™! .
The EM enhancement was estimated based on the result. The substrate
was modelled as an Au nanoparticle dimer with 1 nm interparticle dis-
tance on an Au film. According to the experiment condition, the dimer
was also set at distance of 1 nm away from the film. The wavelength de-
pendent dielectric constants of Au NPs was derived from the experimen-
tal results." The 632.8 nm excitation line irradiated perpendicular to the
axis connecting two particles with a parallel polarization. The Yee cell
size was 1x1x1 nm. The total number of time steps was 35000 to ensure
convergence.
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