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ABSTRACT: Equilibrium molecular orientations, monitored using surface
enhanced Raman scattering, are controlled by both optical and mechanical
means in metal-molecule—metal nanogap structures, formed on an
atomically planar Au(111) surface. The spatially confined optical near- |, % <%
fields exert a torque on the molecules in the nanogaps and align the "Jé«
molecular orientations along the field vector. The mechanical compression |}

from the metal nanogaps not only disturbs the molecular alignments but
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also perturbs the electronic structures at metal—molecule interfaces. The
implications of such interactions are discussed with respect to control and detection of local electronic properties in molecular

nanodevices.

1. INTRODUCTION

Characterizing molecular responses at the nanoscale is vitally
important in various fields with respect to both fundamental
research and applications. In particular, investigation of
photon—molecule interactions at the nanoscale has been a
rapidly growing scientific activity during the past decade.'”
The spatial focusing of optical waves is usually governed by the
diffraction limit, so that the nanometric localization of optical
fields must be mediated by excitation of polaritons, such as
surface plasmon polaritons on a metal nanostructure.’™’ Such
field localization causes enhancement of the photon—molecule
interaction efficiency in the vicinity of the metal nanostructures.
Surface enhanced Raman scattering (SERS) spectroscopy is
one of the most successful applications of the local enhance-
ment effect.>” The extremely large enhancement has led to the
possibility of single molecule spectroscopy being discussed in
the SERS community.'®'* Photochemical processes such as
photoenergy conversion can also benefit from the local
enhancement effect. The enhancement effects for optical and
photochemical efficiency are considered to be the interplay of
energy between photons and molecules via plasmons, which is
now becomin§ controllable due to the efforts of many
researchers.”> '

The momentum exchange effect between photons and
molecules is also of significant interest in the optics
community.'”~>* The optical manipulation of molecules is an
especially fascinating phenomena in terms of both fundamental
questions and practical applications. For far-field radiation, the
optical manipulation of molecules, such as polarization-induced
alignment of molecules, has been studied in detail for both
condensed and gas phases.”*** However, near-field manipu-
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lation of molecules is still unclear, desg)ite a number of
theoretical and experimental attempts.>>~>® At the nanoscale,
the orientational control of molecules bound to a metal
electrode surface is of potential importance for molecular
electronics.””*° If molecular alignment is controlled in metal—
molecule—metal junctions, then electronic conductance could
be switched, which would lead to the development of molecular
logic, memory, and sensing.

To manipulate molecules optically at the nanoscale, there are
two issues that require consideration. First, spatially and
orientationally inhomogeneous optical near-fields must be
carefully managed through control of the size and shape of
the metal nanostructures.”™” In the past decade, this has
improved from significant advancements in nanofabrication
technology.lml_33 Second, molecular orientations must be
well-defined on the metal substrate in the equilibrium
condition. This factor is critically dependent on metal—
molecule interactions;>*™® therefore, the metal surface must
be managed uniformly at the atomic scale. Thus, both the
nanometric shapes and atomic surface features of the metal
nanostructures must be controlled simultaneously, which is
practically difficult even at the current level of nanotechnology.

For molecular manipulation, mechanical control of molecules
is also quite of interest as well as optical control. It is vitally
important to fields such as microelectromechanical systems
(MEMS) or molecular electronic devices, where the behavior of
nanoscale metal-molecule contacts can determine the system
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reliability, lifetime, and performance. However, characterization
of the mechanical response of molecules at the nanoscale is
technically challenging due to the limited detection techniques.
The use of optical near-fields appears to be a good solution to
monitor the dynamical motion of molecules at the nanoscale.
The atomic force microscopy (AFM) tip-induced deformation
of carbon nanotubes has been monitored using tip-enhanced
Raman spectroscopy (TERS), which may lead to local
modification of the electronic properties of nanomaterials.*
Fishing for a molecule using a scanning tunneling microscopy
(STM) tip has also been investigated using the TERS
technique.*

Recently, we have demonstrated that a sphere—plane type
metal nanogap structure is suitable for simultaneous control of
both the nanometric shapes and atomic surface features in
plasmonic systems.>”*'~** In this structure, a metal nanosphere
is almost in contact with a metal plane having an atomically
defined smooth surface. This is achieved practically by the
deposition of metal nanoparticles on top of a chemically
modified single crystalline metal substrate. Thus, molecules
located in the nanogap have two roles when SERS is measured
in this system: spacer and Raman scatterer. The plasmon
resonance features of the nanogap structures are well
characterized by the spacer thickness. Due to the strong field
localization within the nanogaps, only molecules within the
gaps can be selectively monitored using SERS.*~*” Moreover,
the present “freestanding” metal nanogaps with molecular
spacers are expected to be rather flexible, unlike conventional
metal nanogap systems formed on a dielectric substrate; a
molecular spacer may be compressed by the application of
pressure. These are significant advantages for the study of both
optical and mechanical responses for metal—molecule systems
in nanogaps.

In this work, we demonstrate that the molecular orientations
in metal-molecule—metal structures can be controlled by
optical near-fields. SERS spectra clearly show that the local
fields exert a torque on the molecular dipoles; the molecular
equilibrium configuration becomes more parallel to the local
fields as the incident power increases. In addition, the
mechanical compression of molecular monolayers is observed
in situ in the metal nanogaps and their behavior is characterized
with respect to the structural and electronic perturbations at the
metal—molecule interfaces.

2. METHODS

Figure la shows a schematic illustration of the sphere—plane
type metal nanogap structure employed in this study. To
manage the atomic surface features of the metal plane, a Au
single crystalline microbead with (111)-facets was prepared by
the Clavilier method.*® The atomic flatness of the obtained
surface was examined using AFM. The microbead was then
immersed into a tetrahydrofuran (THF) solution containing 10
mM 4-methylphenyl-isocyanide (MP]; Oakwood Products,
Inc.) under an argon atmosphere to produce well-organized
self-assembled monolayers (SAMs) on the Au(111) surface.
This molecule binds to the substrate with a lone electron pair
on the carbon atom of the NC group and forms an edge-on
configuration.*"* Finally, Au nanoparticles (Au NPs) with ca.
20 nm diameters were physisorbed on top of the SAMs by
immersion of the chemically modified substrate into a colloidal
solution of citrate-reduced Au NPs. As shown in Figure 1b, the
negatively charged Au NPs were spatially isolated from each
other on the SAM, indicating that the interparticle plasmon
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Figure 1. (a) Schematic illustration of a sphere—plane system for gap-
mode plasmon excitation at well-defined metal—molecular interfaces
and the molecular structure of MPL The laboratory frame is also
shown in the figure; the z-axis is normal to the plane, and the Au
substrate surface is along the xy-plane. (b) SEM image of Au NPs with
a size of 20 nm adsorbed on the MPI-modified Au(111) surface.

coupling is insignificant in the present system.***” We have
previously confirmed that the chemically bonded NC—Au(111)
interface remains intact in the presence of Au NPs; transfer of
isocyanides from the substrate surface to the Au NP surfaces
was negligible during the SERS experiments.*”**

The 632.8 nm radiation from a He—Ne laser was utilized to
excite localized plasmon modes at the Au NPs—MPI—Au(111)
nanogaps. SERS signals from MPI SAMs within the nanogaps
were selectively monitored on the Au(111) facet using an in-
house-built inverted microscope with an objective lens (40X,
0.6 N.A.). Electrochemical SERS experiments were conducted
under potential control of the Au(111) substrate using a three-
electrode cell. The thickness of the MPI SAM and the
reflectance of the Au NPs—MPI—-Au(111) surface were
measured using a spectroellipsometer.

The local field distribution around an Au NP above the Au
plane was calculated for the 632.8 nm excitation using the
finite-difference time-domain (FDTD) method (FDTD Sol-
utions, Lumerical Solutions, Inc.). Cross sections of an Au NP
above the Au plane were calculated as a function of wavelength
under a static field approximation by taking into account
multipole interactions between the Au NP and Au plane.’**"
Then, the simulated reflectance spectrum was obtained by
considering the surface density of Au NPs shown in Figure 1b.
In the calculations, the thickness of MPI SAMs was fixed at 0.4
nm, which was determined experimentally. Raman active
vibration modes of MPI molecules were calculated using
Gaussian 09, revision A02, at the B3PW91 level of theory with
the LanL2DZ basis set for the Au atom and 6-31G™** basis sets
for other atoms.
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3. RESULTS AND DISCUSSION

3.1. Local Field Enhancement in Sphere—Plane Nano-
gap Structures. According to the electromagnetic theor)r,46‘47
the optical near-fields in this system are well characterized by
the sphere—plane distance. This can be understood by a simple
picture of the electromagnetic interaction between an induced
dipole on the sphere and a mirror dipole in the substrate,
although higher-order contributions must also be taken into
consideration. The sphere—plane distance in this case is nearly
equal to the SAM thickness, as shown in Figure la. Since
evaluation of the local field enhancement is critical to studying
optical near-field manipulation of molecules in the nanogaps,
the plasmon resonance characteristic of the sphere—plane
system was first examined by both theoretical and experimental
means.

Figure 2a shows a comparison between the theoretical
calculation and experimental measurement of reflectance
spectra of the Au NPs—MPI—Au(111) surface under the p-
polarization configuration. In the calculated spectrum, the
largest peak at 590 nm can be assigned to the dipolar plasmon
mode and the shoulder peak at 530 nm to the higher-order
multipole plasmon mode; these so-called gap-modes are built as
a result of the strong hybridization between the induced dipoles
on Au NPs and the mirror dipoles in Au(111). These spectral
features are found in the experimentally obtained spectrum,
although the peak widths are much broader. Since the
interparticle plasmon coupling is not considered in the
calculation, this similarity indicates that the sphere—plane
nanogap structures on Au(111) are well isolated from each
other. Therefore, the electromagnetic fields are substantially
enhanced only in the gaps between the Au NPs and Au
substrate.

The local enhancement of the optical intensity around a
nanogap, |E;,./Eyl*, was simulated for p-polarized 632.8 nm
excitation with an incident angle of 45°. Here, E,,. and E,
denote the local field and the incident field, respectively. The
simulated local field vector is decomposed to the z-component
in Figure 2b and the x-component in Figure 2c. As expected
from the theory, the electric fields are highly localized in the
gap between the Au NP and Au substrate, and the field vector
within the gap is dominantly oriented normal to the atomically
planar substrate. Therefore, when the gap-mode plasmons are
excited, MPI molecules located in the gaps are exposed to the
homogeneous and enhanced electric fields. Since the enhance-
ment factor, |E,,./Eyl is expected to be more than 10° in the
nanogap, optically induced orientational change of MPI
molecules is likely to take place only in the nanogaps.

It is widely accepted that the SERS enhancement is ascribed
to two different mechanisms.>>>> The main contribution is the
local field enhancement due to plasmonic resonances, ie., the
electromagnetic (EM) effect.>*° The other enhancement
mechanism is related to electronic resonances at metal—
molecule interfaces, i.e., the charge transfer (CT) effect.>® The
EM contribution to the SERS enhancement is expressed as the
fourth power of the field enhancement, |E;,./E,l*, when the
Stokes-shifted frequencies are close to the excitation frequency.
According to Figure 2b, the EM enhancement expected in the
nanogaps is more than 10% suggesting that information
regarding the field-induced change of MPI molecules in the
nanogaps can be selectively monitored using SERS.

3.2. Raman Bands of MPI Molecules. In SERS spectra,
the EM effect can enhance only totally symmetric vibrations,
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Figure 2. (a) Reflectance spectra of Au NPs—MPI-Au(111)
measured and calculated with p-polarization conditions. (b) Spatial
distribution of the z-component of the simulated local field vector, E,,,
around the Au sphere on the thin layer-covered Au plane, calculated
for p-polarized 632.8 nm excitation with an angle of 45°. (c) Spatial
distribution of x-components of the field vector calculated for the same
condition.

while the Herzberg—Teller type CT is effective for the
enhancement of nontotally symmetric modes.”> Therefore,
the orientational change of molecules will appear as a variation
of relative intensities between totally and nontotally symmetric
modes according to the surface selection rules. The CT
contribution in SERS spectra can be distinguished by changing
the Fermi level of the metal substrate under electrochemical
potential control. Such information should be helpful to discuss
the orientational change of molecules.

Figure 3a presents the electrochemical potential dependent
SERS spectra of Au NPs—MPI—Au(111) in 0.1 M NaClO,
aqueous solution, measured under 0.02 mW excitation.
Assignments of the observed Raman bands are indicated in
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Figure 3. (a) Electrochemical potential-dependent SERS spectra of Au
NPs—MPI—Au(111) in 0.1 M NaClO, solution. The potential of the
Au(111) electrode was swept between +400 and —800 mV vs Ag/
AgCl. (b) Asymmetric potential profile of the ¥C=C(a") intensity
relative to the \C=C(a’) intensity. Curve fitting was conducted using
Fano resonance theory, which includes coupling of the molecular
vibrational levels with the continuum of levels in the conduction band
in the metal.”” a’ and a” denote totally symmetric and nontotally
symmetric vibrations, respectively.

the figure. According to the C; symmetry of MPI molecules, the
vibration modes are classified as totally symmetric a’ and
nontotally symmetric a” species. During the potential sweep
between +400 and —800 mV vs Ag/AgCl, two types of spectral
variations were observed. One of the significant changes is a
frequency shift of the NC stretching mode, ie., YNC(a’); the
peak position is red-shifted on the cathodic scan. The shift of
the UNC frequency is almost proportional to the electro-
chemical potential with a gradient of 0.032 cm™/mV. Similar
peak shifts have been reported for various isocyanide molecules
in IR and conventional SERS experiments.””*® The other
significant change in Figure 3a is the potential-dependent
intensity of the peaks at 987, 1016, and 1577 cm™!, which are
assigned as pCH;, 6CH, and vC=C with the a” symmetry,

respectively. For the other peaks having a’ symmetry, no
considerable change of intensity was observed in this potential
region, which suggests that the molecular orientation is not
significantly affected by the applied potential. During the
potential scan toward the negative direction, the intensity of
these three a” modes rapidly increased and then gradually
decreased with the maximum at around —200 mV, as shown in
Figure 3b. Such an asymmetric potential profile is recognized as
the characteristic feature of CT enhancement.’®>® Hereinafter,
these potential dependent a” peaks are referred to as CT-
induced bands, while the other a’ peaks are ascribed as EM-
induced bands.

Figure 4 shows a rough energy level diagram of the MPI—Au
interface. For MPI molecular orbitals, the energy levels and
wave functions in a vacuum were calculated using the DFT
method. According to the d-band theory,**®" these molecular
orbitals first couple with the sp-electrons of Au(111), leading to
the broadening and downshifts in energy. These broadened
bands further hybridize with the d-band to split into
corresponding bonding and antibonding states. Among these
hybridized states, the d-o antibonding and d-7* bonding
orbitals dominantly contribute to the formation of NC—Au
bonding through ¢ donation and 7 back-donation. The degrees
of these electron donations can be tuned electrochemically; the
upshift of the electrochemical potential causes a decrease of o-
donation and an increase of 7 back-donation, as shown in the
left bottom panel of the figure.*"*” Since the o- and 7*-orbitals
of MPI are antibonding with respect to the NC bond, such
potential tuning leads to a decrease in the UNC frequency.>”>®

The electrochemical potential tuning may also change the
degree of the CT resonance, as illustrated in the right bottom
panel of Figure 4. In the present case, the molecule-to-metal
CT is expected to be induced at the MPI—Au(111) interface.
The CT direction can be determined by fitting of the
experimental data in Figure 3b using the Fano resonance
theory.59 The asymmetry parameter q in Fano notation was
estimated to be —4.8; the negative q corresponds to molecule-
to-metal CT because this value is closely related to phase
difference in the interference between the metal continuum
states and a discrete molecular state. During the electro-
chemical potential sweep, the CT-induced band intensities
become maximum at around —200 mV vs Ag/AgCl, at which
the energy difference between the Fermi level of Au and the
ground state of MPI is equal to the excitation energy of 1.96 eV
(632.8 nm). Under such resonance conditions, the CT
transition can gain intensity through intensity borrowing from
an allowed optical transition of MPI molecules. According to
the DFT calculation, the allowed transition takes place from
HOMO/HOMO-1 to LUMO+1/LUMO ('A’ — 'A”). Since
the CT dipole from MPI to Au is of A’ symmetry, the vibronic
coupling between the excited A” state and the metal states can
induce the appearance of a” modes according to the surface
selection rule (A’ X A” = a”).

3.3. Optical Near-Field Manipulation of MPI Mole-
cules. Figure Sa shows excitation power dependent SERS
spectra of Au NPs—MPI—Au(111) under ambient conditions
without electrochemical potential control. Each spectrum is
normalized with respect to the vC=C(a’) because the
intensity of this EM-induced band was almost proportional to
the excitation power. The most interesting aspect in this figure
is the intensity variation of the CT-induced a” bands relative to
the EM-induced a’ bands. This change was reversible and
reproducible, so that the possibility of photochemical changes
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Figure 4. A rough energy levels diagram of the MPI—Au interface, on the basis of the d-band theory, with density of states of Au(111) and DFT
calculated molecular orbitals of MPI in a vacuum. The hybridized states are expressed by broadening and downshifts of the molecular orbitals due to
coupling to sp-electrons of Au and by splitting to bonding and antibonding orbitals due to coupling to d-electrons of Au. The left bottom panel
shows electrochemical tuning of NC—Au bonding through variation of ¢ donation and 7 back-donation. The right bottom panel explains
electrochemical tuning of CT resonance due to variation of the energy difference between the Fermi level of Au and the molecular ground state.

of the molecules under intense excitation can be excluded. In
contrast with the electrochemical SERS shown in Figure 3a, this
intensity change was not accompanied by a frequency shift of
the ¥NC. This result strongly suggests that any electronic
change at the interface was negligible under the present laser
excitation conditions, because variation of the energy level
difference would lead to both the intensity change of the CT-
induced bands and the frequency shift of the YNC band
simultaneously, as already explained in Figure 4. Therefore, the
invariance of the UNC frequency strongly raises the possibility
of the optically induced orientational change of MPIs, which
will be further discussed later. The excitation power depend-
ence of the band intensities is summarized in Figure Sb. When
the excitation power increased, the CT-induced vC=C(a")
band (as well as the other CT-induced bands) was significantly
increased relative to the EM-induced #C=C(a’) band. In
addition, the EM-induced SCH(a’) band slightly increased
relative to the vC=C(a’) band with an increase in the
excitation power. The ¥C—CHj(a’) band also seems to be
larger with increasing excitation power. Incidentally, these

power-dependent spectral variations were not clearly observed
with conventional SERS measurements on a roughened Au
substrate.

Here, it should be again noted that the CT transition
moment is perpendicular to the metal substrate.’®** Hence, the
nontotally symmetric CT-induced band intensities are critically
sensitive to molecular orientations relative to the EM-induced
totally symmetric band intensities. For the present three CT-
induced a” bands, the intensity becomes maximized when the
MPI molecule is standing up perpendicular to the atomically
planar Au(111) substrate. According to our previous study
using vibrational sum-frequency generation spectroscopy, the
equilibrium configuration of MPIs is tilted with an average
angle of 13°.%% Therefore, it is assumed that the orientation of
MPIs in the nanogaps is also tilted in the absence of
electromagnetic fields. If the molecular dipole and the local
near-field have different orientations, then the fields can exert a
torque on the molecules.*®”” The local field vector in the
nanogaps is oriented along the z-axis as a result of the plasmon
hybridization between Au NP and Au(111).**~*" Therefore, it
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Figure S. (a) Excitation power-dependent SERS spectra of Au NPs—
MPI-Au(111) under ambient conditions. (b) Excitation power
dependence of the yC=C(a") and SCH(a’) band intensities relative
to the vC=C(a’) band intensity. The lower axis indicates the
experimentally measured excitation power at the focus spot. The upper
axis indicates the local power density at a nanogap, which is expected
from the FDTD result shown in Figure 2b.

is reasonable that the equilibrium configuration of MPI
becomes more vertical under intense excitation. The synchro-
nous change of the EM-induced §CH(a’) and ¥C—CHj;(2’) to
the CT-induced a” bands is also well explained by assuming the
field-induced alignment of MPIs. The change in the vC=C
band is rather small compared with those in the SCH and vC—
CH; bands due to the difference of the polarizability tensor
components among these modes.

The maximum excitation power employed in the present
experiment corresponds to 1 X 10* W cm™. This is not
generally sufficient to induce any observable angular motion of
molecules.”**” However, by considering the field enhancement
effect shown in Figure 2b, the intensity in the nanogaps can
reach more than 1 X 10’ W cm™ (see upper axis in Figure Sb).
This is probably comparable to the intensity that can induce
detectable variations of the MPI configuration.

3.4. Mechanical Manipulation of MPI Molecules in
Metal Nanogaps. The equilibrium molecular configuration
can also be changed by mechanical control of the metal—
molecule—metal structure. The gap distance in the freestanding
sphere—plane system is expected to be reduced by the
application of mechanical pressure to the Au NPs. In the

present experiment, the application of pressure was conducted
using a glass slip equipped with a piezo-electric z-stage. Note
that the use of the atomically planar Au(111) substrate enables
such mechanical deformation of the SERS-active hotspots to be
conducted. Figure 6 shows SERS spectra of Au NPs—MPI—
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Figure 6. SERS spectra of Au NPs—MPI—Au(111) measured with and
without mechanical compression. The upper panel shows a schematic
of the mechanical deformation within the nanogap.

Au(111) with and without the mechanical compression,
measured with the 0.005 mW excitation. The increase in the
spectral noise under the compression is due to the fluorescence
from the glass substrate. Only the bands that exhibited the
power-dependent change in the relative intensities, ie.,
pCH;(a"), 6CH(a"), vC=C(a"), 6CH(a’), and vC—
CH;(a’), were significantly responsive to the pressure
application. It is thus assumed that the orientation of MPIs
in the gaps was changed from the equilibrium configuration by
mechanical compression, leading to the decrease of the CT
contribution. Moreover, the frequency of the YNC peak was
slightly blue-shifted under pressure application, which is quite
different from the optical alignment of MPIs shown in Figure S.
This characteristic implies an increase of o-donation from the
NC group to the Au substrate. Since the applied load is too
weak to induce any shift in the Fermi level of Au, the increase
of the electron donation must be due to compression of the
NC—Au bond;>”** the shortening of the NC triple bond is
rather difficult due to Pauli repulsion. If we assume that the NC
bond length is invariant under pressure application, the
observed peak shift of ca. S cm™" approximately corresponds
to a shortening of the NC—Au bond length by 0.02 A (nearly
1% of the original bond length), according to the DFT
calculation. This mechanically induced electron donation is
related to the increase of the energy splitting between the
bonding and antibonding d-o orbitals in the Au—MPI
hybridized electronic states. Such a change in the interfacial
electronic structure should lead to a variation of the electronic
conductance at the metal—molecule junction. This mechano-
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electric coupling at metal—-molecule interfaces may provide a
noble possibility for development of molecular nanodevices.

In the meantime, it is difficult to estimate the practically
applied load onto each Au NP, because the number of Au NPs
within the microscope focus was around 200. When TERS is
employed, the pressure application may be better controlled,
although the optical alignment effect or local heating would not
be avoided, due to the intense excitation required to obtain
analyzable spectra from a sole hot spot.

4. SUMMARY

We have observed SERS spectra of isocyanide monolayers in
metal nanogaps under various external stimuli, such as
electrochemical potential, optical near-fields, and mechanical
compression. Although SERS spectroscopy is a powerful tool to
investigate a small number of molecules at the nanoscale, it
often suffers from inhomogeneous surface atomic features. In
the present experiment, the formation of nanogaps on the
single crystalline Au(111) substrate enabled us to obtain highly
reproducible SERS spectra and to investigate dynamical motion
of molecules.

Plasmonically confined optical near-fields induced angular
motions to the molecules in the metal nanogaps. Optical
control of molecular orientation in metal-molecule—metal
junctions should lead to the possibility of optical switching of
various physical properties such as conductance at the
nanoscale, which will be indispensable for advancements in
molecular devices. Mechanical compression of the metal
nanogaps induced distortional change of the molecular
alignment. Moreover, the frequency shift of the NC anchor
group was quite sensitive to pressure application, which could
be exploited to detect local stress in nanodevices. This shift is
closely related to the variation of o-donation; therefore,
interfacial electronic coupling may also be affected by
mechanical compression, which may open up a novel avenue
to tune electron transport at metal—molecule interfaces.
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