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It  is  normally  difficult  to use  surface  enhanced  Raman  scattering  (SERS)  to study  molecular  adsorbates
at well-defined  planar  metal  surfaces  or  at Pt-group  catalytic  metal  surfaces.  In this  paper,  highly  local-
eywords:
urface enhanced Raman scattering
elf-assembled monolayer
latinum

ized gap-mode  plasmons  are  excited  on atomically  smooth  metal surfaces  by  using a sphere-plane  type
plasmonic  cavity.  This  method  enables  us  to  observe  Raman  scattering  signals  from  molecular  adsor-
bates  on  various  single  crystalline  metal  surfaces  including  non-SERS-active  Pt  and  Pd.  SERS  spectra
of  self-assembled  isocyanide  monolayers  on  several  metal  substrates  with  (1  1  1)  or  (1  0  0)  orientation
reveal  a significant  orientation  dependence  of  preferential  adsorption  sites,  which  information  is  hardly
obtainable  from  conventional  SERS  spectra.
. Introduction

Surface enhanced Raman scattering (SERS) is widely recognized
s a powerful spectroscopic tool for studying molecular adsor-
ates on a metal surface [1,2]. The surface enhancement of Raman
ignals is mainly caused by electromagnetic field enhancement
ear a metal surface via excitation of surface plasmon polaritons.
fter the discovery of the SERS effect [3–5], significant efforts
ave been made to increase the efficiency of the enhancement
ffect, and then, the enhancement factor (EF) of Raman signals
s now approaching to the order of 1014, implying a possible
pplication to single molecular detection [6,7]. Due to the enhance-
ent mechanism, however, the practical use of SERS is limited

y plasmonic nature of metal substrates. For example, plasmon
xcitation requires matching the wave vectors of the exciting
ight and the plasmon modes, and hence, SERS experiments have
een usually carried out at electrochemically roughened metal
urfaces [1,2]. However, various adsorption sites are exposed on

uch surfaces, and thus information of each adsorption site is
ot available from conventional SERS spectra. Moreover, surface
nhancement at roughened metal surfaces is only strong on coinage
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metals such as Au, Ag, and Cu. This limitation severely reduces
the range of application of SERS; most of other metals, includ-
ing catalytic metals such as Pt or Pd, are commonly considered
to be non-SERS-active [8–10].  This is because efficient excitation
of surface plasmons is difficult on such a highly damping metal
surface. Pt-group metals are one of most important catalytic met-
als and are now indispensable for operation of fuel cells and for
purification of automotive exhaust gas. It is therefore essentially
important to study how molecules interact with a specific crys-
tal face or a defect-site of these catalysts. In this sense, it would
be helpful to develop a convenient method to induce SERS effects
at an atomically well-defined surface of non-SERS-active met-
als.

One of the enhancement techniques for observing a planar
surface of single crystalline metals is the attenuated total reflec-
tion (ATR) method at Otto configuration [9].  However, the signal
enhancement available in this method is not so large because its
field localization is limited to only one direction normal to the sur-
face. Tip-enhanced Raman spectroscopy (TERS) also enables us to
observe Raman signals at a smooth metal surface [11], but it is
still technically difficult to obtain reproducible enhancement espe-
cially on an opaque substrate. On the contrary, we  have recently
reported a convenient technique to form a plasmonic cavity on
atomically smooth single crystalline metal substrates and demon-
strated significant efficiency enhancement of Raman scattering

[12–15] and photochemical reactions [16]. This method is based on
excitation of highly localized gap-mode plasmons using a sphere-
plane type metal nano-structure, which was theoretically proposed
by Aravind and Metiu [17,18]. In addition to the highly repro-
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Fig. 1. (a) Schematic illustration of a sphere-plane plasmonic cavity. Inset: energy
diagrams for plasmon hybridization between the sphere and the metal. (b)
Schematic illustration of an experimental system using the sphere-plane cavity
in  order to increase Raman signal intensities from organic monolayers at single
crystalline metal surfaces. The inset shows a STM image of Pt(1 1 1) surface with
m

d
t
a
p
a
s

s
(
a
S
d
w
b
d
m

2

2
c

p
a
p
v
t
s

onoatomic step-terrace structures.

ucible enhancement [15,19], the other remarkable advantage in
his method is that the plasmonic enhancement is available even
t a non-SERS-active Pt surface [13]. This is because localized
lasmons less decay on a highly damping metal surface than prop-
gating surface plasmons. A similar technique for observation of Pt
urfaces was lately reported by Tian et al. [20].

In this paper, we report gap-mode enhanced Raman spectra for
elf-assembled arylisocyanide monolayers adsorbed on (1 1 1) and
1 0 0) faces of single crystalline metal substrates, SERS-active Au,
nd non-SERS-active Pt and Pd. We  demonstrate that conventional
ERS spectra at a rough surface with various adsorption sites can be
ecomposed to spectral components at the single crystal surfaces
ith the respective crystal orientation. It is highly advantageous to

e able to observe Raman signals of molecules adsorbed on a well-
efined surface to study metal–molecular interactions and reaction
echanisms on these catalytic metals.

. Methodology

.1. Theoretical background of sphere-plane type plasmonic
avity

Fig. 1a shows a schematic illustration of a sphere-plane type
lasmonic cavity, which consists of a metal nano-sphere and

 metal planar substrate. In the absence of the sphere, surface

lasmons cannot be excited at the planar surface because wave
ectors of surface plasmons are not matched with those of pho-
ons. However, the presence of the sphere breaks the translational
ymmetry along the surface, resulting in making plasmon excita-
tobiology A: Chemistry 221 (2011) 175– 180

tion allowed [17,18]. This situation can be understood as follows:
the incident light field polarizes the sphere. This polarized field
corresponds to dipolar plasmons (l = 1). When the sphere is placed
close to the surface, it is polarized by its image field, which is
realized as localized surface plasmons, in addition to the polar-
ization by the incident field. Since the image field is spatially
inhomogeneous, it can excite multipolar plasmons (l = 2, 3. . .)
in the sphere. As a result of the electromagnetic interactions
between the sphere and the substrate, hybridized bonding plasmon
modes are built, which are called gap-mode plasmons. Importantly,
gap-mode plasmons are accompanied with highly localized elec-
tromagnetic fields in the gap region between the sphere and the
plane with the volume of ∼nm3, and hence, huge enhancement
of Raman scattering intensity is expected via excitation of the
modes.

2.2. Experimental details

The sphere diameter and the sphere-plane distance are impor-
tant parameters to determine the degree of plasmon hybridization
in the cavity. Therefore, it is indispensable to use monodispersed
metal nanoparticles (NPs) experimentally. The latter is also pre-
cisely controllable if our concern is a well-defined metal-molecular
interface such as a self-assembled monolayer (SAM) formed on a
single crystalline metal surface. As shown in Fig. 1b, a large number
of sphere-plane cavities can be constructed by physisorption of Au-
NPs onto the SAM-covered metal substrate with the gap distance
determined by the monolayer thickness.

The experimental procedure for sample preparation is as follows
[12,13]. Au, Pt, and Pd single crystalline microbeads, having atomi-
cally flat (1 1 1) and (1 0 0) facets, were prepared by Clavilier method
[21]. Additional annealing for Pt and Pd microbeads was  carried
out at 1600 ◦C for 6 h and at 1200 ◦C for 2 h, respectively, under
argon/hydrogen flow by using an induction heater (HOTSHOT-2kW,
Ameritherm). These surfaces were then immediately protected by
a hydrogen-saturated pure water droplet. Fig. 1b inset is a typi-
cal STM image of Pt(1 1 1), showing the well-defined monoatomic
step-terrace structure. Next, these beads were immersed in a THF
solution containing 10 mM 4-chlorophenylisocyanide (CPI, Oak-
wood products) to form CPI-SAMs on their surfaces under argon
atmosphere. Finally, these SAM-covered metal beads were dipped
in a colloidal solution of citrate-reduced Au-NPs with diameter of
ca. 20 nm so that the Au-NPs were adsorbed on the organic lay-
ers [12,13]. In order to compare the gap-mode enhanced Raman
spectra with conventional SERS spectra, electrochemically rough-
ened substrates of Au, Pt, and Pd were also prepared by application
of oxidation reduction cycles in KCl solution and H2SO4 solution,
respectively.

A microscope system was  used to observe Raman scattering
signals from each facet selectively. The sample was illuminated
through an objective lens (40×, 0.6 N.A.) by 632.8-nm radiation
with intensity of 0.02 mW from a He–Ne laser, and back-scattered
Raman signals were collected with the same objective lens and
monitored by a CCD-polychromator system (PIXIS 400B, Prince-
ton Instruments) after Rayleigh scattering light was  filtered by an
edge filter (Semrock). Note that the tight focusing with the high N.A.
object lens is essentially important to excite gap-mode plasmons
efficiently.

2.3. Computational details

The plasmon hybridization with Au-sphere and the respec-

tive metal substrate was evaluated by theoretical calculations of
extinction and field enhancement in the sphere-plane system. The
calculation was carried out under a static field approximation
according to Wind’s method [22,23]. In the calculation, we  assumed
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Fig. 2. (a) Wavelength dependence of optical constants for Au, Pt, and Pd [25,26].
(b) Calculated extinction spectra of a nanosphere of Au, Pt, and Pd (Au-NP, Pt-NP,
and  Pd-NP), and of an Au-NP above a substrate of Au, Pt, and Pd (Au-NP/Au-Plane,
Au-NP/Pt-Plane, and Au-NP/Pd-Plane). The diameter of the Au-NP and the sphere-
plane distance were assumed to be 20 nm and 1 nm, respectively. The incident angle
was  45 degree with respect to the normal to the surface. (c) Enhancement factors
K. Ikeda et al. / Journal of Photochemistry an

n Au-sphere with a diameter of 20 nm above a planar substrate of
u, Pt, or Pd with the separation of 1 nm.  By considering the pres-
nce of the organic layer on the substrate surface, the refractive
ndex of 1.5 was assumed for the environment. The incident light

as p-polarized with the angle of 45 degree normal to the surface
nd the observation point was in the plane of the incidence. The
eld enhancement was  computed at a point located on the sym-
etry axis of the system at the substrate surface. The convergence

f the calculated values was maintained by taking into account
00th-order multipole interactions.

Raman-active vibrational modes of CPI adsorbed on each metal
urface were calculated by using Gaussian 09 Revision A02 with
he density functional method at the B3PW91 level of theory with
anL2DZ basis set for metal atoms and 6-31G** basis sets for other
toms. A metal cluster such as (Pt)3 was used as a substrate model
n the calculation.

. Results and discussion

.1. Plasmonic resonance property

Fig. 2a shows optical constants of Au, Pt, and Pd, which were
aken from the literatures [24,25]. The negative values of the real
art of the permittivity indicate that surface plasmons can be
xcited on these metals when the wave vectors of photons and
lasmons are matched. From the imaginary part of the permittiv-

ty, however, one can see that Pt and Pd are highly damping in
he entire wavelength region; only the Au surface is thought to be
ERS-active below 500 nm when the substrate is roughened. This
s indeed confirmed by the calculated extinction spectra of an iso-
ated sphere of these metals with diameter of 20 nm.  As shown in
ig. 2b, Pt- and Pd-NPs show no plasmonic feature in the visible
egion while the Au-NP reveals a plasmon resonance peak around
35 nm.

The degree of the plasmon hybridization in the sphere-plane
avity is largely affected by its substrate metal (only the Au-sphere
s considered in this work). More specifically, it is characterized
y plasma frequency of the substrate metal. Generally, contribu-
ions from the higher-order multipole plasmons to the bonding
ap-mode plasmons become stronger with increasing the plasma
requency [26]. According to the Drude model parameter fitting,
he plasma frequencies of Au, Pt, and Pd are calculated to be 7.28,
.15, and 4.40 × 104 cm−1, respectively [27]. Therefore, the plas-
on  hybridization of a Pt or Pd substrate with an Au-NP is thought

o be weaker than that of an Au substrate. We  calculated extinction
pectra of an Au-NP above each metal substrate. In the calcula-
ion, the sphere-plane distance was set to 1 nm by considering a
ypical thickness of organic monolayers [28]. As shown in Fig. 2b,
he plasmon resonance of the Au-NP is largely shifted to 640 nm
n the presence of the Au-substrate, indicating the strong plasmon
oupling between these metals. On the other hand, the resonance
eak is found to be around 590 nm when located near the sub-
trate surface of Pt or Pd. Although the smaller red-shift of the
lasmon resonance suggests the weaker electromagnetic coupling,
ne can still expect that Raman scattering intensity is substan-
ially enhanced in the sphere-plane cavity. Fig. 2c shows spectra
f EFs in the sphere-plane cavity calculated for the respective sub-
trate metal; in the calculation we assumed that the EF was  nearly
roportional to the fourth power of the field enhancement, |E/E0|,
here E and E0 denote the enhanced local field and the incident

eld, respectively [29]. Since the EF value becomes more than 106

round 600 nm even on the Pt and Pd substrates in the presence
f the Au-NP, the enhanced Raman signals should be detectable
hen the system is excited by the 632.8 nm radiation from

 He–Ne laser.
as  a function of the incident wavelength in the sphere-plane systems calculated at
the point located on the symmetry axis of the system at the substrate surface.

3.2. Conventional SERS spectra of self-assembled CPI monolayers
on roughened surfaces
Fig. 3 shows typical SERS spectra of CPI-SAMs on electrochem-
ically roughened surfaces of polycrystalline Au, Pt, and Pd. On the
roughened Au surface, Raman active modes of CPI were clearly
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ig. 3. Conventional SERS spectra of CPI-SAMs on electrochemically roughened Au,
t,  and Pd surfaces.

bserved in the spectrum [13,30–33].  The NC stretching frequency
�NC) of 2180 cm−1 indicates the bond formation between the iso-
yano anchor group and the substrate [12]. Although the surface
oughening by repetitive potential cycling was less effective for so-
alled “non-SERS-active” Pt and Pd substrates, we were somehow
ble to obtain the distinct Raman bands of CPI on the roughened Pt
urface. The �NC frequency of 2144 cm−1 on Pt was slightly lower
han that on Au, indicating the substrate dependence of the NC
hemisorption strength, which will be discussed later. Moreover,

 significant difference was found around �C C frequency region.
n addition to the totally symmetric �C C (8a) mode at 1586 cm−1,
n additional peak appeared at 1565 cm−1, which was close to the
osition of the non-totally symmetric �C C (8b) mode [13]. Actu-
lly, spectral reproducibility was significantly low at Pt; especially
hese two peaks varied its relative intensities to a large extent. Note
hat roughened surfaces by electrochemical potential cycling have

 wide distribution of surface features with various adsorption sites
xposed. It is naturally expected that such uncontrolled surface fea-
ures result in low reproducibility in SERS spectra. As for Pd, we
ould not obtain any distinguishable Raman band by the surface
oughening.

.3. Crystal orientation dependence of CPI adsorption geometry
n various metal surfaces

The use of the sphere-plane type plasmonic cavity enables us
o observe Raman spectra from a well-defined single crystalline

etal surface. As expected from the theoretical calculations in
ig. 2, similar signal intensity was obtained from Pt and Pd sur-
aces. According to the previous estimation of the EF on Pt [13],
he EF on Pd is also estimated to be the order of 105. Fig. 4a
hows gap-mode enhanced Raman spectra of CPI-SAMs at (1 0 0)
aces of each metal substrate. All of the Raman bands appeared
n these spectra was ascribed to the vibrational modes of the CPI.

he assignment of the bands is summarized in Table 1, together
ith our DFT calculation results. Among these Raman active bands,

he most characteristic vibration is the stretching mode of the NC
roup because the frequency of this mode is highly sensitive to sub-
Fig. 4. Gap-mode plasmon enhanced Raman spectra of CPI-SAMs on (a) Au(1 0 0),
Pt(1  0 0), and Pd(1 0 0) and on (b) Au(1 1 1), Pt(1 1 1), and Pd(1 1 1).

strates as already shown in the conventional SERS spectra. In the
case of the Au(1 0 0), the �NC-Au vibration was found to be around
2185 cm−1, which corresponds to the atop configuration [30–33].

On the other hand, the spectrum at Pd(1 0 0) showed the vibration
peak with the lower frequency of 1969 cm−1, indicating the pres-
ence of the bridge-bound CPI [32,33]. Note that there is no �NC-Au
peak found at the Pd(1 0 0), suggesting the chemically bound inter-
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Table  1
Vibrational frequencies (cm−1) of CPI adsorbed on Au, Pt, and Pd substrates.

Au Pt Pd

(1 0 0) exp. (1 1 1) exp. Atop calc. (1 0 0) exp. (1 1 1) exp. Atop calc. Bridge calc. Hollow calc. (1 0 0) exp. (1 1 1) exp. Bridge calc.

�C-Cl(13) 1087 1088 1080 1089 1084 1079 1075 1073 1080 1085 1085
�CH(9a) 1165 1165 1150 1168 1156 1151 1147 1142 1162 1165 1147
�C-NC(7a) 1192 1191 1205 1208 1201 1226 1222 1202 1198 1201 1215
�C C(19a) 1478 1480 1470 1482 1461 1471 1464 1460 1479 1479 1466
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�C  C(8b) + �NC – – 1564 

�C  C(8a) 1577 1578 1593 1586 1585 

�NC-M 2185 2185 2194 1939, 2145 – 

ace of the CPI-SAM/Pd substrate is maintained after the adsorption
f Au-NPs onto the CPI monolayer. Conversely, the Pt(1 0 0) exhib-
ted both of the atop and bridge features in the �NC vibration region.
ccording to the relative intensity between these two modes, one
an conclude that the CPI molecules prefer atop sites but can also
dsorb at bridge sites on this surface. The slight difference in the
top vibration frequencies between Au and Pt, about 40 cm−1, can
e explained by the difference in the degree of � back-donation;
he LUMO of CPI is a �*-orbital that is anti-bonding with respect
o the NC bond and any electron donation into this orbital from

etal d�-orbitals leads to a decrease in the �NC frequency [31–33].
hat is, the back-donation is stronger at Pt(1 0 0) than at Au(1 0 0).
he difference in the bridge vibration frequencies between Pt and
d can be also explained in a similar manner, the stronger back-
onation at Pd(1 0 0) than at Pt(1 0 0). Interestingly, the Pt(1 0 0)
pectrum did not show 1565 cm−1 peak found in the conventional
ERS.

Gap-mode enhanced Raman spectra of CPI-SAMs were also mea-
ured at (1 1 1) faces of each metal substrate as shown in Fig. 4b. As
or the Au and Pd, no crystal orientation dependence was  observed
n the spectra; the preferential adsorption site was the atop at Au,
nd the bridge at Pd. On the contrary, Pt showed significant crys-
al orientation dependence. The spectral appearance at Pt(1 1 1)
as actually largely different not only from that at Pt(1 0 0) but

lso from all others, which was characterized by the absence of
he �NC vibration and by red-shift of the �C C vibration. In the
revious paper [13], these features were tentatively ascribed to
-protonation of CPI molecules [34–36];  the bent configuration
etween the aromatic-ring and the isocyano group induces cou-
ling of �NC vibration and the �C C vibration, resulting in the

ntensity lost of the �NC vibrations and the totally symmetric �C C
8a) and, and the intensity gain of the non-totally symmetric �C C
ibration (8b). As a result of further detailed DFT calculations, how-
ver, we found that a similar bent configuration can be stable at
ollow sites of the Pt(1 1 1). Although we cannot experimentally
etermine which is the true adsorption structure at the present
tage, the hollow-bound CPI is naturally assumed to be the prefer-
ntial adsorption at Pt(1 1 1).

Here, it should be noted that the spectral feature of the conven-
ional SERS on the roughened Pt can be reproduced as a sum of the
ap-mode enhanced Raman spectra on Pt(1 1 1) and Pt(1 0 0). The
ow reproducibility of the Pt-SERS spectra can be then explained
y the difference in the ratio of (1 1 1)- and (1 0 0)-features on
he roughened surface. On the other hand, the relatively repro-
ucible spectral feature of the conventional SERS on the roughened
u can be explained by the fact that the adsorption geometry did
ot show any remarkable crystal orientation dependence between
1 1 1) and (1 0 0). One can conclude that the gap-mode plasmon
xcitation method can indeed provide well-resolved information
f metal-molecule interactions at a specific surface site whereas

onventional SERS spectra give us only averaged information of
arious surface features. This must be a significant advantage to
tudy adsorption behavior or reaction mechanism of molecules at

 catalytic metal surface.
– – 1574
1596 1588 1622 1580 1581 1591
2146 1932 – 1969 1972 1981

Next, we focus to compare the adsorption geometries of the
CN group with those of CO. In the field of catalytic chemistry, the
CO adsorption on Pt-group metals has been extensively studied by
infrared reflection absorption spectroscopy (IRAS) and by theoret-
ical methods [37–40].  It has been reported that CO preferentially
adsorbs at the atop sites of Au(1 1 1) and (1 0 0) and the bridge sites
of Pd(1 1 1) and (1 0 0). Coexistence of the atop and bridge CO on
Pt(1 0 0) is also confirmed experimentally. Therefore, the adsorp-
tion behavior of the CN group seems to be very similar to that of CO.
Conversely, the situation on Pt(1 1 1) is rather complicated. Actu-
ally, the CO adsorption on Pt(1 1 1) is still in a puzzled situation; CO
is experimentally found at the atop site, but theoretically prefers
the hollow site [41]. In the case of the CN group in our experiments,
the hollow site was  the possible adsorption structure at Pt(1 1 1).
Therefore, it is worthwhile to clarify what causes the difference of
the preferential adsorption sites between the CN group and the CO
molecule.

Except for Pt(1 1 1), the substrate dependence of the CPI adsorp-
tion geometry can be explained by the so-called d-band theory; the
energy center of the valence d-band density of states at the surface
sites correlates with their ability to form bonds with chemisorbed
molecules [42,43].  The d-band center is calculated to be around
−3.25 eV for Au and −1.5 eV for Pd [44], suggesting the preference
of the atop and bridge adsorption at Au and Pd, respectively. On the
other hand, the d-band center for Pt is known to be in the middle
of Au and Pd [45], leading to coexistence of the atop and bridge
configurations on Pt(1 0 0).

4. Conclusion

Significant enhancement of Raman scattering intensities of
organic monolayers was demonstrated on non-SERS-active Pt and
Pd surfaces. This enhancement method should be, in principle,
effective not only for catalytic Pt-group metal but also for any
other metals. The extension of the range of SERS application to
observe non-SERS-active surfaces opens up a new possibility of
SERS spectroscopy. In the case of this sphere-plane cavity system,
its plasmonic resonance feature can be theoretically calculated and
can be tuned by the sphere diameter. Therefore, one can easily
obtain the maximum enhancement effect by matching the exci-
tation energy and the plasmon resonance energy.

The application of the cavity to observe well-defined single crys-
tal surfaces can also break the limitation of the conventional SERS
spectroscopy. The preferential adsorption geometries of the iso-
cyano group were clearly distinguished on each crystal face of the
respective metals, which was  impossible in conventional SERS. We
have successfully decomposed the conventional SERS spectra at
roughened Pt to the spectral components at (1 1 1) and (1 0 0) faces.
This result is direct evidence that the low reproducibility in SERS
is caused by the adsorption-site dependence of preferential molec-

ular geometry on a metal surface. In principle, SERS spectroscopy
has a great advantage for probing low-frequency vibrational modes
such as molecule–substrate stretching especially in an IR-opaque
solution. In situ SERS observations should be useful for study-
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