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A nanogap formed by a metal nanoparticle and a flat metal substrate is one kind of “hot site” for surface-enhanced
Raman scattering (SERS). The characteristics of a typical nanogap formed by a planar Au and either an Au and
Ag nanoparticle have been well studied using 4-aminobenzenethiol (4-ABT) as a probe. 4-ABT is, however, an
unusual molecule in the sense that its SERS spectral feature is dependent not only on the kinds of SERS substrates
but also on the measurement conditions; thus further characterization is required using other adsorbate molecules
such as 1,4-phenylenediisocyanide (1,4-PDI). In fact, no Raman signal was observable when 1,4-PDI was selfassembled on a flat Au substrate, but a distinct spectrum was obtained when 60 nm-sized Au or Ag nanoparticles
were adsorbed on the pendent –NC groups of 1,4-PDI. This is definitely due to the electromagnetic coupling
between the localized surface plasmon of Au or Ag nanoparticle with the surface plasmon polariton of the planar
Au substrate, allowing an intense electric field to be induced in the gap between them. A higher Raman signal was
observed when Ag nanoparticles were attached to 1,4-PDI, irrespective of the excitation wavelength, and
especially the highest Raman signal was measured at the 632.8 nm excitation (with the enhancement factor on the
order of ~103), followed by the excitation at 568 and 514.5 nm, in agreement with the finite-difference timedomain calculation. From a separate potential-dependent SERS study, the voltage applied to the planar Au
appeared to be transmitted without loss to the Au or Ag nanoparticles, and from the study of the effect of volatile
organics, the voltage transmission from Au or Ag nanoparticles to the planar Au also appeared as equally probable
to that from the planar Au to the Au or Ag nanoparticles in a nanogap electrode. The response of the Au-Ag
nanogap to the external stimuli was, however, not the same as that of the Au-Au nanogap.
Key Words : Surface-enhanced raman scattering, 1,4-Phenylenediisocyanide, Au-Ag nanogap, Au-Au nanogap,
Volatile organic chemical

Introduction
Noble metallic nanostructures exhibit a phenomenon known
as surface-enhanced Raman scattering (SERS) in which the
scattering cross sections are enhanced up to 1014 - 1015 times
for molecules adsorbed thereon, allowing even single-molecule
spectroscopy possible.1-5 Accordingly, ever since its discovery
in the middle of 1970s SERS has found applications in many
areas of chemistry, including chemical analysis, corrosion,
lubrication, and heterogeneous catalysis.6-10 The phenomenon
of SERS is thus practical and highly attractive, but surprisingly
the origin of SERS has not yet been clearly clarified, although
electromagnetic and chemical enhancement mechanisms are
definitely responsible for the occurrence of SERS.2 In conjunction with single-molecule SERS, an electromagnetic “hot spot”
has been predicted to exist in large fractal aggregates of Ag
particles.11,12 The junction of two aggregated Ag nanoparticles
has also been claimed to be the “hot site” for SERS.13 We recently recognized that highly intense Raman spectra could be
obtained when 4-aminobenzenethiol (4-ABT) was sandwiched
between planar Au and nanosized Au or Ag particles, as
†
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labeled by Au(Ag)@4-ABT/Au(flat).14-16 The SERS signal
must have derived from the electromagnetic coupling of the
localized surface plasmon of Au(Ag) nanoparticles with the
surface plasmon polariton of the underneath Au metal.
4-ABT, used in the characterization of the nanogap formed
by a planar Au and either an Au or Ag nanoparticle, is an
unusual molecule in the sense that its SERS spectral feature is
dependent not only on the kinds of SERS substrates but also
on the measurement conditions. In the normal Raman spectrum, peaks assignable to totally symmetric vibrations are
exclusively observed, but non-a1 type peaks are additionally
identified in the SERS spectrum. Considering the potential
and excitation wavelength dependence, the bands have been
assumed in the past 15 years to belong to b2 symmetry
vibrations of 4-ABT, arising from the metal-to-adsorbate or the
vice versa charge transfer transition.17-19 Very recently, however, there is a debate that the bands would be due to the Ag
modes of dimercaptoazobenzene supposedly produced from
4-ABT via a catalytic coupling reaction on metal substrates.20-22
Owing to this kind of conflict, we worry that 4-ABT may not
be a proper molecule to characterize the “hot sites” for SERS.
Other adsorbate molecule must then be sought for better
characterization of the naogaps formed by planar Au and Au or
Ag nanoparticles.
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Organic diisocyanide such as 1,4-phenylenediisocyanide
(1,4-PDI) is known to adsorb on gold via only one of its two
isocyanide groups.23 The other isocyanide group is pendent
with respect to the gold substrate so that new Au or Ag
nanoparticles can further bind onto it forming a sandwich-type
molecular nanostructure. In addition to a “hot site” for SERS,
such a nanogap electrode is attractive in regard to molecular
electronics, since an organic diisocyanide could function as a
molecular wire.24 The main issue therein is how effectively a
voltage applied to the gold substrate can be transmitted to the
Au or Ag nanoparticles and vice versa.25 If the voltage transmission is efficient, any unbalanced electronic charge will
readily be equilibrated between the Au or Ag nanoparticle and
the planar Au substrate. Another interesting point of SERS of
organic isocyanides is associated with the susceptibility of the
NC stretching frequency in response to external disturbance
such as a change in potential and an exposure to volatile
organic chemicals (VOCs). For instance, the NC stretching
band is either blue- or red-shifted, depending on the electron
withdrawing or donating property of VOCs exposed to the
isocyanide-adsorbed SERS active substrate.26
In conjunction with above implications, the primary purpose
of this work is to characterize in more detail the electromagnetic field enhancement at the nanogap formed by a flat
Au and an Au or Ag nanoparticle by virtue of the Raman
scattering of 1,4-PDI. It was also attempted to understand the
observed difference between the Au-Au and Au-Ag nanogaps
by means of a three-dimensional finite-difference time-domain
(3-D FDTD) calculation. The secondary purpose of this work
is to find out whether the NC peak shift occurring by VOCs is
correlated with their electron withdrawing and electron
donating property, as predicted by ab initio calculation. The
tertiary purpose of this work is to make sure whether the
excess surface charge supplied onto Au or Ag nanoparticles
by VOCs is transmitted well to the planar Au substrate. In
this regard, we also measured the potential-dependent SERS
spectra by varying the potential of the Au(flat) substrate, and
carefully examined the variation of the position, shape, and
width of the NC stretching band of 1,4-PDI. Altogether, the
SERS of 1,4-PDI is proven to be an invaluable tool to assess
not only the nanogaps that are able to amplify the electromagnetic field but also even the molecular wires that are
capable of transporting charge in molecular electronics.
Experimental Section
Hydrogen tetrachloroaurate (HAuCl4), silver nitrate (AgNO3),
Au wire (diameter = 0.25 mm, 99.99%), trisodium citrate, and
1,4-PDI were purchased from Aldrich, and used as received.
Other chemicals, unless specified, were reagent-grade. Highly
purified water, with a resistivity greater than 18.0 MΩ·cm
(Millipore Milli-Q System), was used in preparing aqueous
solutions.
Gold and silver sols were prepared by following the Lee
and Meisel method.27 For Au sol, 50 mL of 0.25 mM
aqueous solution of HAuCl4 was heated to boiling, and then
0.4 mL of 1 %(w/v) aqueous solution of sodium citrate was
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added. The solution was kept boiling for 30 min. For Ag sol,
100 mL of 1 mM aqueous solution of AgNO3 was heated to
boiling, and then 2 mL of 1 %(w/v) aqueous solution of
sodium citrate was added. The solution was kept boiling for
30 min. According to transmission electron microscopy
(TEM) analyses, both the Au and Ag nanoparticles had an
average diameter of ~60 nm. On the other hand, the surface
plasmon absorption bands were identified distinctly at 545
and 435 nm in the UV-visible (UV-vis) spectra of Au and Ag
sols, respectively. The particle concentration was adjusted to
be the same (0.04 nM) for both sols.
A macroscopically smooth Au substrate was prepared by
resistive evaporation of titanium and gold at 1 × 10−6 Torr
onto a freshly cleaved mica sheet. After deposition of
approximately 200 nm of gold, the evaporator was backfilled with nitrogen. Separately, an Au wire was flame
annealed to obtain a flat Au substrate. The self-assembly of
1,4-PDI onto these Au substrates was conducted in 20 mM
ethanolic solution overnight. After washing with ethanol, the
1,4-PDI-adsorbed Au substrates were soaked in Au or Ag
sol for 1 h. The number of Au and Ag nanoparticles attached
to 1,4-PDI were counted from field emission scanning
electron microscopy (FE-SEM) images. The nanogap system
fabricated on a vacuum evaporated Au film was subjected to
Raman spectral measurements, but under spinning to
average out any inhomogeneous distribution of Au and Ag
nanoparticles. On the other hand, the nanogap system
fabricated using an annealed Au wire was subjected to
Raman spectral measurements, either as prepared or after
soaking in electrolytic solution for potential-dependent
SERS, or as a substrate put in a glass capillary exposed to
VOCs.
The TEM images of the as-prepared Au and Ag sols were
acquired using a JEM-200CX transmission electron microscope
at 160 kV. The FE-SEM images were obtained with a JSM6700F field emission electron microscope operated at 5 kV.
UV-vis spectra were obtained with a SINCO S-4100 UV-vis
absorption spectrometer. The flow of organic vapors through a
capillary tube was controlled using a Sage Instruments Model
341 syringe pump. Zeta potential measurement was obtained
on a Zetasizer 3000HS (Malvern Instruments, UK) at 25 oC,
using a Zetasizer 3000 (Advanced) Zeta mode v1.61 software
for data acquisition. Raman spectra were obtained using a
Renishaw Raman system Model 2000 spectrometer equipped
with an integral microscope (Olympus BH2-UMA). The 514.5
nm line from a 20 mW Ar+ laser (Melles-Griot Model
351MA520) or the 568 nm line from a 20 mW Ar+/Kr+ laser
(Melles-Griot Model 35KAP431) or the 632.8 nm line from a
17 mW He/Ne laser (Spectra Physics Model 127) were used
as the excitation source. Raman scattering was detected over a
180o range with a Peltier cooled (−70 oC) charged-coupled
device (CCD) camera (400 × 600 pixels). The laser beam was
focused onto a spot approximately ~1 µm in diameter with an
objective microscope with magnification of the order of 20×.
The data acquisition time was usually 30 s. The holographic
grating (1800 grooves/mm) and the slit allowed the spectral
resolution to be 1 cm−1. The Raman band of a silicon wafer at
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520 cm−1 was used to calibrate the spectrometer, and the accuracy of the spectral measurement was estimated to be better
than 1 cm−1. The potential of the electrochemical cell used for
Raman spectral measurement was controlled by using a CH
Instruments model 660A potentiostat, which employed CHI
660A electrochemical analyzer software (version 2.03) running
on an IBM-compatible PC. All potentials are reported with
respect to a saturated Ag/AgCl electrode.
3-D FDTD electrodynamics simulation28,29 was carried out
with FDTD solutions software (version 7.0.1) provided by
Lumerical Solutions, Inc. A nanostructure composed of an Au
or Ag nanoparticle and a flat gold surface was modeled as a
single Au or Ag sphere (60 nm) laid on a cubical gold substrate with dimensions of 400 nm × 400 nm × 150 nm. The gap
between the sphere and the cuboid was fixed to be 1 nm. The
dielectric constants of the silver and gold were taken from the
source program. The propagation directions of plane waves
(514.5, 568, and 632.8 nm wavelength) were chosen to be along
the x- or z-axis. In each case, the electric field was assumed to
be polarized along the z-axis and y-axis, respectively. Boundary
conditions were imposed by means of the perfectly matched
layer method. After the computation of the local electric field,
the field intensity was evaluated for each mesh by integration
and finally compared with the enhancement factor (EF) values
estimated from the measured Raman spectra.
Results and Discussion
Figures 1(a) and 1(b) show the TEM images of Au and Ag
sol particles, respectively. Most of the nanoparticles are of a
spherical shape, although faceted particles are also observed
especially in Ag sol. According to the histograms shown in
Figure 1(c), the mean diameters of the Au and Ag particles are
59.4 ± 9.9 and 56.9 ± 5.3 nm, respectively. As shown in Figure
1(d), the Au and Ag sols exhibited very distinct surface plasmon absorption bands centered at 545 and 435 nm, respectively. The zeta potential measurements indicated that both the
Au and Ag nanoparticles were negatively charged, i.e., −46.9
and −47.9 mV, respectively, due to the deprotonation of the
citrate moiety. Due to the negative surface charge, there exists
substantial electrostatic repulsion between particles, which
hinders their close-packed adsorption on 1,4-PDI on a flat
Au.30 According to the FE-SEM images shown in Figures 1(e)
and 1(f), the surface coverages of Au and Ag nanoparticles
after adsorption on 1,4-PDI on a flat Au are determined to be
3.1 and 5.3 particles per µm2, respectively.
As one would expect, Raman signal was not detectable at
all when 1,4-PDI was adsorbed onto the flat Au surface.
However, Raman spectra are distinctly observed as Au or Ag
nanoparticles are adsorbed onto the pendent NC group, owing
to the electromagnetic coupling between the localized surface
plasmon of Au or Ag nanoparticles and the surface plasmon
polariton of the flat Au substrate.31-33 This can be evident from
the spectra shown in Figures 2(a) and 2(b), taken using three
different excitation wavelengths after attaching Au or Ag nanoparticles, respectively, onto 1,4-PDI on a vacuum evaporated
Au substrate: these nanostructures are labeled either Au@1,4-

Figure 1. TEM images of (a) Au and (b) Ag sol particles, and (c)
their size histograms and (d) their UV-vis absorption spectra taken
in colloid state. FE-SEM images taken for (e) Au@1,4-PDI/Au
(vacuum) and (f) Ag@1,4-PDI/Au(vacuum). See text.

Scheme 1. Schematic diagram of a nanogap, formed by a planar
Au substrate and (a) an Au or (b) an Ag nanoparticle, in which a
probe molecule, 1,4-PDI, is sandwiched in the nanogaps.

PDI/Au(vacuum) or Ag@1,4-PDI/Au(vacuum) (See Scheme
1). As mentioned in the Experimental section, these Raman
spectra were taken while spinning the samples at 3000 rpm to
minimize any effect due to inhomogeneous distribution of the
Au and Ag nanoparticles. Further, the spectra were represented
after normalizing with respect to the number of surface coverage of Au and Ag nanoparticles, as well as the absolute
intensity of a silicon wafer at 520 cm−1 at a specified excitation
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Figure 2. Raman spectra taken using 514.5, 568, and 632.8 nm radiation (from bottom to top) as the excitation source for (a) Au@1,4PDI/Au(vacuum) and (b) Ag@1,4-PDI/Au(vacuum) nanogap systems.
(c) NR spectrum of 0.1 M 1,4-PDI in ethanol taken using the same
lasers as above.

wavelength. For a better analysis of these gap mode spectra,
the normal Raman (NR) spectra of neat 1,4-PDI taken at three
different excitation wavelengths are also shown in Figure 2(c).
The NR spectral pattern was little affected by excitation
wavelength, although a more intense spectrum was measured
at a lower excitation wavelength.
The bands at 2126, 1605, 1198, and 1167 cm−1 in the NR
spectrum of 1,4-PDI can be assigned to the NC stretching, ring
8a, ring 7a, and ring 9a modes of 1,4-PDI, respectively.34 In
the gap mode spectra in Figure 2(a), their counter bands are
observed at 2177, 1597, 1204, 1165 cm−1, respectively, while
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in Figure 2(b) at 2173, 1598, 1204, and 1163 cm−1, respectively. There is significant difference in the peak position of
the NC stretching band between the NR and gap mode spectra,
although little differences are observed for the ring modes. The
bandwidths of the NC stretching bands are also substantially
broader in the gap mode spectra than in the NR spectrum,
while the bandwidths of the ring modes are comparable to one
another.35 These spectral differences are due to the adsorption
of 1,4-PDI exclusively via the two –NC groups to Au substrate
and Au or Ag nanoparticles. It is known that the lone pair
electrons of the –NC: group are antibonding with respect to the
NC bond.36 Accordingly, the donation of the carbon lone pair
electrons to Au or Ag leads to stronger NC bonds, resulting in
the blue-shift of the NC stretching vibration. The blue shift in
Figure 2(a) is slightly larger than that in Figure 2(b), suggesting
that the electron donation capability of the isocyanide group to
gold is somewhat greater than that to silver. Further, the NC
stretching band in Figure 2(b) is broader and more asymmetric than that in Figure 2(a) due to one –NC group of 1,4PDI being bound to Au but the other –NC group being bound
to Ag in the Ag@1,4-PDI/Au(vacuum) system.
Based on the assignment of the NC stretching bands, we
have subsequently estimated the EF values for all gap mode
spectra shown in Figures 2(a) and 2(b). At first, the number
of 1,4-PDI molecules illuminated by the laser light used in
obtaining the NR spectra were estimated by taking account of
the facts that the size of the laser spot is ~1 µm and its
penetration depth into 1,4-PDI is ~40 µm (since Raman signals
reached a steady state when the thickness of an organic film
became greater than 40 µm).21 Assuming that the sampling
volume is well represented by the product of the laser spot size
and its penetration depth, the number of 1,4-PDI molecules
illuminated is calculated to be 1.9 × 109 (i.e., 3.1 × 10−15 mol).
We subsequently estimated the number of 1,4-PDI molecules
that could be present on the planar Au substrate. Assuming
that each 1,4-PDI molecule occupies an area of ~0.20 nm2 at
the full coverage limit on Au, as similarly to p-disubstituted
benzene derivatives such as 4-aminobenzenthiolate,37 the number of 1,4-PDI molecules that can be illuminated by a 1 µm
sized laser beam is calculated to be 3.9 × 106 (i.e., 6.5 × 10−18
mol). The ratio of the numbers of 1,4-PDI molecules illuminated in NR and SERS spectral measurements would then
amount to 4.8 × 102 (i.e., 1.9 × 109 / 3.9 × 106). The apparent
EF values may then be obtained by dividing the latter value
with the intensity ratio of the NC stretching band of 1,4-PDI in
NR and SERS spectra. Dividing further the apparent EF values
with the averaged number of Au or Ag nanoparticles per µm2
on 1,4-PDI on a planar Au should result in EF values. The
EF values obtained in this way are plotted in Figure 3(a) as a
function of the excitation wavelength for both the Au@1,4PDI/Au(vacuum) and Ag@1,4-PDI/Au(vacuum) systems. For
both systems, the more intense Raman signal is obtained with
an increase in the excitation wavelength.
It is evident in Figure 3(a) that higher EF values are
observed, irrespective of the excitation wavelength, when
Ag nanoparticles are adsorbed on 1,4-PDI on a flat Au
substrate than are Au nanoparticles. When Au nanoparticles
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Figure 4. Intensity distribution (|E/E0|4) of induced local electric
field E relative to the excitation field E0 near 60-nm sized Ag
sphere and Au cuboid, calculated by the 3-D FDTD method in a
condition that the electric field (632.8 nm radiation) is directed
perpendicular (a and b) or parallel (c and d) to the surface of the Au
cuboid. Insets are the magnified images of the gap sites.

Figure 3. (a) Experimental and (b) theoretical EFs determined for the
NC stretching band of 1,4-PDI in Au@1,4-PDI/Au(vacuum) and
Ag@1,4-PDI/Au(vacuum) drawn as a function of the excitation
wavelength. Experimental EFs were determined by referring to the
SERS spectra shown in Figure 2. Theoretical EFs were predicted
using the 3-D FDTD method by taking into account the portions of
the perpendicular and parallel polarizations in an actual experimental condition. See text.

are laid on 1,4-PDI, a quite intense Raman signal is detected
with 568 and 632.8 nm excitation, but the EF at 514.5 nm
excitation is more than two orders of magnitude smaller than
that at 632.8 nm excitation. Even when Ag nanoparticles are
laid on 1,4-PDI, the EF at 514.5 nm excitation is not great,
but only one order of magnitude smaller than that at 632.8
nm excitation. Anyhow, the EF at 632.8 nm excitation was
even greater when an Ag nanoparticle was laid on 1,4-PDI
than was an Au nanoparticle. The Au-Ag gaps are thus more
SERS active than the Au-Au gaps in all excitation
wavelengths. To see whether this is acceptable, we have
carried out 3-D FDTD simulations.
As described in the Experimental Section, a nanostructure
was modeled in this simulation to be composed of a single
gold or silver sphere of diameter 60 nm laid on a cubical gold
substrate of dimensions 400 nm × 400 nm × 150 nm. The gap
distance between the Au or Ag sphere and Au cuboid was
fixed to be 1 nm. Figure 4 shows the FDTD result obtained
under the irradiation of 632.8 nm light on the Ag-Au nano
gap. The intensity of the induced electric field was extremely
sensitive to the polarization direction of the incident radiation.
Especially a strong electric field was induced at the gap when

a perpendicularly polarized light was used as the incident
light. Hence, taking account of the fact that the Raman
scattering enhancement could be represented as |E/Eo|4 (E and
Eo are the local and input fields, respectively),38 the maximum
EF value could be as large as 1.4 × 1010 in the perpendicular
polarization (See Figures 4(a) and 4(b)), while the maximum
in response to the parallel-polarized light would be at most
1.3 × 105 (See Figures 4(c) and 4(d)). Anyhow, for a better
comparison with the experimental EF values, we have taken
into account the arrangement of the Raman laser used in this
work: We have estimated the percentage of a perpendicularly
polarized beam by referring that the diameter of the laser
beam was 7 mm (before focusing) and the focal length of the
object lens was 9 mm. The theoretical EF values thus computed by weighting the contribution of perpendicular and
parallel polarized light are finally represented in Figure 3(b). It
is very noteworthy that the theoretical excitation wavelength
dependence is largely comparable to the experimental data.
Using separately prepared Au-Au and Ag-Au nanogap
systems fabricated using an annealed Au wire, i.e., Au@1,4PDI/Au(wire) and Ag@1,4-PDI/Au(wire) electrodes, we subsequently measured the potential-dependent SERS spectra in
0.1 M NaClO4 aqueous solutions, using the 632.8 nm radiation as the excitation source. The SERS spectra measured
were reproducible in the potential region of +0.2 to −0.6 V vs
a saturated Ag/AgCl reference electrode. As shown in Figures
5(a) and 5(b) for Au-Au and Ag-Au nanogap electrodes,
respectively, the peak positions as well as the bandwidths of
the ring modes were not subjected to change following the
potential variation. The relative peak intensities of the ring
modes were also invariant with respect to the potential variation. Nonetheless, the NC stretching peak was gradually
blue-shifted following an increase in the surface potential
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Figure 5. Potential dependent SERS spectra measured using (a)
Au@1,4-PDI/Au(wire) and (b) Ag@1,4-PDI/Au(wire) as a working
electrode in 0.1 M NaClO4 with 632.8 nm radiation as the excitation
source. (c) Positions of the NC stretching peaks of 1,4-PDI in (a) and
(b) drawn versus the applied potential.

and vice versa. As the potential is made more positive, there is
increased σ donation from the C atom to Au(Ag), resulting in
a greater shift of electron density from the N atom into the NC
bond, and as a consequence, both the bond order and the
vibrational frequency are increased.39 The opposite will take
place when the potential is made more negative. Nonetheless,
the shape of the NC stretching band is independent of the
potential variation. This is not unexpected since the measurement system is electrically closed. The pendent NC group is
then located well inside the electrical double layer such as to
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feel the applied electric field as equally as the Au wire electrode. The voltage applied to the planar Au wire is transmitted
without loss to the Au or Ag nanoparticles. Otherwise, we
might have observed a very asymmetric NC stretching peak
composed of two bands, one due to NC attached to the planar
Au wire and the other due to NC attached to the Au or Ag
nanoparticles. Anyhow, the NC stretching band is, naturally,
slightly more asymmetric and also wider when 1,4-PDI is
present in the Ag-Au nanogap than in the Au-Au nanogap. In
this way, the NC stretching peaks were observed at 2177,
2171, 2165, 2159, and 2153 cm−1 at +0.2, 0.0, −0.2, −0.4, and
−0.6 V, respectively, for the Au-Au electrode, while at 2177,
2172, 2168, 2163, and 2159 cm−1 for the Ag-Au electrode. As
can be seen in Figure 5(c), the NC stretching peaks are thus
determined to vary linearly with a slope of 22.3 and 29.6 cm−1
V−1 for the Au-Au and Ag-Au electrodes, respectively. The
slope is slightly greater at the Ag-Au electrode, suggesting that
the –NC group bound to Ag must experience a stronger Stark
effect40 in electrochemical environment, although the bonding
effect would be greater when 1,4-PDI was bound to Au.
As another means to distinguish the two types of gaps, we
have examined the response of the NC stretching vibration of
1,4-PDI under the flow of two typical VOCs, acetic acid and
ammonia.41 Although only a negligible change was seen for
the ring modes of 1,4-PDI, the NC stretching band has blueand red-shifted under the flow of acetic acid and ammonia,
respectively. In specific, as shown in Figures 6(a) and 6(b), in
the presence of acetic acid, the NC stretching peak was blueshifted by up to 8 and 3 cm−1, respectively, for the Au-Au and
Ag-Au nanogaps. On the other hand, as shown in Figures
6(c) and 6(d), in the presence of ammonia, the NC stretching
peak was red-shifted by up to 9 and 4 cm−1, respectively, for
the Au-Au and Ag-Au nanogaps. The amount of blue- and
red-shift is obviously larger for the Au-Au nanogap than for
the Ag-Au nanogap. This suggests that Au nanoparticles must
be affected more by VOCs than Ag nanoparticles. The blueshift by acetic acid can be understood by assuming that electrons are transferred from Au or Ag nanoparticles to the
carbonyl oxygen atom of acetic acid,42 as schematically drawn
in Figure 6(e). In such circumstance, the surface potential of
Au or Ag nanoparticles has to move in the positive direction,
resulting in the blue-shift of the NC stretching band of 1,4-PDI.
That is, as the Au or Ag nanoparticles are more positively
charged, there must be an increased σ donation from the C
atom of the isocyanide group of 1,4-PDI to Au or Ag. Because
the carbon lone-pair electrons have an antibonding character,
the increased donation of these electrons to gold and silver
should increase the strength of the NC bond, resulting in the
blue-shift of the NC stretching mode. Conversely, the red-shift
by ammonia can be understood by recalling that NH3 is a
prototype molecule able to donate electrons to metal by
adsorption,43 as schematically drawn in Figure 6(f). To test its
feasibility, we have carried out a simple ab initio quantum
mechanical calculation.
At first, the binding energy and then the atomic polar tensor
based charge population were computed for acetic acid and
ammonia interacting with a single Au or Ag atom using the
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and Ag atoms were computed to be −0.105 and −0.091 e,
respectively, suggesting that NH3 should act as a stronger
electron donor when interacting with Au than with Ag, in
agreement with the prediction deduced from the NC peak shift.
The bandwidth of the NC stretching band in Figures 6(a)6(d) is slightly dependent on the kind of organic vapor, but the
shape of the band is mostly symmetric. Considering that 1,4PDI was close-packed on the flat Au substrate, VOCs should
have affected more the Au or Ag nanoparticles exposed
outward rather than the planar Au substrate underneath. The
symmetrical band shape would then suggest that the effect
given by acetic acid and ammonia onto the Au or Ag
nanoparticles had been transmitted wholly through 1,4-PDI to
the planar Au substrate. Otherwise, we might have seen at least
a very asymmetric NC stretching band, specifically a band
inclined toward higher frequency in the presence of acetic acid
and a band inclined toward lower frequency in the presence
of ammonia. Hence, it is presumed that the voltage transmission from Au or Ag nanoparticles to the planar Au is as
equally probable to that from the planar Au to the Au or Ag
nanoparticles in a nanogap electrode. The ready transmittance
must be associated with the conjugation character of 1,4-PDI.
Summary and Conclusion
Figure 6. SERS spectra of 1,4-PDI taken under the flow of (a and
b) acetic acid and (c and d) ammonia over Au@1,4-PDI/Au(wire)
and Ag@1,4-PDI/Au(wire) put in a glass capillary, respectively:
632.8 nm radiation was used as the excitation source. Schematic
diagrams showing the origin of (e) blue-shift by acetic acid in (a
and b) and (f) red-shift by ammonia in (c and d).
Table 1. Binding energies of acetic acid and ammonia with single
Au and Ag atoms and the accompanying changes in net charges of
Au and Ag atomsa
Au-Acetic Ag-Acetic
AuAgacid
acid
Ammonia Ammonia
Binding energy
(kJ mol−1)

−9.9

−1.2

−46.3

−25.4

Net charge of Ag
or Au atom (e)b

0.065

0.055

−0.105

−0.091

a
Computed using a Gaussian 03W suite44: the LANL2DZ basis sets are
used for the Au and Ag atoms while the 6-31+G(d) basis sets are used
for all atoms of acetic acid and ammonia. bAtomic polar tensor-based net
charge.45

Gaussian 03W suite at the B3LYP level theory.44,45 In this
calculation, LANL2DZ basis sets were used for the Au and
Ag atoms, while 6-31+G(d) basis sets were used for all atoms
of acetic acid and ammonia. As one would expect, both the Au
and Ag atoms interacted either with the carbonyl oxygen atom
of acetic acid or with the nitrogen atom of ammonia. As can be
seen in Table 1, all interactions were attractive. On the other
hand, when interacting with acetic acid, the net charges of the
Au and Ag atoms were computed to be 0.065 and 0.055 e,
respectively. This suggests that acetic acid must act as a
stronger electron acceptor when interacting with Au than with
Ag. When interacting with ammonia, the net charges of the Au

The characteristics of two distinct nanogaps formed by a
flat Au substrate and an Au or Ag nanoparticle were examined
by means of the Raman scattering of 1,4-PDI. Initially, an
atomically smooth Au substrate was prepared by a vacuum
evaporation method, and then 1,4-PDI was allowed to adsorb
thereon via one of its two isocyanide groups. Since the planar
Au substrate was SERS inactive, no Raman signal was detected at all. However, upon attaching 60 nm-sized Au or Ag
nanoparticles to the pendent isocyanide group, a very intense
Raman spectrum was observed, obviously due to the electromagnetic coupling between the localized surface plasmon of
Au or Ag nanoparticle and the surface plasmon polariton of
the planar Au substrate. Specifically, a higher Raman signal
was observed when Ag nanoparticles were attached onto 1,4PDI, irrespective of the excitation wavelength. Regarding the
excitation wavelength dependence, the highest Raman signal
was measured at the 632.8 nm excitation (with the EF on the
order of ~103), followed by the excitation at 568 and 514.5
nm. When Ag nanoparticles were attached to 1,4-PDI, the
Raman signal measured at 514.5 nm excitation was about ten
times weaker than that at 632.8 nm excitation, but when Au
nanoparticles were adsorbed on 1,4-PDI, a signal more than
two orders of magnitude weaker was observed as the excitation
wavelength was lowered down to 514.5 nm. Much the same
observation was made from the 3-D FDTD calculation. This
must be due to the different surface plasmon resonances of Ag
or Au nanoparticles, thus suggesting that both the kind of metal
and the excitation wavelength have to be taken into account for
the highest SERS to occur at the nanogap formed by a planar
metal and a spherical metal nanoparticle.
On the other hand, according to the potential-dependent
SERS, the NC stretching peaks were determined to vary
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linearly with a slope of 22.3 and 29.6 cm−1V−1 for the Au-Au
and Ag-Au nanogap electrodes, respectively, suggesting that
the –NC group bound to Ag must experience a stronger Stark
effect. Anyhow, the shape of the NC stretching band was independent of the potential variation, suggesting that the voltage
applied to the planar Au was transmitted without loss to the Au
or Ag nanoparticles. As another means to distinguish the two
types of gaps, we also examined the response of the NC
stretching vibration of 1,4-PDI under the flow of two typical
VOCs, acetic acid and ammonia. In the presence of acetic
acid, the NC stretching peak was blue-shifted by up to 8 and 3
cm−1, respectively, for the Au-Au and Ag-Au nanogaps, while
in the presence of ammonia, the NC stretching peak was redshifted by up to 9 and 4 cm−1, respectively. The amount of
blue- and red-shift was larger for the Au-Au nanogap than for
the Ag-Au nanogap, suggesting that Au nanoparticles should
be affected more by VOCs than Ag nanoparticles. In conformity with ab initio quantum mechanical calculations, the
blue-shift could be understood by assuming that electrons were
transferred from Au or Ag nanoparticles to the carbonyl
oxygen atom of acetic acid, while the red-shift was caused by
the electron donation from ammonia to Au or Ag nanoparticles,
thus raising and lowering the surface potential of metal
nanoparticles in the presence of acetic acid and ammonia,
respectively. At any rate, the NC stretching band was quite
symmetrical even under the flow of VOCs, suggesting that the
voltage transmission from Au or Ag nanoparticles to the planar
Au should be as equally probable to that from the planar Au to
the Au or Ag nanoparticles in a nanogap electrode. The ready
transmittance must be associated with the conjugation character of 1,4-PDI.
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