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homo  and  Au–Ag  hetero-dimer  structures  with  controlled  gap  distances.  Controlled  adsorption  of  2,2′-
bipyridine  and  4,4′-bipyridine  molecules  onto  the  surface  of  metals  in  an  aqueous  solution  resulted  in
characteristic  SERS  peak  shifts  reflecting  switching  of  the adsorption  site  at the  gap of the  Au–Ag hetero-
dimer.  Changes  in  the  relative  intensities  and  the  wavenumbers  of  the  SERS  bands  provided  information
on  the  adsorption  environment  of  the  target  molecule  at the  single  molecule  level.

Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.
. Introduction

Inspired by the pioneering works on the surface enhanced
aman scattering (SERS) phenomenon in the 1970s [1,2], numer-
us experimental and theoretical investigations have been carried
ut in order to gain insight into the physico-chemical mechanism
f the SERS phenomenon [3–7]. Several findings of ultra-sensitive
etection at the single molecule level [9,10] triggered a renewed

nterest in this field from both scientific and technological view-
oints. Growing activities in technological research have enabled
ot only in vitro but also in vivo SERS analysis [10–12].

Regarding the single molecule sensitivity of SERS, strong proof
as been reported by using a bi-analyte technique, in which two
pectrally distinguishable molecules were used in the SERS mea-
urement [13–15]. Although the sample was prepared by mixing
hese bi-analyte molecules together in colloidal Ag solution, SERS
ignals were observed that were composed of purely one or the
ther type of molecule. This is clear evidence that the observed
ERS signal originates from a very small number of molecules at a
ingle SERS active site, since the probability of observing large num-
ers of the same molecule from a single site is as low as 1/32 for

 molecules and 1/1024 for 10 molecules in the bi-analyte system.
imilarly, our group has discovered by the bi-analyte technique that
he SERS signal switched from one to the other type of molecule

uring successive observations [16], which is also strong evidence
hat only a single or a small number of molecules at single sites
ere being detected. Generally, SERS with single molecule sensi-
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E-mail address: kei@sci.hokudai.ac.jp (K. Murakoshi).
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tivity is acquired when the molecule is situated at the gap between
two adjacent gold or silver dots, since calculations based on electro-
magnetic theory predict that the electromagnetic field is confined
to the gap region [17]. In addition to the theoretical prediction,
the field confinement at the gap of the Au dimer has been experi-
mentally visualized by using two-photon polymerization [18]. This
showed that two-photon polymerization occurred only at the gap
when the excitation light was linearly polarized along the long axis
of the dimer, which supports the theoretical prediction for field
confinement at the gap.

In order to explore potential applications of the SERS phe-
nomenon, diverse kinds of gap or dimer structures have been
employed, including dot arrays [16,18],  colloidal aggregations
[8,9,13], and dot–surface pairs [19,20]. In contrast to the dot
array or colloidal aggregation systems which usually use Au or Ag
homodimers or homo-aggregates, the dot–surface pair enables the
construction of hetero-dimeric structures by choosing an appropri-
ate dot to be adsorbed on the surface. For example, Park et al. have
fabricated and compared two  independent systems: Au dot–Au sur-
face and Ag dot–Au surface pairs [19]. Their results demonstrated
strong metal dependency in the spectral features of the SERS sig-
nal, which has been explained by taking into account the difference
in Fermi energies of Au and Ag dots. This finding resulted from
the fact that the SERS signal from single molecules contains infor-
mation of their circumstances, e.g., the nearby material, local field
anisotropy, local temperature, local ionic strength, etc. [21–23].
However, this type of information from hetero-dimeric systems
has not been discussed in detail and is quite limited, especially in

the dot array or colloidal aggregation systems, despite the fact that
most SERS-based applications rely on them.

Herein, we  investigate the spectral features of SERS from the
dot array system with well-defined hetero-dimeric structures. Both

ghts reserved.
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Fig. 1. Polarized extinction spectra of (i) Au-homodimer, (ii) Ag-homodimer, and
70 M. Takase et al. / Journal of Photochemistry a

omo- and hetero-dimer structures were fabricated by angle-
esolved nanosphere lithography [24]. In this method, the dimer
rray is obtained by a successive deposition of metal while changing
he deposition angle. Along with the change in the deposition angle,
hanging the metal for the first and the second depositions makes it
ossible to fabricate hetero-dimers composed of different metals.

n the present study, we will compare the SERS signal from Au–Au
nd Ag–Ag homo-dimer systems and the Au–Ag hetero-dimer sys-
em.

. Experimental

The detailed experimental procedures in the present study were
escribed in our previous report [25].

The Au–Au, Ag–Ag, and Au–Ag dot dimer arrays were prepared
y an angle-resolved nanosphere lithography technique (AR-NSL)
sing repeated vapor depositions with different angles onto the
olystyrene (PS) particle (Polysciences Inc.; diameters were 200 nm
or Au homo- and Au–Ag hetero-dimer systems and 350 nm for Ag
omodimer system) monolayer prepared on a glass substrate. The
queous PS particle suspension was concentrated to 8 and 10 wt.%,
nd then diluted by ethanol (60 and 50%). In addition to the previ-
usly documented drop-coating method, we adapted the method
sing PS monolayers prepared on liquid–gas interfaces to improve
he quality of the array. The PS solutions (20 �L) were dropped onto
he convex surface of a watch glass immersed in Milli-Q water.
he thin water layer on the glass surface leads to uniform spread-
ng of PS beads on the air–water interface. After the spreading of
S beads on the water surface, the layer was packed tightly over
ime. The change in the surface tension of the water around the PS
ayer results in the formation of well-ordered monolayers with low
ensity of defects, dislocations, and vacancies on the liquid–water

nterface. The prepared high quality monolayer was then lifted
ff from the water surface using a cleaned glass substrate. The
etal was deposited onto the PS monolayer prepared on the glass

ubstrate. After the first metal deposition, the second metal was
eposited with different angles. Then, the PS mask was  removed
y sonication in Milli-Q water for 10–30 s. The extinction spectra
f the metal dimer array in the visible-near infrared region were
ecorded using a multi-channel spectrometer (MCPD-2000, Oht-
uka Electronics). The structure of the dimer on the glass substrate
as inspected by an atomic force microscope (AFM, Nanoscope-IIIa,
igital Instruments) in air.

A commercial Raman microprobe spectrometer (Ramanscope
ystem-2000, Renishaw) was specially modified for NIR laser light
�ex = 785 nm). The expanded NIR beam is focused onto the sample
sing a water-immersion objective lens with 100× magnifica-
ion and a numerical aperture of 1.0. The estimated spot size of
rradiation was ca. 1 �m,  with tunable output intensity in the
ange between 30 �W (3.8 kW cm−2) and 200 �W (25.5 kW cm−2).
ll Raman measurements were carried out in situ by immersion
f the SERS active substrates into aqueous solutions contain-
ng the target molecules (2,2′-bipyridine, 4,4′-bipyridine; reagent
rade, Wako Co. Ltd.) at controlled concentrations (1, 10 and
00 �M).

. Results and discussion

Optical properties of the metal dimers were optimized for the
ERS measurements using the 785 nm (1.58 eV) light excitation.
he Au-homodimer and the Ag-homodimer were prepared by the

vaporation angles of −11◦/+11◦ and 0◦/+24◦, respectively, which
ere optimized in the previous reports [16,25]. For the Au–Ag
etero-dimer, the deposition angles were 0◦/+24◦. Fig. 1 shows
he extinction spectra of the metal dimer arrays measured by the
(iii)  Au–Ag hetero-dimer. Polarization angles to the long axis � were 0◦ (solid line)
and  90◦ (dotted line).

polarized incident light. These extinction spectra were found to be
independent of the observed area within ca. 0.3 cm2. This result
indicates the successful preparation of uniform and well-ordered
structures of the metal dimer array with relatively large areas. The
polarized excitation along the long axis of the dimers led to the
appearance of a peak at longer wavelengths around 800 nm.  When
the polarization of the illuminated light was aligned with the short
axis of the metal dimers, the peaks around 800 nm disappeared.
This apparent dependence of the polarization direction on struc-
tural anisotropy of the dimer suggests successful excitation of the
localized surface plasmon modes of the respective metal dimer
structures in the present system.

Fig. 2 presents typical AFM images of the Au–Ag hetero-dimer
structure. The size of the perpendicular bisectors of the equilat-
eral Au triangles formed by the first deposition was  approximately
60 nm,  and the diameter of the Ag dot formed by the second depo-
sition was approximately 20 nm (Fig. 2(a)). Directions of the long
axis of the individual dimers were well aligned with the azimuth
of the second deposition (Fig. 2(b)).

Relatively intense SERS was observed from the substrates with
the metal dimers immersed in aqueous solution containing 2,2′-

bipyridine and 4,4′-bipyridine. Fig. 3(a) shows the SERS spectra
measured using the Au-homo, the Ag-homo, and the Au–Ag het-
ero dimers, immersed in an aqueous solution containing 100 �M
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ig. 2. (a) Two-dimensional and (b) three-dimensional AFM images of Au–Ag
etero-dimer.

,2′-bipyridine. Observed SERS bands are attributable to the vibra-
ional modes of the ring breathing around 1016 cm−1, the in-plane
ing deformation coupled with the C–H bending at 1060 cm−1,
nd the inter-ring stretching at 1300 cm−1 [26]. The expanded

lot of the SERS spectra around 980–1040 cm−1 shows that the
012–1016 cm−1 band of the ring breathing mode observed at the
u-homo dimer (Fig. 3(a, i)) shifts to 1008–1012 cm−1 in the sys-

ig. 3. SERS spectra of (a) 2,2′-bipyridine and (b) 4,4′-bipyridine. The substrates
ere (i) Au-homodimer, (ii) Ag-homodimer, and (iii) Au–Ag hetero-dimer. Each

pectrum was  acquired in 100 �M bipyridine solution. The excitation laser power
as  25.5 kW cm−2 and the exposure time was 1 s.
tobiology A: Chemistry 221 (2011) 169– 174 171

tem of the Ag-homo dimer (Fig. 3(a, ii)). This difference in the
wavenumber of the ring breathing mode may reflect the change
in the electron density of the ring due to the difference in the
adsorption strength of 2,2′-bipyridine molecules on the surface of
the Au-homo and the Ag-homo dimers. It is noteworthy that the
ring breathing observed at the Au–Ag hetero dimer gives a broad
peak centered around 1012 cm−1. The vibrational band of the ring
breathing mode in the SERS spectrum of the Au–Ag hetero dimer
seems to be superimposed on those observed at the Au-homo and
the Ag-homodimers.

Quite similar changes in the wavenumber of the ring breath-
ing mode in the metal dimers were also observed in an aqueous
solution of 4,4′-bipyridine. Fig. 3(b) shows SERS spectra of 4,4′-
bipyridine with the metal dimers. The vibration modes are assigned
to the ring breathing around 1020 cm−1, the in-plane ring deforma-
tion coupled with the C–H bending at 1080 cm−1, the in-plane C–H
bending at 1240 cm−1 and the inter-ring stretching at 1300 cm−1

[27,28]. The ring breathing mode observed at the Au-homodimer
(1018 cm−1) was at a higher wavenumber than that for the Ag-
homodimer (1015 cm−1). The band at the Au–Ag hetero-dimer was
slightly broadened around 1018 cm−1 comparable to the Au-homo
dimer.

In our previous report, we  proved that relatively intense SERS
originates from the gap part of the dimer with optimized struc-
ture for effective localized surface plasmon excitation. In situ SERS
measurements using a system with a controlled surface coverage
of bi-analyte suggest that the SERS active sites are comparable in
size to a single molecule [16]. The present systems were compa-
rable to those in the previous report, i.e., the surface coverage of
adsorbed molecules is less than one monolayer on the metal sur-
faces. Thus, SERS spectra observed in the present system may  reflect
the information on the adsorption site at a single molecule level.

The wavenumber of the ring breathing mode at the Au–Ag
hetero-dimer showed characteristic behavior of a time-dependent
change. In Fig. 4, SERS spectra sequentially recorded every 1 s are
shown using the Au–Ag hetero-dimer in 100 �M 2,2′-bipyridine
solution. Although relative intensities of the respective bands are
rather stable, the spectral features of the ring breathing mode
indicate time-dependent changes. A broad band at t = 7 s and 8 s
became sharp at t = 9 s with a peak at 1010 cm−1. The peak shifts
to 1016 cm−1 while remaining sharp at t = 10 s. The peak broadens
again after t = 11 s. These observed time-dependent changes of the
band feature reflect the adsorption site at the gap of the Au–Ag het-
ero dimer at the single molecule level. The intensity of the peak was
deconvoluted to estimate the possibility of adsorption on the Au
and Ag surface based on the difference in the wavenumbers of the
ring breathing mode at Au and Ag. Fig. 4(b) shows the time course of
the relative ratio of SERS intensities from 2,2′-bipyridine molecules
on Au to those on the Ag surface. A value of 0.5 corresponds to the
possibility of equal adsorption on the Au and Ag surfaces. Changes
in the spectral feature at t = 9 s and 10 s are successful observations
of the adsorption site of 2,2′-bipyridine switching from the Ag to
the Au surface at the gap of the Au–Ag hetero dimer. The significant
change in the values of the ratio from zero to unity suggests that
the number of observed molecules is quite small. Values between
0.2 and 0.4 before and after the site switching indicate that the
possibility of adsorbing on Ag is slightly higher than that on Au.
These results also suggest that the time scale of the site switching
should be on the order of a second. However, this adsorption time
was limited when the single molecule was at the same metal dot
during 1 s of Raman exposure time. If molecular adsorption time is
shorter than 1 s, we  will observe a spectral change in Fig. 4 when

molecular switching is on the same metal structure.

A time-dependent change in the feature of the ring breathing
mode was also observed in 10 �M 4,4′-bipyridine solution (Fig. 5).
Although the site switching behavior between Au and Ag was not
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Fig. 4. (a) Successive SERS spectra of 2,2′-bipyridine on Au–Ag hetero-dimer sub-
strate and (b) time course of SERS intensity of the ring breathing mode. The grey
region in (b) indicates the time for SERS measurements shown in (a).

Fig. 5. (a) Successive SERS spectra of 4,4′-bipyridine on Au–Ag hetero-dimer sub-
strate and (b) time course of SERS intensity of the ring breathing mode. The grey
region in (b) indicates the time for SERS measurements shown in (a).
tobiology A: Chemistry 221 (2011) 169– 174

as apparent as in the case of 2,2′-bipyridine, a relatively sharp peak
at higher wavenumber (1018 cm−1) was observed as the adsorp-
tion on Au at t = 14 s (Fig. 5(a)). A time course value of the relative
intensity ratio of slightly larger than 0.5 implies that adsorption
of 4,4′-bipyridine is rather stable, reflecting stronger adsorption
on Au than Ag. A characteristic feature of the ring breathing band
of 4,4′-bipyridine at the Au–Ag hetero-dimer is a narrower band
width than that of 2,2′-bipyridine. Even when the value is 0.5, two
sharp peaks are observed in the SERS spectrum, especially at t = 11 s.
This characteristic feature of the sharp spectra should reflect well-
defined states of the adsorption of 4,4′-bipyridine at the gap of the
Au–Ag hetero-dimer. Another sharp peak at 1020 cm−1 associated
with the sharp peak of the ring breathing mode (t = 11 s) could be
correlated with the adsorption structure as discussed later.

The coverage of bipyridine molecules adsorbed on metal sur-
faces can be controlled by changing the concentration of molecules
in solution. The adsorption isotherm indicates that increments from
1 �M to 100 �M correspond to the change of the coverage from
less than 10% to full coverage [29,30].  The concentration depen-
dence of the relative ratio of the SERS intensities of molecules on
Au and Ag was investigated to evaluate the effect of the surface
coverage on the adsorption orientation. Fig. 6 shows histograms of
the relative ratio observed in 1 �M,  10 �M,  and 100 �M solutions. In
2,2′-bipyridine solution (Fig. 6(a)–(c)), the maximum of the relative
ratio shifts from 0.5 to 0.4 as the concentration changes from 1 �M
to 100 �M.  This result indicates that the possibility of adsorbing

′
on Ag becomes higher as the surface coverage of 2,2 -bipyridine
increases. The shift of the maximum was  not observed in 4,4′-
bipyridine as shown in Fig. 6(d) and (e). The most probable relative
ratio is approximately 0.5 in these concentration ranges. Distri-

Fig. 6. Histograms of IAu/(IAu + IAg) for (a–c) 2,2′-bipyridine and (d–f) 4,4′-bipyridine
systems. The Bipyridine concentrations are (a and d) 1 �M,  (b and e) 10 �M,  and (c
and f) 100 �M.
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ig. 7. Averaged IAu/(IAu + IAg) of (�) 2,2′-bipyridine and (�) 4,4′-bipyridine as the
unction of bipyridine concentration.

ution of the histogram broadens as the concentration increases,
uggesting that the absorption states of 4,4′-bipyridine at the gap
f the Au–Ag dimer are not affected significantly by the change in
he surface coverage. These characteristics of the relative ratio as a
unction of bipyridine concentration are summarized in Fig. 7.

Based on the change in the SERS spectral features of the
ing breathing mode, we can discuss the states of the adsorbed
olecules at the gap of the Au–Ag hetero dimer. The effect of

he concentration on the switching behavior of 2,2′-bipyridine
uggests a contribution of the intermolecular interaction to the
trength of the adsorption and/or the SERS activity. The larger rela-
ive ratio due to the adsorption of 2,2′-bipyridine on Ag at 100 �M
mplies that full coverage of the molecules on the metal surface
esults in stronger SERS, reflecting relatively strong coordination
f molecules on Ag compared with Au.

The difference in the concentration dependence of 4,4′-
ipyridine could not be explained by the difference in the
trength of the adsorption on Au and Ag. Estimated adsorption
nergies of 2,2′- and 4,4′-bipyridine on Au are 42 kJ mol−1 and
5 kJ mol−1, respectively [29,30]. Although the adsorption energy
f 4,4′-bipyridine is smaller than that of 2,2′-bipyridine, stronger
olecular interaction between 4,4′-bipyridine molecules adsorbed

n surfaces leads to higher coverage than 2,2′-bipyridine at compa-
able concentrations. These previously documented characteristics
uggest a more sensitive response of 4,4′-bipyridine than 2,2′-
ipyridine. One of the possible factors which may  cause the

nsensitive response of the relative intensity ratio of 4,4′-bipyridine
n the solution concentration observed in the present system is
he formation of a bridging structure at the gap between Au and
g by the 4,4′-bipyridine molecule. Both ends of a 4,4′-bipyridine
olecule adsorbed on Au and Ag may  contribute to the observation

f characteristic SERS band features of the ring breathing mode on
u and Ag. The bridging of the molecule at the gap should lead

o restriction of the motion on the surface. Doubled sharp peaks
hown in Fig. 5(a) at t = 11 s could be considered as characteristic
eatures of the bridging molecule. Another sharp peak simultane-
usly observed at 1018 cm−1 is attributable to the ring breathing
ode of 4,4′-bipyridine on the Au surface and is always observed.
n the other hand, the peak at 1015 cm−1 for the ring breathing
ode at the Ag surface is not always observed. Also, the Raman sig-

al of 4,4′-bipyridine on the Ag surface is not observed. In Fig. 5(a),
he spectrum of 4,4′-bipyridine on the Ag surface was  weaker than
hen the molecule was on the Au surface. Thus, if a molecule on the
g surface is stronger than on the Au surface, what is observed is
redicted if the number of molecules increases and absorbs to the
g surface as well as to Au. Therefore, a molecule did not adsorb

n each metal surface, but a molecule adsorbed only on the Au sur-
ace provided the spectrum on the Ag surface, i.e., 4,4′-bipyridine
dopts a bridging structure between Au and Ag. Additionally, in
he spectrum believed to be of the bridging structure, a new sig-

[

[
[
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nal at 1200 cm−1 was  observed, and the possibility that this signal
indicates a bridging structure has been suggested [31–34].  Gener-
ally, vibrational band at 1200 cm−1 are not observed even at SERS
measurements using homo Au–Au and Ag–Ag dimers as shown in
Fig. 3. Relatively sharp and intense feature of 1200 cm−1 band in
the spectrum at t = 11 s (Fig. 5) reflects very characteristics struc-
ture of the adsorbed molecule. In the system of the Au–Ag hetero
dimer, bridging structure between Ag and Au at the gap of dimer
should be the most probable structure. There is no other possible
structure showing double peaks at 1018 and 1020 cm−1 at the peak
switching behavior. Broadening of the distribution in the histogram
at higher concentration (Fig. 6(d)–(e)) may  also reflect broadening
of the adsorption due to the intermolecular interaction.

4. Conclusions

We  succeeded in preparing a SERS active Au–Ag hetero
nanodimer structure showing SERS bands comparable to those
observed at the Au and Ag homo-dimer structures. Adsorption
orientation of 2,2′- or 4,4′-bipyridine molecules at the gaps of
the Au–Ag hetero-dimer and Au or Ag homo-dimers were eval-
uated qualitatively based on analyses of relative intensities and
wavenumbers of the SERS bands. When 2,2′-bipyridine molecule
was used as the analyte, the switching of the adsorption site
between different metals was observed in the change in the SERS
spectra. In the case of 4,4′-bipyridine, a very characteristic feature of
the SERS spectra was observed, suggesting the formation of a bridg-
ing structure at the gap of the Au–Ag hetero-dimer. The present
Au–Ag hetero-dimer system may  offer a model to obtain informa-
tion on the adsorption site and orientation of a small number of
molecules in ultra-small spaces.
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