A\C\S

ARTICLES

Published on Web 01/19/2007

Observation of a Small Number of Molecules at a Metal
Nanogap Arrayed on a Solid Surface Using Surface-Enhanced
Raman Scattering

Yoshitaka Sawai,” Baku Takimoto," Hideki Nabika,” Katsuhiro Ajito,* and
Kei Murakoshi*
Contribution from the Diision of Chemistry, Graduate School of Science, Hokkaidaéisity,

Sapporo, Hokkaido 060-0810, Japan, and NTT Basic Research Laboratories, NTT Corporation,
3-1, Morinosato-Wakamiya, Atsugi, Kanagawa 243-0198, Japan

Received October 1, 2006; E-mail: kei@sci.hokudai.ac.jp

Abstract: In situ Raman spectroscopic measurements with 785 nm excitation were carried out in aqueous
solutions containing bipyridine derivatives. Intense Raman signals were observed when the Ag dimer
structure was optimized. The SERS activity was dependent upon on the structure of the Ag dimer with a
distinct gap distance, suggesting that the intense SERS originates from the gap part of the dimer.
Characteristic time-dependent spectral changes were observed. Not only a spectrum which was the
superposition of two bipyridine spectra but also spectra which can be assigned to one of the bipyridine
derivatives were frequently observed. Observation using solutions with different concentrations proved that
the spectra originated from very small numbers of molecules at the active SERS site of the dimer.

1. Introduction can discriminate one of the molecules from another by spectral

Detection, recognition, and control of single molecules are a analysis, the result may strongly suggest that the SERS active
common theme in recent advanced technologies. Obtainingsite is active enough to obtain the vibrational information of a
vibrational information of single molecules by spectroscopic Small number of molecules in solution. Recently, Le Ru et al.
methods may lead to the discovery of novel phenomena Proposed a method to prove SM-SERS via the statistical analysis
localized on the nanoscale. It has been demonstrated that théf SERS spectra from a mixture solution containing rhodamine6G
surface-enhanced Raman scattering (SERS) phenomenon Caﬁr}d' benzotrlazolle moleculésThe Ag colloidal solution con-
drastically increase the scattering cross section, which is taining the two kinds of molecules showed a spectra dominated
comparable to that of fluorescence at high quantum yietd. by one of the molecules, rather than the ensemble. Dry colloid
Because it provides a wealth of information regarding vibrational immobilized onto the surface of polylysine-coated glass also
modes, chemical structures, and electronic structure of the targehowed similar results. They proposed that the observation is
molecule, the importance of single-molecule SERS (SM-SERS) Uunambiguous proof of SM-SERSIt is noteworthy that the -
has been well recognized from the early stage of its discovery. condition of low concentration (1200 molecules per one colloid
Despite this, there are only a few examples supporting the particle) is not necessary to observe these characteristic spectra.
observation of SM-SERS. Generally, most of the studies on SM- The result suggests that an active SERS site can detect a single
SERS have been carried out in solution or with deposition of molecule, without isolation of molecules. Another observation
ultralow concentrations to assume that the SERS signal origi- ©f blinking behavior in systems of relatively high concentra-
nated from a single molecule# The signal blinking observed tion®” also eliminates the requirements of low concentration for
under these conditions has been regarded as the signature 0$M-SERS shown in previous studies.

SM-SERS. Although the polarization dependérmed statisti- Although the method of observing SERS from a mixture of
cally quantized intensif/of SERS spectra of this variety may two kinds of molecules provides an alternative proof of SM-
reflect the single-molecular characteristics, blinking is not alone SERS, further careful control of the experimental conditions
sufficient to demonstrate SM-SERS. Recent efforts on SERS should be carried out. SERS spectra originate from molecules
experiments focus on finding additional evidence for SM-SERS. at the SERS active site, which is possibly highly localized at

One of the ways to demonstrate SM-SERS is by analysis of the surface of optically active metdtst! If one of molecules

a solution containing more than two kinds of molecules. If one
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forms an aggregate whose size is larger than the size of the
SERS active site, this situation results in the observation of an
ensemble spectrum of the aggregate, rather than that of the single
molecule. It is a general tendency that molecules with similar
chemical structure tend to form aggregates. To avoid the
aggregation, surface coverage of the adsorbed molecules should
be controlled by the preparation conditions. Furthermore,
molecules are known to diffuse on surfaces at room temperature.
When two kinds of molecules adsorbe on the surface, the
diffusion of molecules of one type into and out of the SERS
active site may lead to spectral switching between two kinds
of spectra of the molecules as well as the spectral blinking.
Considering these processes of molecules at the surface, the
experiment to prove the observation of SM-SERS should be
carried out via continuous measurement of just one specific
active site showing an intense SERS signal under the controlled
coverage of two kinds of molecules.

In the present study, well-ordered, periodic Ag nanodot dimer
arrays were prepared by adopting an angle-resolved, nanosphere
lithography technique (AR-NSLY The gap distance between
two Ag dots was optimized to show intense SERS in an aqueous
solution containing two kinds of bipyridine derivatives. Confocal
spectral and image measurements were carried out by changing 7500 cps
the concentration of the bipyridine mixture. 1
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The detailed experimental procedure in the present study was

described in our previous repdfi Briefly, a commercial Raman Figure 1. (a) AFM three-dimensional (3D) image of periodic Ag dimer

microprobe spectrometer (Ramascope, Renishaw) was speciall modi-a &S (=350 nm,0 = 18"). (b) NIR Raman spectra observed in the Ag
p P pe, P Yy dimer arrays in 1 mM 4,4bipyridine aqueous solutioM({ex = 30 uW, tex

fied for NIR laser light fex = 785 nm):>°The expanded NIR beam 1 s: 5olid line), 20 mM aqueous solutioWig = 1 MW, tex = 500 s
is focused onto the sample using a water-immersion objective lens with dashed line), and bulk crystale, = 1 MW, tex = 10 s; dotted line).

100x magnification and a numerical aperture of 1.0. The estimated ) o ) ] )
spot size of irradiation~1 xm, with tunable output intensity was in ~ Of the long axis of the individual dimers were well aligned with

the range between 30/ and 1 mW. Raman image measurement was the azimuth of the second deposition.
carried out by imaging Raman scattering at the excitation using an ~ The substrate with the Ag dimer arrays exhibited relatively
expanded NIR laser beam with a diameter of approximately.:r80 intense SERS. Figure 1b shows the SERS spectrum measured
Extinction spectrum of the Ag dimer array in the visible-near-infrared  ysing an aqueous solution containing 1 mM-ipyridine using
region were recorded u_tilizing a multichannel spectrometer (MCPD- the Ag dimer arrays. Normal Raman spectra of the bulk crystal
2000, Ohtsuka Electronics, observed areaw@s cnf). The structure 54 homogeneous aqueous solution under conditions without
ﬂié?gsgrzr (c;r;meNg;izsscs:bstlrﬁte Ev;/_ai 'TfpetCtEd b)t/ an atomic forceihe enhancement were also shown for comparison. All of the
P ' pe-llia, Digital Instruments) in air. spectra exhibited Raman bands, which can be attributed to the
3. Results and Discussion vibrational modes of the 4bipyridine molecule at 1018 cr
(ring breathing), at 1080 cm (in-plane ring deformation, €H
bending), at 1240 cni (in-plane C-H bending), and at 1300
cm? (inter-ring stretching}’-18Enhanced scattering at the dimer

The Ag dot dimer arrays were prepared by AR-NBlsing
repeated vapor depositions with different angles onto the PS

particle = 350 nm) monolayer prepared on a glass substrate. array was clearly demonstrated by relatively low excitation

After tTe f'(;SthdeKOSd't'on a_lt_‘Om;he angrl]e betwe(;n dthe Sl_J_rface power {Vey) and short exposure timé.f) compared with those
normatan ¢ €9 eposition eam,t € secon epo_smon WaSobserved for bulk crystals and in homogeneous aqueous
carried out at different angle8, varying from 13 to 23. Figure

1 ical AEM i £ Aq di btained solutions of relatively high concentration. An empirical signal
a presents typica Images of Ag dimer arrays obtained ¢ nancement factor, which was determined from the peak

after removal of PS particles. Thg length of the perpendigular integration ratio of the SERS vibration at 1018 thto the
b|sect(_)rs of the equﬂa_teral Ag triangles formed by the first unenhanced signal from the solution containing 20 mM of4,4
deposition was apprc_»_qmately 130 nm, and the Iength_ fo”_“ed bipyridine molecules, was found to be in the range between
by the second deposition was approximately 80 nm. Directions 10F and 16.1319]t is noteworthy that the present estimation of

(11) Garciavidal, F. J.; Pendry, J. Bhys. Re. Lett. 1996 77, 1163. the, enhancement factor is spatially averaged, assuming that the
(12) Haynes, C. L.; McFarland, A. D.; Smith, M. T.; Hulteen, J. C.; Van Duyne, 4,4-bipyridine molecules homogeneously cover not only the
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Discuss.2006 132 179.
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Lian, T., Eds.; The Electrochemical Society: New Jersey, 2006; p 248. (19) The number of molecules on the surface was assumed to be in the range
(15) Ajito, K.; Morita, M.; Torimitsu, K.Anal. Chem200Q 72, 4721. between a projection of the amount in solutionfbleculesum=2) and
(16) Ajito, K. Appl. Spectrosc1998 52, 339. a full coverage of the monomolecular layer §¥fioleculesum=2).
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Figure 2. (a) AFM 2D and 3D images of individual dimers at different angl@s (b) polarized extinction spectra of Ag dimer arrays (polarization angle
to the long axis of dimmers was Qdotted line) and 90(solid line)), (c) NIR Raman images of 4;dipyridine adsorbed on Ag dimer arrays at 1018 &m
(Wex =1 mW, tex = 5 s).
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Raman signals may be seen under the present conditions. Thend well-ordered structures of the Ag dimer arrays with
enhancement possibly occurs at specific “hot sites” on the Ag relatively large areas.
dimers®11thus, it may be several orders of magnitude higher.  Raman images of the scattering at 1018 &ifning breathing

To clarify the origin of the intense SERS signals on the Ag mode) are represented in Figure 2c. Many bright spots in the
dimer structure, the inter-particle distance dependence of theRaman scattering were observed, especially at the substrate
Raman intensity was investigated using various dimer arrays prepared a8 = 17°. The intensity of the spots was dependent
prepared under differerft. Figure 2a shows the typical AFM  on the polarization angle of the excitation. When the polarization
images of four kinds of Ag dimers fabricated with= 23°, direction aligned to the long axis of the Ag dimer array, the
20°, 17, and 15. For the dimer prepared at 23the inter- intensity of the bright spots of Raman scattering became
particle distance was more than 10 nm. The distance decreasednaximized. Intensity became weak when the polarization
with the decrease of. Two Ag particles connected to each direction was close to the perpendicular direction to the long
other, forming a dimer structure lt= 17° and 18. The AFM axis of the dimer. Images of the spots, as well as the dependence
image showed that the structure of the dimer became anof the polarization angle, were less apparent at the substrates
anisotropic particle rather than a two-triangle dimer at the prepared af = 23°, 20°, and 15 than those af = 17°. These
substrate prepared at= 15°. Figure 2b shows the extinction characteristics of the Raman images showed a correlation to
spectra of the periodic Ag dimer arrays measured by the the extinction intensities &ix = 785 nm shown in Figure 2b.
polarized incident light. When the polarization of the illuminated The substrate prepared @&t= 17°, having the extinction peak
light coincided with the short axis of the Ag dimers, the only close toley, Showed the most intense Raman scattering. It has
peak originated from the localized plasmon excitation at around been suggested that the strongest enhanced field is localized at
520 nm. On the other hand, the polarized excitation along the the junction between the aggregates of nanopartfclés.
long axis led to the appearance of a peak at longer wavelengthsTherefore, in our results, the sites showing strong Raman signals
(600—800 nm), in addition to that at shorter wavelengths. The should correspond to the gap of the two triangular Ag particles
extinction in the longer wavelength region became stronger ashaving an appropriate distance. Although the extinction intensity
0 decreased. Evolution of the band at the longer wavelength at Aex = 785 nm of the substrate preparedéat= 15° was
qualitatively agrees well with the behavior at previous theoreti- comparable to that & = 17°, completely fused triangles did
cally calculated spectra of “tip-to-side” Ag triangular dimers not show intense Raman scattering. This result also supports
whose distance decreases by a few nanom@t@kserved the importance of the gap distance for the formation of the
spectral changes with suggest that the inter-particle distance Raman hot spct®
of the Ag triangular dimers were controlled in the same size  To obtain information on the active SERS site, confocal
range at the present system. It is noteworthy that these extinctionspectral measurements were carried out using the substrate with
spectra were found to be independent of the obseryed area_withi 20) Qin, L. Zou, S.: Xue, C.. Atkinson, A.; Schatz, G. C.: Mirkin, C. Proc.
~1 cn?. The result proves the successful preparation of uniform Natl. Acad. Sci. U.S.A2006 103 13300.
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Figure 3. SERS spectra observed at the periodic Ag dimer array in the i :
aqueous solution mixtures of 4;dipyridine and 2,2bipyridine ( 100uM / : . H . i i
solution mixture (top black line); M solution mixture (second black line), * ! * ! - PP —
comparing typical SERS spectra of 4Blpyridine (top gray line) or 2,2 1000 1100 1_200 1?’100 1000 1_050 K 1100
Raman Shift / cm Raman Shift / cm

bipyridine (bottom gray line). All spectra were recorded with a time of 60
s (except for the 10@M mixture solution of 200 s) at 3@W excitation T T T 1
(except for pure 2,2bipyridine at 14QW); a wide range (a) and a narrow (©
(b) wavenumber range.

the Ag dimer prepared &= 17°. Figure 3 represents the SERS
spectra of the aqueous solution mixture of' pyridine and
2,2-bipyridine measured dgx = 60 s. Relatively londex was .
adopted to obtain averaged SERS spectra, thus minimizing the
effect of the spectral fluctuation. Typical SERS spectra 04,4
bipyridine and 2,2bipyridine obtained under comparable condi-
tions were also shown for comparison. From these spectra of
single components of the bipyridine solutions, it was shown
that the ring breathing mode{) and the mode of the in-plane
ring deformation, coupled with the-€H bending {¢;3), appear

at 1018 and 1080 cm for 4,4-bipyridine, and at 1011 and
1061 cmt for 2,2-bipyridine, respectively”821 We can
discriminate the molecules by use of these wavenumber

Raman Intensity
lt“:?
T
é}
5%
Raman Intensity

differences in each mode in 4;@ipyridine and 2,2bipyridine 1000 1100 1200 1300 1000 1050 1100
molecules. Raman Shift / cm™ Raman Shift / cm™

SERS spectra of a solution mixture containing equal amounts Figure 4. SERS spectra at the periodic Ag dimer array measured in the

' hinuridi suridi aqueous solution mixtures of 4;dipyridine and 2,2bipyridine in a 100
of 4,4-bipyridine and 2,2bipyridine molecules showed a M (a,b), 1uM (c,d) solution mixture. All spectra were recorded with a

significant concentration dependence (two spectra in the mlddletlme of 10 s (except for the third from the bottom of (c, d) 1 s) a3@
in Figure 3b). At relatively high concentrations of 100 4,4'- excitation.

bipyridine and 10QuM 2,2'-bipyridine solution mixture, the
SERS spectrum exhibited dominant bandsof= 1018 cn1?
andvg = 1080 cnt?, originating from 4,4bipyridine molecules.
Despite the fact that the same amount of -Bjpyridine and
4,4-bipyridine molecules were contained in solution, charac-
teristics of 2,2bipyridine bands at, = 1011 cm! andvg =
1061 cnt! were not apparent in the 1Q0M mixture. In the
case of relatively low concentrations ofuM 4,4'-bipyridine

and 1uM 2,2-bipyridine mixture, however, the SERS spectrum
became normal as expected, i.e., equivalent contribution of the
bands of 4,4bipyridine and 2,2bipyridine molecules. The
spectrum seems to be an ensemble of the bandg of 1018
cm tandvg = 1080 cmt for 4,4-bipyridine, and those aty

monomolecular layer on solid surfac®€2 Due to intermo-
lecular interactions of 4;4ipyridine molecules stronger than
those of 2,2bipyridine molecules, 4;4ipyridine molecules
may tend to aggregate, forming a domain structure on surfaces.
Formation of the domain structure also leads to more dominant
adsorption of 4,4bipyridine than of 2,2bipyridine, even in

the case of equal amounts of molecules in solution. If the size
of the SERS active site is smaller than that of thé-Bigyridine
domain, the SERS spectrum could show dominant bands 'ef 4,4
bipyridine, rather than those of 2;Ripyridine. In the case of
relatively low concentration, homogeneously distributed-2,2
bipyridine and 4,4bipyridine adsorbed on the surface lead to
— 1011 cm?® and v; = 1061 cm? for 2,2-bipyridine. aSERS_ sp(_ac_trum composed of equivalently contributed bands
leferences in the spectra observed at different concentratlonsOf two bipyridines. The observed concentration dependence can
could be explained by the formation of a domain structure of be explained by the differences both in the domain structure

4,4-bypyridine molecular layers. Bipyridine molecules form a and the amount of the adsorption.

(22) Mayer, D.; Dretschkow, T.; Ataka, K.; Wandlowski, J. Electroanal.
(21) Kamyshny, A. L.; Zakharov, V. N.; Fedorov, Y. V.; Galashin, A. E,; Chem.2002 524, 20.
Aslanov, L. A.J. Colloid Interface Sci1993 158 171. (23) Wandlowski, T.; Ataka, K.; Mayer, DLangmuir.2002 18, 4331.
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The present Ag dimer system allows us to obtain the spectrahigh enough to detect single molecules; this is achieved only
with enough signal-to-noise ratio for the measurement for less by the electromagnetic effect at the junction of the two triangular

than a few second&y because of its relatively high SERS
activity. It was found that confocal measurement for shigrt

nanoparticles. The present system is also expected to show a
comparable enhancemérf Observed characteristics of SERS

gave completely different spectra from those obtained by the spectra at shorteg, should reflect vibrational information on a

measurements for longy. In the cases of both of the 1M
and 1uM mixture, the specific spectrum of one of the two

very small number of molecules at the SERS active site at the
gap of the Ag dimer. Especially in the case of aM mixture,

bipyridines was clearly observed. Figure 4 shows typical spectrarelatively sharp and distinct characteristics of each spectrum

observed for short.x. During the confocal observation at the
same position, spectra showing= 1018 cmr* andvg = 1080
cmt of 4,4-bipyridine suddenly changed to that showing
= 1011 cmtandvg = 1061 cnr! of 2,2-bipyridine. Although

suggest that the system displayed spectra of the single molecules.
The bands attributed to 2;Bipyridine observed for a 100M
solution mixture were also quite unique.

Although further detailed analysis of these spectral charac-

the intensity and the frequency of the appearance fluctuated,teristics may provide information on the adsorbed structure of
spectra showing bands of one bypiridine were well recognized. the molecules, the SERS active site detects a single molecule
However, several spectra appeared as a summation of the bandgmong two equally distributed bipyridine molecules that are
of two bypiridines, similar to the case at long (spectra at  diffusing on the surface of the Ag dimer in solution at room
bottom in Figure 4); a band at around 1010 €raplit into two temperature. Generally, the dominant evidence for single
peaks at 1018 and 1011 cffor a 1uM mixture. These peaks  molecule detection has been signal blinking, polarization
correspond respectively te, of 2,2 -bipyridine and 4,4 dependency of the spectra, or a Poisson distribution of the signal
bipyridine. SERS spectra obtained at shortgr showed  intensities under extremely dilute concentrationgkt). This
completely different characteristics from those at longer  switching behavior of the molecules may be the novel evidence

These results demonstrate that one of the molecules in theof single-molecule detection, even under the comparatively high
mixture can be detected using the Ag dimer, showing relatively concentration measurement(M).

intense SERS.

Frequency of the band evolution attributed to the observation 4. Conclusions
that 2,2-bipyridine was quite low compared to that of of 4,4
bipyridine in a 100uM mixture, as apparent in the averaged . ) .
spectrum of a 10&M mixture (Figure 3). Although spectral ~ ©f Ag dimer arrays for the observation of intense SERS. The
features of 2,2bipyridine in a 10Q:M solution mixture (middle ~ SERS activity was well correlated to the optical scattering
spectra in Figure 4a and b) were different from others in a single- Property of the Ag dimer with distinct gap distance, suggesting
component solution and in a:M mixture solution, especially ~ that the intense SERS originates from the gap part of the dimer.
in the region between 1100 and 1350 ¢nthese bands can be N Situ spectral measurements of individual dimers were carried
assigned to the modes of 2f@pyridine shown in previously out in an aqueous solution containing equal amounts df 4,4
documented results. The bands at 1146 £€C—H inplane and 2,2-bipyridines. Characteristic time-dependent spectral
deformation and ring stretching) and 1230drfring stretching ~ changes were observed in the present system. Not only a
and G-H inplane deformation) observed at crystalline form shift SPectrum which is a superposition of two bipyridine spectra but
respectively to 1172 and 1250 chvia adsorptiot-25Relative also spectra which can be assigned to one of the two bipyridines
intensity of the latter band is known to be sensitive to the Were frequently observed. Detailed analysis of the observed
molecular conformation. Thesis isomer showed stronger —SPectra using solutions with different concentrations proved that
intensity than therans isomer25 Adsorption also leads to the  the spectra originated from a very small number of molecules
change in the feature of the band at 1300~ érinter-ring at the active SERS site of the dimer. The frequency of the
stretching). Intensity increase showed the red-shift to be aroundoPservation of one of the molecules reflects the amount of the
1310-1320 cnTl. Based on these assignments, the observed @dsorbed bipyridine molecules on the surface. The present
characteristic features of relatively strong bands in the region 0bservation strongly suggests that optimized structure for intense
between 1100 cri and 1350 cm! suggest that the adsorbed SERS may have a relatively small size, comparable to that of
2,2-bipyridine molecule coordinates strongly to the Ag surface the molecule, and thus leads to successful observation of
as thecis form. Although the origin of relative strong intensities ~ individual molecules in complex systems.
of the bands are not clear at the present stage, high coverage
and the interaction with coadsorbed 'dpyridine in a 100
uM solution mixture may contribute to these vibrational
characteristics emerging.

Recently, electromagnetic calculations proved that the SERS
enhancement factor can be overt3(x value which is even

In summary, we have succeeded in optimizing the structure
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