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Tip-enhanced near-field Raman analysis of tip-pressurized adenine molecule
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We report on near-field Raman spectra of a single nanocrystal of DNA-base adenine molecules using a
silver-layer-coated apertureless probe tip of an atomic force microscope. The tip-enhanced near-field Raman
spectrum shows eight Raman bands that are assigned to the normal modes of adenine molecules based on the
density-functional theory~DFT! calculations. The vibrational frequencies of several bands are observed to have
unambiguously shifted to the values of the corresponding bands, observed using the conventional surface-
enhanced Raman-scattering spectrum of adenine molecules adsorbed on colloidal silver particles. The DFT
vibrational calculations of adenine complexes involving a silver atom suggest that the Raman band shifts occur
due to the deformation of adenine molecules by the silver atoms coated in the probe tip.

DOI: 10.1103/PhysRevB.69.155418 PACS number~s!: 68.37.Uv, 33.20.Fb, 73.20.Mf, 42.62.Be
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I. INTRODUCTION

Near-field scanning optical microscopes~NSOM! have
been employed for optical imaging of nanoscale molecu
distributions smaller than the diffraction limit of the light.1–5

In particular, near-field Raman spectroscopy6–9 facilitates
nanoscale detection of molecular vibrations and chem
nanoimaging. Several groups10–12 utilize surface-enhance
Raman scattering~SERS! to overcome such a low scatterin
cross section. In these studies, sample molecules were
cated on silver-islands film. Raman scattering from
whole molecules adsorbed on the film was amplified due
local surface plasmon polaritons, then detected with a n
field aperture probe.10,11 With a photon scanning tunnelin
microscope, Ferrell and co-workers12 also pioneeringly de-
tected the SERS signals with sharpened fiber tip. Ot
groups13–18employed tip-enhanced Raman scattering for
amplification of Raman scattering. Wessel19 predicted field
enhancement by a small metallic particle near the samp
Since a metallic tip launches local surface plasm
polaritons20–24 at its apex, Raman scattering of molecul
located just under the metallic tip was enhanced to the ex
of the detection level by the local surface plasmon pola
tons. Hence the samples were illuminated with near-fi
light and the Raman scattering from the samples was
lected with an objective in the far field. In this scheme
substrate coated with a silver-islands film is also availa
for the realization of much larger amplifications.

We demonstrated the detection of the near-field Ram
scattering and the Raman spectral shift imaging of orga
molecules25–27 using a metallic apertureless tip.20,28–32Fur-
thermore, we reported that the near-field Raman spectra
volving anomalous enhancement and large frequency s
of the Raman bands are obtained for polycrystall
Rhodamine6G dyes employing the tip-enhanced Ram
NSOM.25 These spectral changes were interpreted to oc
0163-1829/2004/69~15!/155418~11!/$22.50 69 1554
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as a result of chemical interactions between the dye and
metallic tip.32

In this paper we report on the tip-enhanced near-field
man spectroscopy of a single nano crystal of adenine~Fig.
1!, a DNA base. The spectra exhibit different vibrational fr
quency shifts to the normal Raman spectrum of adenine c
tals, and slightly different shifts to the conventional SER
spectra of adenine. In a SERS measurement, adenine
been reported to adsorb on silver substrates due to intera
through the N1 nitrogen,33 the N7 nitrogen,34–36or the exter-
nal amino group34,35 in either a side-on34,35 or a flat-on37,38

orientation. Most of these discrepancies are based on
difference in calculation levels39–47 that is the base of the
assignment of the Raman spectra. According to a rec
study using high-level quantum chemical calculations of
adenine molecule,34 the interaction with silver surfaces wa
estimated mainly to take place under N7 nitrogen and/or the
external amino group in the side-on orientation. These s
stantial frequency shifts could be caused by an interac
between the adenine molecule and the metal surface.
interaction is well known as a cause of the charge tran

FIG. 1. Molecular structure and atomic numbering of adenin
©2004 The American Physical Society18-1
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~CT! or chemical mechanism48 that is one of the enhance
ment mechanisms49,50 of SERS.51–54 The CT complexes of
metals, which are located at the apex of the metallic
might be formed with the adsorbed species at the surfac
the tip-enhanced Raman spectroscopy.

In the first part of this study we describe the experimen
results of the tip-enhanced near-field Raman spectroscop
a single nanocrystal of DNA-base adenine molecules usin
silver-coated apertureless probe of an atomic force mic
scope and assign the Raman bands on the basis of a pre
report.34 In the second part we analyze the detected
enhanced Raman bands in comparison with the bands
tained in the conventional SERS spectrum by perform
high-level density-functional~DFT! calculations of the ad-
enine complexes, including silver atoms.

II. TIP-ENHANCED NEAR-FIELD RAMAN SPECTRA
OF ADENINE NANOCRYSTALS

For the tip-enhanced Raman NSOM experiments, we
ployed the same setup as described in our previous wo25

The experimental setup is drawn in Fig. 2. The light sou
for the excitation of Raman scattering was a frequen
doubled Nd:YVO4 laser, with an average power of about 2
mW, operating at a wavelength of 532 nm, at which aden
has negligible absorption. The probing laser beam was
cused at the sample by an oil-immersion objective lens h
ing a large numerical aperture~NA! equal to 1.4 and a mag
nification factor of 60. A portion of the incident beam wit
focusing angles equivalent to a NA less than 1.0 was tr
cated by a circular absorbing mask inserted at the light p
to form an evanescent field light at the focused spot.55 The
Raman NSOM probe was an atomic force microsco
~AFM! silicon cantilever coated with a 40-nm-thick silve
layer by a thermal evaporation process. The evaporation
was restricted to the relatively slow rate of 0.01 nm per s
ond to obtain a smooth coating. The tip of the cantilever w
set in 10 cm to the silver target, turning to the direction of t

FIG. 2. Experimental setup of near-field Raman spectroscop
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target. The silver-coated tip diameter was determined b
scanning electron microscope. Its typical value was 40 n
The silver-coated cantilever was used at once for the exp
ment to avoid reducing the effectiveness of surface p
mons. We experimentally confirmed that the effectiven
lasted for one or two days. The distance between the sam
and the metallic cantilever was controlled by the cont
mode of the standard AFM operation. The scattered light w
collected by the same objective lens, and directed to a s
trophotometer~the focal length is 300 mm, 1200 lines/mm!
equipped with a liquid-nitrogen-cooled charge-coupled
vice ~CCD! detector (13403400 channels! for Raman spec-
tra measurements. The excitation light and the scattered R
leigh signal were sufficiently reduced using a holograp
notch filter @the center wavelength is 532 nm, the full wid
at half maximum~FWHM! is 6 nm, and the optical densit
~OD! is greater than 6.0 at 532 nm#.

A. Preparation

Adenine was purchased from the Extrasynthese Co.
was not treated with any further purification. Adenine nano
rystals were prepared by casting an ethanol solution of
enine molecules~0.1 mmol/l! on a cover-glass slip. The siz
of the nanocrystals was about 7320 nm in the lateral direc-
tion and 15 nm thick.

B. Raman NSOM experiments

Figure 3 shows Raman spectra measured using our
tem. The tip-enhanced Raman spectrum@Fig. 3~a!# of a
single nanocrystal of adenine molecules was measured w

FIG. 3. ~a! Tip-enhanced near-field Raman and~b! far-field Ra-
man spectra of adenine nanocrystals. The peak at 923 cm21 is de-
rived from the glass substrate.
8-2
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TABLE I. Vibrational frequencies of the tip-enhanced Raman~TERS! of adenine nanocrystals and a
signment of theoretical frequencies to the experimental bands. The results of the SERS and normal
~NR! of adenine, calculated frequencies at the B3LYP functional using the 6-3111G(d,p) basis set and
theoretical assignment from McNaughtonet al. ~Ref. 34! are listed. Frequencies are given in cm21.

Band

This study McNaughtonet al.a

Plane

McNaughtonet al.a

TERS SERS NR B3LYP Assignmentb

A 1401 1397 1419 1441 in str C4-N9 , C4-C5 , C6-N10, N7-C8 , bend C2-H
B 1328 1336 1333 1372 in bend C2-H, C8-H, N9-H, str C6-N1 , O8-N9 , N3-C4

1365 in str C5-N7 , N1-C2 , bend C2-H, C8-H
C 1247 1268 1248 1272 in bend C8-H, N9-H, str N7-C8

D 1232 1244 1234 1246 in rock NH2 , str C5-N7 , N1-C2 , C2-N3

E 1021 1029 1025 1012 in rock NH2
F 965 961 942 942 in def R5~sqz group N7-C8-N9)
G 798 790 797 805 out def R6~wag C4-C5-C6), wag C8-H
H 739 733 723 726 in ring breath whole molecule~distorted!

aReference 34.
bStr; stretching; bend, bending; rock, rocking; def, deforming; wag, wagging; breath, breathing; R5
membered ring; R6, six-membered ring.
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the silver-coated tip was in contact with the sample surfa
Eight Raman bands, including two intense scattered band
739 or 1328 cm21, were detected. The peak at 924 cm21 was
due to the Raman scattering of the cover-glass slip. The
field Raman spectrum@Fig. 3~b!# of the same sample usin
the same microscope, without the silver-coated tip, w
shown to have almost no Raman scattering from the ade
molecule except for the faint band at 723 cm21. The mea-
surement conditions were exactly the same for both exp
ments except for the tip-sample distance. Exposure time
set to 1 min for both measurements.

Table I shows the normal modes of the eight Ram
bands that have been identified via the vibrational calcu
tions reported by McNaughtonet al.34 The peak positions
observed in the normal Raman spectrum of polycrystal
adenine34 and in the SERS spectrum of adenine molecu
adsorbed in colloidal silver34 are listed together in the sam
table. The near-field Raman band at 739 cm21 ~bandH! is
assigned to a ring-breathing mode of whole adenine m
ecules. The band at 1328 cm21 ~band B! is assigned to a
summation of two different vibrational modes. The fir
mode involves the C5-N7 and N1-C2 symmetric stretching
coupled with the C2-H and C8-H symmetric in-plane bend
The second mode involves the C2-H, C8-H, and N9-H in-
plane bend with a minor contribution from the C6-N1 ,
C8-N9 , and N3-C4 stretches. The six other bands are a
assigned to the corresponding internal vibrational mode
the adenine molecule. It is important to note that some of
eight bands detected in the silver-tip-enhanced near-field
man spectrum for adenine nanocrystal apparently diffe
the frequencies from the corresponding bands in the SE
for adenine adsorbed on colloidal silver. The band due to
ring-breathing mode at 739 cm21 in the near-field Raman is
16 cm21 higher than the Raman band of the ring-breath
mode in normal Raman. The band due to the same in SE
is at 733 cm21, which is only 10 cm21 higher than in normal
Raman spectra. It is widely reported33–36,56 that the SERS
15541
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spectra of adenine molecules depend on the substrate u
However, the SERS band due to the ring-breathing m
shows a shift to 733 cm21 in colloidal silver,34 731 or 732
cm21 in a silver electrode,34,35 732 cm21 in vacuum-
deposited silver-island film,34 and 735 cm21 in a silver
nanoparticle,56 against the band in the tip-enhanced Ram
These interesting phenomena suggest that the shifts of
man frequencies caused by dynamic contacting of the sil
coated tip on the samples may differ from the shifts attr
uted to the surface enhancement effects caused by therm
stable adsorption of the samples onto the silver surface
the conventional SERS.

Figure 4~a! shows a spectral mapping of the tip-enhanc
Raman spectra for nanocrystals of adenine molecules
tained using the silver-coated tip at 30-nm intervals in
near-field region on the focused spot using the AFM cont
mode. The exposure time of the image is set to 10 s per
scan. Figure 4~b! exhibits intensity distributions of the two
predominant Raman bands at 739 and 1328 cm21. The inten-
sity distribution at 850 cm21, where no Raman band exist
shows no particular optical response signal in the same
ure. The peak response at 60 nm of theX axis as well as the
edge response of the intensity profile around 120 nm of thX
axis in Fig. 4~b! suggests that the smallest observable feat
is 30 nm. Assuming that the diameter of the enhanced e
tric field is 30 nm corresponding to the diameter of the late
resolution and that the diameter of the focused light spo
400 nm, the enhancement factor for the ring-breathing m
of the whole molecule at 739 cm21 is 2.73103. Further-
more, it is difficult to calculate the enhancement factor
the band at 1328 cm21 because the far-field Raman sign
without the tip is too weak to be detected. An enhancem
factor of 103– 104 observed in the silver-coated tip is reaso
able compared to the SERS spectra of adenine molec
adsorbed on silver spheres having the same radii as the w
of the probe tip apex~the excitation frequency is also th
same!.57
8-3
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Other DNA bases, thymine, guanine, and cytosine, h
their specific Raman bands due to the ring-breathing mo
at 670, 681, 782 cm21, respectively.58 A whole DNA
sequence57,59,60 can be identified directly by detecting suc
specific ring-breathing modes by the tip-enhanced near-fi
Raman spectroscopy without dye staining as compare
ordinary DNA sequencing methods, such as fluorescencin
situ hybridization~FISH!, where the spatial resolution is re
stricted by the diffraction limit. Spatial resolution require
for the direct DNA sequencing could be around 0.3 nm~the
distance between two adjacent bases in a helix strand!, while
the current smallest observable feature of the near-field
man scattering is 30 nm.

III. VIBRATIONAL CALCULATIONS FOR FREQUENCY
SHIFTS AFFECTED BY A METALLIC TIP

A. Quantum chemical approach

A quantum chemical study61 for the Raman band shifts o
pyridine molecules adsorbed on various metal surfaces
reported using density-functional theory~DFT! calculations,
where a pyridine-metal~1:1! complex representing an appro
priate adsorption model of pyridine molecules on the me
was discussed. Although this model is quite simple, the

FIG. 4. ~a! Near-field Raman spectral mapping of adeni
nanocrystals at 30 nm intervals. Each spectrum is the subtractio
the corresponding tip-enhanced near-field Raman spectrum from
far-field Raman.~b! Raman intensity distributions of typical Rama
bands at 739 and 1328 cm21 against the tip displacement within th
focused spot. The intensity distribution at 850 cm21 is also given.
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culation results agree well with the SERS spectra of pyrid
adsorbed on the corresponding metal surfaces. Especial
the case of the silver metal, the model complex was exp
mentally obtained in a solid argon matrix and exhibit
whole vibrational frequencies similar to the SERS.62 We em-
ployed this simple model to analyze the Raman band sh
of adenine and to calculate some adenine-silver metal~1:1!
complexes.

Quantum chemical calculations to analyze and iden
the vibrational frequencies, normal modes, and Raman in
sities for free adenine molecule were carried out using
B3LYP functional63,64 with the basis set of 6-311
1G(d,p). The vibrational properties of the adenine-silv
complexes were calculated using the UB3LYP functional
combination with the basis set of 6-3111G(d,p) for car-
bon, nitrogen, or hydrogen atom, and the Stuttgart/Dres
relativistic effective core potentials combined with the as
ciated basis functions of the valence electrons65 ~SDD! for a
silver atom. The calculations were performed using
GAUSSIAN98Revision A.9 program package.66 Optimized ge-

of
he

TABLE II. Optimized bond lengths~in Å!, bond angles~in de-
grees!, dihedral angles~in degrees!, and binding energies~in kilo-
calories per mole! of adenine at the B3LYP/6-3111G(d,p) level
and its silver complex isomers at the UB3LYP/6-3111G(d,p) ~for
C, N, H/SDD! ~for Ag! level.

Coordinatea

Adenine Ad-N1 Ad-N3 Ad-N7 Ad-N10

B3LYP Crystalb UB3LYP

N-Ag 2.524 2.502 2.502 2.946
Ad-N-Agc 0.7 0.0 0.1 2112.2
N1-C2 1.341 1.338 1.347 1.335 1.339 1.342
C2-N3 1.334 1.332 1.328 1.338 1.335 1.334
N3-C4 1.336 1.342 1.338 1.340 1.334 1.334
C4-C5 1.397 1.382 1.396 1.395 1.396 1.399
C5-C6 1.409 1.409 1.410 1.410 1.413 1.405
C5-N7 1.385 1.385 1.382 1.383 1.387 1.384
N7-C8 1.308 1.312 1.308 1.308 1.312 1.308
C8-N9 1.380 1.367 1.380 1.381 1.371 1.380
C6-N10 1.353 1.337 1.346 1.349 1.349 1.371
N1-C2-N3 128.5 129.0 128.0 127.9 128.4 128.2
C2-N3C4 111.5 110.8 111.7 112.4 111.4 111.7
N3-C4-C5 126.7 126.9 126.7 125.9 126.9 126.6
C4-C5-C6 116.0 116.9 116.4 116.3 116.1 115.8
C4-C5-N7 111.3 110.7 111.3 111.0 110.4 111.2
C5-N7-C8 104.2 103.9 104.2 104.3 105.0 104.2
N7-C8-N9 113.2 113.8 113.2 113.2 112.6 113.3
C5-C6-N10 122.3 123.4 122.6 122.4 123.1 122.3
N1-C6-N10-H 0.0 21.3 20.5 20.6 219.4
DE 3.7 3.9 3.5 0.5
D(E1ZPEd) 3.2 3.4 3.0 20.3

aAtom numbering as in Fig. 1.
bReferences 43 and 71.
cThe angle between the plane of the purine ring and the bond ax
the silver atom and the adjacent nitrogen is given.

dThe zero point energy~ZPE! is corrected by the scaled frequenci
with a single factor of 0.989~Ref. 70!.
8-4
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ometries and the calculated vibrational modes were vis
ized using theMOLDEN program67 ~QCPE 619! and theVLX

program,68 respectively.

B. Vibrational calculation of adenine molecule

The vibrational frequencies and the Raman intensi
have been calculated using DFT calculations for adenine
its silver complexes, in order to analyze the frequency sh
of Raman bands of adenine affected by the silver-coated
The geometrical structure of the adenine molecule was o
mized at the B3LYP functional using the 6-3111G(d,p)
basis set, which was then followed by calculations of
vibrational properties at the same level of theory using
same basis set. The calculated geometrical parameter
listed in the left side of Table II with results from the cry
tallographic structure of adenine.69 The calculated bond
lengths and bond angles agree well with the crystallograp
structure. The predicted geometry is a planar shape (CS sym-
metry! having no imaginary frequencies, representing an
ergy minimum. This geometry slightly differs from the re
sults reported by McNaughtonet al.34 They reported that the
optimized geometry was nonplanar with the hydrogens of
amino group located slightly above the plane of the pur
ring (C1 symmetry! at the B3LYP functional using the
6-3111G(d,p) basis set. The geometry of the adeni
molecule depends on the basis set used in the theore
model. It can be interpreted that this basis set dependen
due to a shallow potential surface in the out-of-plane coo
nate for the two hydrogen atoms of the external amino gro
Multiplying the calculated vibrational frequencies by a sing
scale factor of 0.9942 provides a good fit between the ca
lated and the observed frequencies. In spite of the differen
in the calculated geometries of the adenine molecule,
calculated results of vibrational properties are substanti
the same as those reported by McNaughtonet al.34

FIG. 5. Molecular structure of four adenine-silver compl
isomers.
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C. Vibrational calculation of adenine silver complexes

Four possible adenine-silver complex isomers were ex
ined in which every silver atom is adjacent to any position
nitrogen atoms at N1 , N3 , N7 , and N10, respectively. Com-
plex isomers in which a silver atom is adjacent to N9 nitro-
gen of the N7-H adenine tautomer were omitted because
the instability of the N7-H tautomer.43 These four isomers
are the simplest models having the interaction of aden
with the silver metal surface and the silver-coated tip at
apex. The structures of the Ad-N1, Ad-N3, Ad-N7, and A
N10 isomers are illustrated in Fig. 5. The geometries of th
isomers were fully optimized with the UB3LYP functiona
using the same basis set for adenine moiety and the S
pseudopotentials for silver. The vibrational properties w
then calculated using the same level of the DFT calculati
and basis set conditions. The spin states for these isomer
doublet and the charges are neutral for all. The calcula
geometrical parameters are listed in Table II, which also c
tains the calculated relative binding energies (DE) corrected
with the zero-point energies~ZPE! based on a scaled ha
monic normal-mode frequency with a single factor
0.989.70 The optimized geometries of the adenine molec
and four complex isomers are demonstrated in Fig. 6, wh
represent energy minima due to the absence of imagin

FIG. 6. Optimized geometry of adenine molecule and its sil
complex isomers.
8-5
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TABLE III. Calculated vibrational frequencies, Raman intensities of adenine at the B3LYP/6
1G(d,p) level and its silver complex isomers at the UB3LYP/6-3111G(d,p) ~for C, N, H!/SDD ~for Ag!
level. Vibrational frequencies scaled by a single factor of 0.9942 are given. Raman activities are gi
units of Å4 amu21.

Mode

Adenine Ad-N1 Ad-N3 Ad-N7 Ad-N10

n/cm21 Intensity n/cm21 Intensity n/cm21 Intensity n/cm21 Intensity n/cm21 Intensity

1 1647 9.1 1654 18.6 1651 27.6 1652 13.3 1638 7.6
2 1625 21.9 1621 24.4 1624 19.8 1625 18.0 1629 27.
3 1599 4.6 1598 19.6 1603 5.5 1601 15.5 1601 15.6
4 1505 77.1 1504 134.1 1506 52.4 1510 86.4 1505 95.
5 1493 13.0 1497 0.6 1492 29.1 1493 35.0 1488 19.8
6 1424 0.6 1429 10.2 1433 11.0 1425 4.2 1419 5.0
7 1406 27.3 1406 41.4 1412 36.0 1411 33.4 1406 29.
8 1356 39.1 1362 57.4 1357 32.7 1358 21.0 1352 99.
9 1348 36.3 1347 35.0 1359 54.0 1352 33.4 1344 37.
10 1319 17.9 1331 39.0 1318 23.7 1317 13.1 1315 68.
11 1259 16.8 1258 22.5 1259 58.0 1259 32.9 1259 14.
12 1235 15.5 1238 23.2 1237 25.6 1232 1.8 1246 24.
13 1136 2.5 1140 2.6 1141 6.7 1136 3.8 1133 4.9
14 1073 8.5 1073 10.3 1072 22.1 1092 3.0 1073 7.9
15 1003 5.0 1007 23.4 1005 5.2 1009 3.2 1032 10.5
16 970 0.1 968 1.4 968 0.3 975 0.1 970 1.1
17 939 4.2 941 6.9 942 4.4 951 4.8 938 6.0
18 895 1.7 901 3.6 903 0.6 895 0.9 894 3.0
19 846 1.0 850 1.4 853 0.5 849 0.0 854 3.3
20 804 0.6 799 0.1 799 0.5 799 0.1 807 8.9
21 721 25.3 721 30.5 724 49.6 721 36.8 721 23.7
22 681 0.2 679 0.2 679 0.1 681 0.2 681 25.7
23 663 0.2 662 1.5 664 0.3 660 0.6 662 1.5
24 615 7.2 623 15.5 615 4.6 616 5.0 619 7.5
25 572 0.7 572 0.9 574 4.2 572 1.0 574 3.4
26 536 0.0 545 5.3 547 0.1 546 6.4 537 7.7
27 529 3.2 532 3.3 535 10.7 529 4.3 555 8.8
28 517 2.8 522 3.0 522 2.4 521 4.8 523 4.1
29 514 0.9 523 0.3 535 4.1 524 1.3 515 3.4
30 297 0.0 296 0.6 301 0.3 299 0.2 300 2.4
31 275 3.0 283 4.0 277 2.4 301 5.5 496 1.0
32 215 0.0 214 5.1 224 0.2 202 1.5 217 0.2
33 163 0.2 158 0.2 188 0.1 158 0.4 172 12.7
34 51 0.0 222 5.7 157 0.3 248 11.1 273 2.5
35 79 2.9 85 4.4 90 4.9 47 27.2
36 67 0.7 51 0.8 66 0.0 28 3.4
37 30 5.5 40 5.3 37 4.7 25 1.0
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frequencies. In our calculation level, the most stable isom
is the Ad-N3, where the silver atom is located along t
plane of the purine ring and two hydrogen atoms that
slightly above the plane (C1 symmetry!. The calculated
binding energies of the other isomers were nearly equa
slightly higher by only a few kilocalories per mole, with o
without the ZPE correction. This means that these f
adenine-silver complex isomers are probable candidates
the interaction models as far as the binding energies are
cerned. Both the Ad-N1 and the Ad-N7 exhibit geometric
15541
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characteristics similar to the Ad-N3. These three isom
demonstrate a ‘‘side-on’’ adsorption to silver surfaces. In
geometry of the Ad-N10, the silver atom is located above
plane in contrast with the other isomers. This configurat
represents the simplest model of a ‘‘flat-on’’ adsorption on
silver surfaces.

The calculated frequencies of these isomers were
formly scaled by the same factor of 0.9942 as employed
free adenine molecule. The corrected vibrational frequen
vs the Raman intensities of an adenine molecule and its
8-6
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mers are listed in Table III. This does not include the resu
relating to the CH stretching modes having frequenc
higher than 3000 cm21. Figure 7 shows the SERS spectru
of adenine adsorbed on colloidal silver, the tip-enhan
near-field Raman spectrum of an adenine nanocrystal,
the predicted Raman spectra, which are plotted versus
corresponding frequencies in the region of 1500 to 6
cm21.

D. Comparison between the calculated and measured
Raman spectra

Comparing with the SERS spectrum of Fig. 7~a!, there are
some spurious Raman bands in the calculated Raman sp
of both the Ad-N1 and the Ad-N10. The calculated Ram
spectrum of the Ad-N1@Fig. 7~d!# involves a strong band a
1007 cm21 due to the N10-H in-plane rocking mode (n15 in
Fig. 8!, while no significant Raman peaks in this frequen
region are observed for the SERS spectrum. The calcul
spectrum of the Ad-N10 in Fig. 7~g! exhibits two strong
bands at 807 cm21 and 681 cm21 due to the out-of-plane
ring-deforming modes (n20 andn22, respectively in Fig. 8!,
while no corresponding peaks exist in the frequency regi

FIG. 7. ~a! The SERS spectrum of adenine molecules adsor
on colloidal silver.~b! The tip-enhanced near-field Raman spectr
of adenine nanocrystals. The predicted Raman spectra of~c! ad-
enine and its silver complex isomers:~d! Ad-N1, ~e! Ad-N3, ~f!
Ad-N7, and~g! Ad-N10, as synthesized from the calculated Ram
intensities against the corresponding frequencies.
15541
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of the SERS spectrum. From the results, these two isom
do not seem to be active species of SERS. The calcul
Raman spectra of both the Ad-N3@Fig. 7~e!# and the Ad-N7
@Fig. 7~f!# agree relatively well with the SERS spectrum. T
calculated Raman band due to the ring-breathing mode (n21)
of the Ad-N3 shows a higher frequency shift by 3 cm21 to
the calculated band of free adenine@shown in Fig. 7~c!#,
which coincides with the experimental data observed
SERS. In contrast, the same bands of the Ad-N7 show
frequency shift. These results show that the Raman ac
species observed in SERS have the structure of adenine
ecules adsorbed on the silver surfaces via N3 nitrogen~Ad-
N3!. The Ad-N3 model therefore best represents the str
ture; however, it is not easy to differentiate between the t
isomers from such a small frequency shift.

In comparison with the tip-enhanced near-field Ram
spectrum@Fig. 7~b!#, there are also the unclear Raman ban
in the calculated Raman spectra of both the Ad-N1 and
Ad-N10 isomers. Neither of these two isomers are act
species in the tip-enhanced Raman NSOM for the same
sons. Although whole spectral patterns of the calculated
man spectra of both the Ad-N3 and the Ad-N7 are similar
that of the tip-enhanced near-field Raman spectrum, the l
frequency shift of the tip-enhanced near-field Raman b
towards high frequency due to the ring-breathing mode
739 cm21 does not appear in the calculated spectra of eit
the Ad-N3 or the Ad-N7.

E. Deformation of adenine molecules due to the atomic force
of silver atoms at the metallic tip

One of the major differences in the experimental con
tions between the tip-enhanced Raman NSOM from thos
the SERS spectroscopy is due to the form of adenine m

d

n

FIG. 8. Vibrational patterns of some normal modes for adeni
silver complex isomers. The mode number is given to each mod
the isomers.
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TABLE IV. Calculated relative binding energies (DE), and vibrational frequencies of adenine at t
B3LYP/6-3111G(d,p) level and its silver complex isomers at the UB3LYP/6-3111G(d,p) ~for C, N,
H!/SDD ~for Ag! level against the bond distances of Ag-N~in Å!. Energy units are kilocalories per mole
Frequencies scaled by a single factor of 0.9942 are given. Raman activities are given in units of Å4 amu21.

Adenine Ad-N3 Ad-N7
Ag-N 2.75 2.50 2.25 2.00 2.75 2.50 2.25 2.00
DE 0 3.4 3.9 2.2 27.8 2.7 3.5 1.8 27.3

Mode Wave number/cm21

1 1647 1650 1651 1653 1656 1650 1652 1652 165
2 1625 1624 1624 1623 1619 1624 1625 1625 162
3 1599 1602 1603 1605 1607 1601 1601 1598 159
4 1505 1505 1506 1507 1509 1508 1510 1512 151
5 1493 1492 1492 1491 1488 1493 1492 1491 149
6 1424 1430 1433 1435 1437 1425 1425 1427 142
7 1406 1409 1412 1415 1419 1409 1411 1414 141
8 1356 1357 1357 1357 1357 1358 1358 1358 135
9 1348 1356 1359 1364 1370 1350 1352 1352 135
10 1319 1319 1318 1314 1303 1318 1317 1315 131
11 1259 1259 1259 1258 1256 1259 1259 1259 125
12 1235 1236 1237 1236 1233 1232 1232 1230 123
13 1136 1139 1142 1146 1158 1135 1136 1137 114
14 1073 1070 1072 1071 1071 1086 1092 1099 110
15 1003 1005 1005 1006 1006 1008 1009 1010 101
16 970 968 968 967 964 974 975 977 978
17 939 941 942 943 943 945 951 964 995
18 895 899 903 915 952 895 895 895 895
19 846 852 853 855 857 847 849 850 848
20 804 800 799 798 796 800 799 797 796
21 721 722 724 729 741 721 721 721 725
22 681 680 679 679 677 681 681 681 681
23 663 664 664 665 665 660 660 657 654
24 615 615 615 615 617 615 616 619 627
25 572 572 574 575 577 571 572 572 573
26 536 544 542 550 552 542 546 548 552
27 529 531 535 543 563 528 529 529 533
28 517 520 522 524 526 519 521 522 524
29 514 529 535 539 541 520 524 527 530
30 297 300 301 298 294 298 299 300 303
31 275 276 277 279 285 293 301 302 307
32 215 220 224 234 250 156 158 159 257
33 163 175 188 199 201 229 249 271 287
34 51 149 157 158 231 193 202 205 205
35 43 85 149 157 54 90 154 145
36 41 51 66 47 35 66 70 51
37 35 40 54i 103i 28 37 35i 97i
d
M
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r of
ecules: a unimolecular form in the SERS spectroscopy an
nanocrystalline form in the tip-enhanced Raman NSO
However, this difference is not the dominant cause o
change in the frequency because there are no significant
quency shifts observed when comparing IR frequencies
matrix-isolated adenine46 with IR and Raman frequencies o
crystalline adenine.34 The other difference in experimenta
conditions is the interaction mechanism of adenine with
ver surfaces. In SERS, adenine is adsorbed in equilibr
15541
a
.
a
re-
of

l-
m

onto silver surfaces, whereas in the tip-enhanced Ram
NSOM, nanocrystalline adenine is pressed by the sil
probe tip with a constant atomic force. Assuming that t
atomic force is applied only to the contraction of the bo
between the silver atom of the tip and the adjacent nitro
of the adenine molecule, the bond distance would be
pected to shrink and the vibrational frequencies may th
shift. In our experiment, we used a cantilever with a spr
constant of 0.03 N/m and a silver-coated tip apex diamete
8-8
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this cantilever was 5–10 nm. The atomic force was k
constant at 0.3 nN by the feedback loop. Deduced from
unit-cell parameters of single-crystal 9-methyladenine,71 a
couple of adenine molecules exists in a rectangle appr
mately 0.77 nm lateral by 0.85 nm wide. If we assume t
the force is equally applied to all the molecules which a
adjacent to the tip apex, the adenine molecules are subje
to a pressure of;1–5 pN/molecule by the silver atom a
tached on the surface of the tip. For the further understand
of the tip-enhanced near-field Raman active species of
enine molecules, we investigated the transition states of b
the Ad-N3 and the Ad-N7 isomers by changing the bo
distance~in the model! between the nitrogen of adenine mo
ecule and the silver atom. The bond distances for the ca
lations were 2.502~equilibrium!, 2.75 ~10% elongation!,
2.25 ~10% contraction!, and 2.0 Å~20% contraction!. The
binding energies (DE), the vibrational frequencies of fre
adenine molecules, and the two complex isomers of th
states are calculated as shown in Table IV. The results re
ing to the CH stretching modes having frequencies hig
than 3000 cm21 are omitted. The partially optimized geom
etries exhibit imaginary frequencies, indicating transiti
states for the Ad-N3 and the Ad-N7. The calculated f
quency shifts of the Raman bands having the highest in
sities (n8 and n21 in Table IV! in the tip-enhanced Rama
NSOM and the calculated potential curves are plotted a
function of the bond distance in Fig. 9. As for the rest of t
six bands observed in the Raman NSOM, it is difficult
analyze the frequency shifts quantitatively because
signal-to-noise ratio of these bands is not sufficient for
analysis.

As the metallic tip of the cantilever approaches the s
face of the adenine nanocrystal, the tip is at first subject
van der Waals attractive force and after passing through
equilibrium point, the tip receives a repulsive force. In o
experiment, the atomic force which is balanced with the
pulsive force is set at 1–5 pN/molecule as described bef
When the bond distance of the Ag-N linkage is reduced
10%, the repulsive force of 7 pN/molecule is derived from
harmonic oscillation of the displacement by 0.025 nm a
the energy difference by 1.7 kcal/mol in the case of the A
N3. The repulsive force coincides with the atomic force o
tained with our system.

The ring breathing moden21 of the Ad-N3 shows a sig-
nificant shift towards a higher frequency as a function of
contracted bond distance between the silver atom and th3
nitrogen of adenine. The frequency of then21 mode is shifted
upwards by 5 cm21 when the bond distance is reduced
10%. The frequency is shifted upwards by 17 cm21 when the
bond distance is reduced by 20%. In contrast, the calcul
frequency shift of the other band (n8 in Fig. 9! of the Ad-N3
is very small. The frequency shifts of these two bands ag
with those of the bands obtained by the tip-enhanced Ra
NSOM. On the other hand, the Ad-N7 shows only sm
frequency shifts for both of these two bands in Fig. 9. Th
differences in frequency shifts suggest that interaction
tween an adenine molecule and the silver tip~e.g., the Ad-
N3! may be one of the possible reasons that we see l
enhancement effects in the tip-enhanced Raman NSOM
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In addition to the higher frequency shift, Raman ba
broadening is also observed in the tip-enhanced Raman s
tra. The line broadening as well as the Raman frequency s
have been well reported in the high-pressure induced Ra
spectroscopy.72–74 Our tip-enhanced Raman spectra caus
by the pressurized tip could be thought to observe the p
nomenon which was similar to high-pressure Raman stu
The line broadening occurs not only as a result of surf
interaction, but also as a result of pressures caused by
silver tip.

While the quantum chemical vibrational calculation c
provides quantitative estimates of frequency shifts, its ac
racy is dependent on the physical model. Here, we treated
silver tips as a simple atom, leading to some discrepan
between the calculation and the experiment. More pract
models are required for getting a precise picture. For
ample, it has been reported that a cluster of four sil
spheres provides a gigantic magnification of the electrom
netic field.75 Silver ions have also shown a significant shift
higher frequency in the ring breathing mode of pyridine.61

IV. CONCLUSION

Near-field Raman spectra of adenine nanocrystals h
been successfully measured using the local fie

FIG. 9. ~a! The calculated frequency shifts of two Raman ban
(n8 and n21) of the Ad-N3 and the Ad-N7 and~b! the calculated
binding energies as a function of the bond distance for the Ag
linkage.
8-9
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enhancement effect at the metallic tip. The smallest obs
able feature reaches 30 nm that exceeds the diffraction l
of the light. The intensity of Raman signals is amplified by
factor of more than 2.73103 times compared with the far
field Raman intensity. The tip-enhanced near-field Ram
spectra of adenine partially differs from the convention
SERS in vibrational frequencies. By means of normal mo
analysis using the DFT calculations, we obtained vibratio
frequency shifts for the transient states of the adenine-si
metal complexes. The calculated Raman spectra of the c
plexes could be made to agree with the tip-enhanced n
field Raman spectra of adenine by reducing the bond
tance. Repulsive forces calculated from the reduction of
bond distance between adenine and the silver atom w
equal to the atomic force applied to the adenine molecul
our Raman NSOM experiment. All results support that
active Raman shift occurs owing to the deformation of a
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