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Abstract. Adsorption of 2-mercatopyridine (2MPy) on Ag surfaces was studied
by tip-enhanced Raman spectroscopy (TERS), which allows the measurement of
Raman spectra with nanometer scale spatial resolution on flat surfaces that them-
selves do not show any surface-enhancement Raman scattering (SERS) activity. We
found that the adsorption behavior of 2MPy was affected by the parameters of the
preparation for the adsorbate layers, i.e., solution concentration, solution volume,
and the exposure time. Besides that, variation of the TERS spectra at randomly
chosen sample positions was observed. Only some of the bands appearing in SERS
experiments showed up in each TERS measurement. We propose that this is caused
by different local adsorption behavior of 2MPy on the Ag surfaces. This observa-
tion perfectly demonstrates the advantage of TERS over SERS, i.e., TERS can give
localized chemical information on the nanometer scale, whereas SERS can only af-
ford average spectra with micrometer scale resolution. Finally, TERS mapping with

a spatial resolution of 24 nm was demonstrated.

INTRODUCTION
Nanoscale, in situ, and nondestructive chemical analyses
are of growing scientific significance due to needs in the
rapidly developing area of nanoscience and technology.
Traditional vibrational spectroscopy, such as infrared
and Raman spectroscopy, can give chemical informa-
tion and are nondestructive, but because of the optical
diffraction limit, their spatial resolution is limited to the
micrometer scale. Another general difficulty of highly
spatially resolved analyses connected to the issue of
sensitivity arises from the small number of molecules
probed by nanoscale analytical methods. The discovery
of surface-enhanced Raman scattering (SERS), which
shows a 10°-fold enhancement in signal for molecules
adsorbed onto rough noble metal surfaces, opened a way
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for high-sensitivity vibrational spectroscopy.! Within the
last 10 years, single-molecule SERS was demonstrated
by using Ag or Au colloids, single nano-particles, or
nano-particle clusters for enhancement of the inelasti-
cally scattered light, implying that some special sites or
“hot” spots exist that give an extremely high, localized
electromagnetic field enhancement.>*

An interesting extension of this concept is to use
single sharp metal tips in different scanning probe mi-
croscope (SPM) systems to generate a “hot spot” when
approaching the sample from the outside with the tip;
this is called tip-enhanced Raman scattering (TERS).
Based on the lightning rod effect,’ high spatial resolu-
*Author to whom correspondence should be addressed.
E-mail: zenobi@org.chem.ethz.ch
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Fig. 1. Forms of 2MPy in solution. Forms IV and V are the thiol and thione tautomers, respectively (adapted from ref 16).

tion, high-sensitivity Raman spectroscopy has become
possible.®® Although it has been 6 years since the first
demonstration, there have been few real TERS applica-
tions reported, presumably due to the lower enhance-
ment (10°-10* times) compared to SERS. Only samples
showing a very strong resonant Raman effect, such as
dye molecules,® carbon nanotubes,” Cq,,’ etc., yielded
good TERS signals. Recently, a new type of scanning
tunneling microscopy (STM)-based “gap-mode” TERS
was presented by Pettinger and coworkers.'® A 10°-fold
enhancement of the Raman signal, and TERS from
small molecules adsorbed on single-crystal surfaces!'
were reported. This technique opens up the possibility
to investigate adsorption mechanisms of molecules on
SERS inactive metal surfaces with nanometer-scale spa-
tial resolution. However, to the best of our knowledge,
spatially resolved chemical analyses with this method-
ology have never been reported.

2-Mercaptopyridine (2MPy) is interesting because
of its ability to form stable self-assembled monolayers
(SAMs) on metal surfaces.!>!3 2MPy has three possible
ways for adsorbing onto a metal surface; namely, via
the lone pair electrons of the S or N atoms, or via the
7 electrons. When the interaction is through the N or S
atom, the other functional group can interact with other
molecules. Compared to alkane thioles, 2MPy has a bet-
ter conductivity due to the presence of the pyridine ring,
which makes it more attractive for applied surface sci-
ence. The adsobates of 2MPy on different types of silver
surfaces have been studied using Raman spectroscopy
in the past.'*!7 Besides the different adsorption possibil-
ities, 2MPy also has several possible tautomeric forms
in solution, as shown in Fig. 1. All previous research
suggests that in most cases, 2MPy is chemisorbed pri-
marily as thiolate (IV in Fig. 1) via the S atom.'>"'"? How-
ever, Ag surfaces used for SERS are not well defined.
In principle, different types of adsorption may coexist,
but the corresponding differences in Raman spectra are
averaged out due to the limited spatial resolution of tra-
ditional Raman spectroscopy (=1 um?).

In this communication, high spatial resolution chem-
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ical analysis was performed for the first time using
the “gap-mode” TERS. The Raman spectra revealed a
rich variation of the adsorption modes of 2MPy on the
nanometer scale. In previous studies of the adsorption
behavior of 2MPy on Ag surfaces, the SERS data were
mainly analyzed with respect to two aspects: physical
effects of metal substrates (the surface selection rules)
and chemical effects, e.g., tautomerism, bonding.'*!67
It is well known that reflection—absorption infrared
spectra (IRAS) of adsorbates are strongly influenced
by the metal substrates.'® IRAS data are generally in-
terpreted in terms of the well-known “surface selection
rules”, which states that p polarized vibrational dipoles
are excited by grazing incidence IR light. After the dis-
covery of SERS, a corresponding surface effect was
studied theoretically and also used experimentally!®%
to determine the orientation of the molecules on the
surface. In this paper, analogous TERS selection rules
will be discussed. How the tautomerism of 2MPy in-
fluences the Raman spectrum and how the molecules
adsorb on the Ag surface has also been investigated by
other groups.'*!®17 In this work, we find that the adsorp-
tion behavior of 2MPy when analyzed with nanoscale
resolution, is distinctly more complex than what was
proposed before.

EXPERIMENTAL

The samples used for TERS measurement were monolayers
or sub-monolayers of 2MPy (Fluka) prepared in the following
fashion. First, 120 nm silver (99.99%, ChemPur) was coated
onto ~1 cm? freshly cleaved highly-ordered pyrolytic graphite
(HOGP, Nanosurf) surfaces by thermal vapor deposition with
a coating rate of 0.1 nm/s. Then the Ag films were immersed
into 2 mL 2MPy/ethanol solutions covering a concentration
range from 10* M to 10" M for 10 minutes. The samples
were then rinsed carefully with ethanol to remove the unbound
2MPy, and dried by a nitrogen flow. All the samples were
checked by far-field Raman spectroscopy to make sure that
they were not SERS active.

The Ag substrates for SERS experiments were made in
a different way, which was developed by Stockle et al.?' A
10-nm Ag layer was coated on clean cover glasses and subse-
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Fig. 2. (a) Schematic illustration of “gap-mode” TERS. (b)
SEM image of a typical Ag tip shows that the tip apex is
smaller than 100 nm.

quently annealed at 150 °C for 5 minutes. After that, the color
of the films turned red. Finally, 2.5 uL 2MPy solutions with
different concentrations (10 M to 10" M) were dropped on
the SERS substrates and dried in air.

Our experimental apparatus was composed of two parts,
an STM (EasyScan, Nanosurf) and an optical part, as sche-
matically illustrated in Fig. 2a. Similar to the work reported by
Pettinger and coworkers,'? side-illumination was employed in
our setup. The 633-nm line of a He—Ne laser (Thorlabs) was
used to excite the Raman scattering. The laser beam was fo-
cused onto the tip—sample junction by a long working distance
microscope objective (20x, NA = 0.35, Olympus), which
was mounted at a 45° angle with respect to the sample plane.
The scattered light was collected by the same objective and
coupled into a Raman spectrometer (Holospec VPT, Kaiser).
Finally, the spectra were recorded by a liquid-nitrogen-cooled
CCD camera (LN/CCD-2500, Princeton Instruments).

The Ag tips used in our experiment were fabricated by
electrochemical etching, following the method developed by
Iwami et al.> A mixture of perchloric acid (70%, Riedel-de
Haén) and ethanol 1:4 (vol/vol) was used as etchant. A Ag wire
(99.99+%, Aldrich) with a diameter of 0.25 mm and a Au ring
with a diameter of 1 cm were used as the positive and nega-
tive electrodes, respectively. Tips with an apex smaller than
100 nm were routinely achieved, as shown in Fig. 2b.

The tip-enhanced Raman spectra were recorded from a
large number of locations randomly chosen on the samples,
which were prepared from different solutions.

RESULTS AND DISCUSSION

TERS Performance

Before studying 2MPy adsorbates on Ag surfaces,
the performance of our TERS system was checked. Fig-
ure 3a demonstrates the TERS enhancement. When the
tip was 1 um away from the sample surface, no Raman
signal of 2MPy was observed; after the tip was brought
into the tunneling range (~1 nm from the sample sur-
face), Raman signals rose dramatically. Considering
the difference in area between the far-field illumination
and the tip-enhanced area, the enhancement factor is at
least 10 fold.
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Fig. 3. Typical TERS results. (a) A typical enhancement by
the Ag tip. When the Ag tip was brought into tunneling range,
Raman bands rose dramatically; after the tip was withdrawn
from the sample surface, no Raman signal could be observed.
(b) Photobleaching induced by the Ag tip. The spectra were
recorded continuously with a rate of 30 s per frame. The sig-
nal faded in 1 min. (The spikes in the spectra were caused by
cosmic rays.)

Applying the 4th-power law of SERS enhance-
ment,” we know that the enhancement of the electric
field must be more than 30 times. With such a highly
enhanced field, photochemical reactions (photo-induced
dissociation and desorption) are enhanced, and the lo-
cal temperature in the zone close to the tip apex can be
increased significantly.?* Thus, the sample can be modi-
fied in a relatively short time. This was indeed observed
in our experiment. Figure 3b shows a continuous TERS
sequence collected with an exposure time of 30 s per
frame. The Raman signal decreased considerably within
1 min. Similar phenomena were also reported by Ren et
al." for a benzenethiol monolayer on single crystallized
surfaces. This implies that it is impossible to improve
the S/N ratio by increasing the collection time. Thus, in
all of our TERS measurements, a relatively short time
(30 s) was used. However, this effect should also have
potential applications, for example, in the area of na-
noscale surface lithography; this has been demonstrated
both with aperture and apertureless scanning near-field
optical microscopy.?>?’

Zhang et al. /| TERS Study of Nanoscale Adsorption of 2MPy on Ag



180

To understand the TERS result from 2MPy adsor-
bates, here we briefly review the tautomeric behavior
of 2MPy, as well as the “gap-mode” TERS selection
rules.

Tautomers of 2MPy

Figure 1 illustrates the possible forms of 2MPy in
solution. It is well known that 2MPy exists mainly in
the form of I or II in acidic solution, V or VI in neutral
polar solution, and VII in basic solution.' Thus, the Ra-
man features of different chemical species can be deter-
mined by measuring the normal Raman spectra (NRS)
of the 2MPy solutions at different pH values. This has
been done by several groups.'®!” Based on the results,
the forms of the adsorbed 2MPy on Ag surfaces were
studied further by comparing SERS data with the NRS
of different possible forms of 2MPy. The main spectral
features of the NRS listed here are based on the high
quality NRS results recorded by Pang et al.:®

(1) In acidic solution, the 6(C-S)/B(CCC) mode ex-
hibits a >10 cm™ red shift compared to that in
other solutions; the 1a ring breathing mode and 18a
are much closer to each other than in the cases of
neutral solution and basic solution; the 18b 3(CH)
mode is absent; in the range of 1500-1700 cm™, the
8a mode shows up as a relatively large and sharp
peak, and the 8b mode is missing.

(2) In neutral solution, the band at 1262 cm™ is the
most intense band; the relative intensity of the 18a
mode is smaller compared to the condition in acidic
solution; the 18b B(CH) mode and B(CH)/6(NH)
are absent.

(3) The main features of the Raman spectrum of 2MPy
in basic solution are: both the 8a and 8b modes
are relatively strong and sharp; in the range of
1000-1300 cm™, all the modes, including the la
ring breathing mode, 18a B(CH) mode, 18b B(CH)
mode, 12a ring breathing/v(C-S) mode, B(CH)/
O(NH), and 14b v(C=C/C=N), are present.

TERS Selection Rules

Theoretical studies of “gap-mode” TERS conclude
that only the electric field parallel to the tip axis (normal
to the substrate) can be strongly enhanced in the tip—
sample junction.**® The same is true for the enhance-
ment of an emission dipole because of electromagnetic
reciprocity: only when the emission dipole is parallel
to the tip axis will the emission strength be greatly en-
hanced. Thus, in TERS experiments, the Raman signal
can be enhanced greatly only if the vibrational mode is
polarized in the direction of the tip axis (normal to the
sample plane). This is similar to the SERS selection
rules based on the spherical particle model.”* However,
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the TERS selection rules are much stricter than those of
SERS, because the variance of the enhancement of the
electric field components of p and s polarization in the
“gap” is much larger than that of a SERS substrate.

The 2MPy molecule has C, symmetry. Accordingly,
the vibrational modes have either A" symmetry or A"
symmetry. Practically, it is more convenient to apply
the selection rules by classifying all the modes by their
vibration direction, namely, in-plane modes and out-
of-plane modes. The in-plane modes will be greatly
enhanced and the out-of-plane modes will be invisible
when a molecule stands on the surface perpendicularly.
On the contrary, the out-of-plane modes will be strongly
enhanced when the molecule lies parallel to the surface.
Besides the influence of orientation, some totally sym-
metric modes are intrinsically strong, such as the la ring
breathing mode or the 12a ring breathing/v(C-S) mode,
which always give strong signals no matter which ori-
entation the molecule assumes.

TERS of 2MPy

Figure 4 shows the TERS results from samples pre-
pared from 2MPy solutions with a wide concentration
range (107'M to 10~* M). Normally, only a single type
of spectrum dominated the TERS results collected from
samples made from one concentration. Other types of
spectra were also found occasionally. Table 1 gives the
assignment of the observed Raman bands based on pre-
vious studies.!> !¢

As introduced before, 2MPy has three possible ways
to adsorb on Ag: via the lone pair o electron of the S or
N atom, or through the = electrons of the pyridine ring.
All previous reports concluded that 2MPy adsorbs on
Ag surfaces through the S atom based on the observa-
tion of the red shift of the 8(C-S) f(CCC) mode.">"" In
the TERS experiments, similar red shifts of the 6(C-S)/
B(CCC) mode were observed too (see Table 1), sug-
gesting that all the molecules bind to the Ag surfaces
through the S atom.

The forms taken by the adsorbed 2MPys can be de-
termined by comparing the TERS data to the reference
NRS.!'® We first check Figs. 4d and 4a, which are the
spectra from the samples made from the solutions with
the lowest (10 M) and highest (10" M) concentra-
tions, respectively. In Fig. 4d, the 8(C-S)/g(CCC) mode
is red-shifted by more than 10 cm™ compared to other
spectra in Fig. 4; the 18a B(CH) mode is close to the 1a
ring breathing mode; the 8b v(C=C) mode is absent; the
8a v(C=C) mode shows a relatively high and sharp peak.
All these features correspond to the NRS of forms I and
II. Since the 8a mode is still at 1573 cm™!, and not shifted
to 1605 cm™', which would be indicative of protonation
of the N atom,'® 7 we propose that form I was assumed
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Fig. 4. TERS results from samples made from solutions with
different concentrations. Spectra a—d were collected from the
samples made by immersing Ag substrates in 2 mL of 2MPy
solutions with different concentrations for 10 minutes; spec-
trum e was from the sample made by soaking the substrate in
5 mL of a 10* M 2MPy solution for 20 min. All spectra were
collected with an exposure time of 30 s.

400

by the adsorbed 2MPy. On the other hand, the spec-
trum in Fig. 4a resembles the NRS of tautomer VII (the
thiolate ion): the 18b B(CH) mode is relatively strong;
the B(CH)/0(NH) mode shows a clear peak; both the
8b v(C=C) and 8a v(C=C) modes are sharp. Thus, the
thiolate form is assumed by the adsorbates in the sample
made from the 10~ M 2MPy solution. In Fig. 4b and c,
both the Raman shift of the §(C-S)/f(CCC) mode and
spectral profiles in the 1000-1200 cm™ range are simi-
lar to those of Fig. 4a. However, there are differences
in the 1500-1600 cm™ range: the 8a modes in Fig. 4d
is too week to be observed; in the case of Fig. 4c, the
8a mode has a tail to the blue. This behavior of the 8a
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mode suggests that the N atom could also be involved in
the adsorption with its location close to the sulfur atom.
In summary, the similarities and differences between
Fig. 4b—c and Fig. 4a suggest that 2MPy still assumes
the thiolate form but with the N atom involved in the
adsorption process.

We propose that this concentration-dependent ad-
sorption behavior is due to surface defects on the Ag
substrates. The Ag substrates used in our experiment
were not single crystals, so a relatively high density of
defects, such as steps or kinks, is expected. These sites
are active because the electron density is higher than
on other areas of the Ag surface, and consequently, the
2MPy cations (form I) can bind more easily at these
locations. When the solution concentration for sample
preparation is low, the chance for a molecule reaching
the surface is low, so that only the “stickiest” sites (de-
fects) are occupied; when the concentration increases,
the parts with lower affinity for 2MPy, e.g., large ter-
races, begin to be covered and thiolate becomes the
dominant form of the adsorbates. On the way from a
sub-monolayer to a full monolayer, one can thus pass
through many transitions between different surface ge-
ometries and different chemical forms of the adsorbates.
All these differences in adsorption can be distinguished
from the corresponding Raman spectra.

To examine the hypothesis presented above, a sample
was made by immersing a Ag substrate in a 10* M
2MPy solution for 20 min instead of in 2 mL for 10 min.
If the hypothesis is correct, TERS measurement should
give a result similar to that in Fig. 4a—c because a higher
2MPy coverage is possible. The results nicely meet the
expectation, as shown in Fig. 4e, which does not re-
semble Fig. 4d, but rather Fig. 4a—c collected from the
sample made from more highly concentrated solutions.
This is consistent with our hypothesis.

In addition to the concentration effect, we also
found that TERS spectra recorded at different posi-
tions on one sample could be significantly different,
although normally only one type of spectra is dominant.
Figure 5a shows spectra observed occasionally from
the sample made from a 10 M 2MPy solution. In the
1000-1300 cm™ range, the spectra show different pat-
terns: with the exception of the ring breathing mode,
some modes show up at some locations and vanish
at other locations. However, the sum of the spectra at
all locations would show all the bands observed in the
SERS spectrum (Fig. 5b). It is interesting to notice that
the spectral features of line 3 in Fig. 5a are very similar
to those of Fig. 4d. This observation suggests that the
adsorbed molecules on the sample made from a 10> M
2MPy solution could occasionally assume form I. The
authors would like to emphasize that, in our experiment,
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Table 1. 2-Mercaptopyridine Raman shift (cm™)

Assignment Film Film Film Film Solid SERS
10'M 102 M 10°M  10*M
a" §(C-S)/B(CCC) 440 443 425 452 441
449
a" 6a, y(CCC) 640 624 639
a' (C-S) 723 740 723
a’ la (ring breathing) 1003 1003 1006 1001 991 1002
a’ 18a, p(CH) 1054 1053 1052 1024 1028 1050
a' 18b, B(CH) 1083 1083 1082 1076 1084
a’' 12a, (ring breathing) / v(C-S) 1118 1120 1120 1123 1134 1117
1158 1160 1155
B(CH)/ 8(NH) 1228 1227 1227 1227
a' 14b, v(C=C/C=N) 1279 1262 1273
a' 19b, v(C=C/C=N) 1413 1410
a' 19a, v(C=C/C=N) 1500 1456
a' 8b, v(C=C) 1553 1551 1551 1561 1548
a' 8a, v(C=C) 1580 1579 1573 1577
a b
~
- TERS NRS
< 1
Z 1
w
=
g
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SERS
2
Wi ;
Mo
4000 800 1200 = 1600 400 800 1200 1600

Raman shift (cm™)

Raman shift (cm™)

Fig. 5. A comparison of TERS, SERS, and NRS. TERS spectra were recorded at different locations randomly chosen on the
sample made from a 103 M solution (a). In most cases, spectra like Fig. 4c were observed; however, other spectral patterns, like
the ones shown in Fig. 5a, were also occasionally observed. As a comparison, NRS (line 1 of Fig. 5b) and SERS (line 2 of Fig.

5b) of 2MPy were also recorded.

SERS spectra were also collected at different locations
of the sample. However, similar spectral profiles were
always observed. Thus, we conclude that the 2MPy
adsorbate layer on Ag surfaces is nearly homogeneous
in the micrometer scale, while nanometer scale defects
lead to some variations of adsorption geometries with
different TERS spectra. This gives a direct example of
47
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the advantage of TERS over SERS: it is capable of ex-
ploring the local chemical information on the nanometer
scale rather than average information on the micrometer
scale as obtained by SERS.

Comparing the SERS result (spectrum 2 in Fig. 5b)
to the TERS results in Figs. 4 and 5a, we find that the
6a y(CCC) mode is only present in SERS. This can be
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Fig. 6. STM image and related TERS map. (a) STM image of a 2MPy layer on a Ag substrate. (b) Cross section along the position
series. The width and height scales are identical in this cross section. (¢) TERS map along positions marked in (a). The distance
between two neighboring points is 20 nm. The collection time of each point is 1 min.

interpreted by the selection rules of TERS and SERS.
As discussed above, 2MPy molecules adsorb on Ag
surfaces through the S atom. Thus, the 2MPy adsor-
bates are standing rather than lying on the Ag surfaces,
and therefore the 6a mode (an out-of-plane mode) was
not observable in our TERS measurements. However,
the selection rules of SERS are not as strict as those of
TERS, such that this out-of-plane mode could be ob-
served in SERS experiments.

TERS Mapping

Before summarizing our work, we would like to
briefly discuss the possibility of TERS mapping. As
mentioned above, the adsorbates can be damaged rap-
idly during TERS measurements because of the highly
enhanced electric field. This makes TERS imaging a
difficult task. To reduce the influences of the “hot” tip,
we studied a thick 2MPy layer made by soaking a Ag
substrate in a 10> M 2MPy solution for one day. In ad-
dition, the 488-nm line of the argon ion laser was cho-
sen instead of the red laser. An acceptable sensitivity
without a strongly enhanced electric field was expected
in this case because the intensity of Raman scattering is
proportional to v* (here v is the frequency of the excita-
tion source). Figure 6 shows some first results. An STM
topography image was scanned at first (Fig. 6a) and then
a series of TERS measurements were carried out with
a collection time of one minute per spectrum (Fig. 6¢).
The spatial resolution of this TERS mapping was 24 nm,
which was determined by the intensity profile of the 1a
ring breathing mode (Fig. 6d). One interesting finding
in Fig. 6¢ is that the spectral features are different from
the TERS results discussed above. This is probably due
to the different sample preparation process and the dif-

ferent excitation wavelength. Although this TERS map-
ping technique is still at the testing stage, clear spectral
variations with position have been observed, demon-
strating the possibility of highly spatially resolved Ra-
man mapping on a SERS inactive metal surface.

CONCLUSION

In summary, we demonstrate the powerful performance
of the “gap-mode” TERS, with which vibrational spec-
troscopic studies can be carried out on the nanometer
scale. The high sensitivity of this technique enables us
to extend our capacity of spectroscopic analysis from
SERS-active surfaces to flat, SERS-inactive surfaces.
Due to these advantages, the adsorption behavior of
2MPy on Ag surfaces was investigated. The results, for
the first time, reveal that the forms assumed by 2MPy
during the adsorption depend on the coverage. Fur-
thermore, a large number of TERS measurements were
made at randomly chosen positions. Variations of the
spectra with location were clearly observed, showing
the advantage of this technique. Finally, TERS mapping
with a 24-nm spatial resolution was demonstrated. A
comprehensive study of how the surface morphology
influences the surface chemical properties using TERS
will be our next step.
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