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Vibrational spectroscopy usually provides structural information
averaged over many molecules. We report a larger peak position
variation and reproducibly smaller FWHM of TERS spectra compared
to SERS spectra indicating that the number of molecules excited in a
TERS experiment is extremely low. Thus, orientational averaging effects
are suppressed and micro ensembles are investigated. This is shown for

a thiophenol molecule adsorbed on Au nanoplates and nanoparticles.

Tip-enhanced Raman scattering (TERS) allows investigating
molecular information on the nanometer scale. This technique
is a combination of scanning probe microscopy (SPM) and
Raman spectroscopy, which is applied in different branches of
nano-sciences enabling high spatial resolution and high sensi-
tivity simultaneously. A metal-coated atomic force microscope
tip produces localized surface plasmon resonance (LSPR) when
illuminated with an appropriate wavelength of light. This leads
to a Raman signal enhancement of several orders of magnitude.
Additionally, due to the confinement of the electromagnetic
field at the tip apex, a spatial resolution in the nanometer range
can be achieved.'™

Recent experiments indicate that even single molecules can
be detected using TERS.>® Thus it is an excellent tool to get
vibrational information down to a single molecule (SM) level as
well as to perform fundamental research where high spatial
resolution is required e.g. distinction of isotopes,® nano-scale
pressure sensors,’ identification of nano-oxidation sites in
biological molecules,'® separation of lipid and protein domains
in a single cell,'* the study of molecular catalytic reaction,"” etc.

In many cases it seems to be sensible to compare the well-known
surface-enhanced Raman scattering (SERS) spectra of a compound
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with the data obtained by a TERS experiment due to identical
enhancement mechanisms in both types of experiments. However,
variations in the peak position and fullwidth-halfmaximum
(FWHM) in many TERS and SERS experiments can hardly be
ignored. In general, band position fluctuation and sometimes even
the suppression of a band reflects a specific molecular environment.
Thus, information regarding molecular orientation, adsorption site,
bond strength and molecular environment can be extracted.'>'?

In a typical SM-SERS experiment'*™"” a very low concentration
of molecules (<10~® M) is used to ensure that on average less
than one molecule is present in the large electromagnetic field of
the laser focus. In such SM experiments large peak position
fluctuations are observed.'® TERS can be regarded as close to
SM-SERS experiments where the signal-enhancing unit is reduced
to a single nanoparticle. Consequently, only a few molecules
experience the above mentioned signal enhancement. Considering
this, vibrational spectra collected at the SM level using SERS and
TERS should look alike and provide similar chemical information.
On the other hand, one important difference between SERS and
TERS experiments must be considered: as the tip can be positioned
freely, the interaction between the molecule and the nanoparticle
in TERS does not have to be thermodynamically or kinetically
favored. In SERS, in contrast, molecules will preferentially bind to
favored sites. This can lead to a broader variation in potential
conformations in a TERS experiment.

TERS has already been applied to study the tip position and time
dependent properties of DNA nucleobases by different groups.'® >
Temporal variations in contact-mode TERS spectra of an adenine
crystal show large peak position fluctuations."® This was attributed
to changes in the molecular orientation with respect to the tip and
chemical interaction of the tip with the sample. Recently, the
position and time dependent TERS spectra of an adenine homo-
polymer were studied in a gap mode arrangement.*" These studies
demonstrate that characteristic bands are reproducibly detected but
fluctuations in the peak position are always an issue and that sample
orientation with respect to tip plays a vital role.

While band position fluctuations in TERS with resonantly
excited molecules have already been studied by the van Duyne
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group and the variations have been attributed to the variations
in the excited state properties,*?* to our knowledge a direct
comparison to non-resonant molecules and their corres-
ponding SERS data regarding such fluctuations is missing. As
aforementioned, SERS spectra are usually the closest reference
data available and a better understanding of the reliability of
SERS data for TERS spectra assignment is desirable. Here, TERS
and SERS data of thiophenol were compared. Thiophenol was
chosen to keep the system comparably simple and to control
orientation and coverage of the molecule by specific adsorption
via the thiol group to a single atomically flat gold nanoplate
(TERS) and gold nanoparticles (SERS), respectively. From the
results it was concluded that the main reason for peak fluctua-
tions in TERS is the small number of molecules in the sampled
area and their specific orientation.

The experimental TERS setup has been described in detail
elsewhere.?® In short, laser radiation is focused in transmission
geometry on a silver coated AFM non-contact tip using an oil
immersion microscope objective (40X, 1.35NA, Olympus). The
AFM head (JPK AG, Germany) is mounted on an inverted
microscope. The scattered TERS signal is collected using
the same objective and passes through a dichroic mirror and
notch filter before it enters the spectrometer (Action Advanced
SP2750 A, SI GmbH, Germany). The same setup was used for the
all SERS measurements. TERS and SERS spectra were recorded
using 532 nm laser excitation and using 10 s acquisition time.
The power on the sample was 830 uW (TERS) and 810 uW (SERS),
respectively, in order to achieve a similar signal-to-noise ratio in
the spectra.

Synthesis of gold nanoplates on chemically cleaned glass
slides (concentration HNO3/30% H,O, (3:1) solution, 2 h) was
performed according to a previously described method.>®
For the TERS experiments, a self-assembled monolayer of thio-
phenol was prepared by immersing the gold nanoplate sub-
strate for 18 hin a 5 x 10~* M ethanolic solution of thiophenol.
Gold nanoparticles for SERS were synthesized and immobilized
on glass slides according to ref. 26 and 27. 2 uL of 5 x 107> M
ethanolic thiophenol solution was dropped on the substrate
and dried before the measurement.

It is commonly known that thiophenol covalently binds via
sulfur to gold surfaces, i.e. to nanoparticles in SERS and to
nanoplates in TERS. Specifically in the latter case this was a
crucial step to avoid undesired binding of the molecule to the
Ag tip. This would cause a band shift as can be seen in experi-
ments when SERS on Ag islands is compared to TERS. In our case
such shifts were never observed, hence the Au-S bonds are stable
under our conditions.

A topographic AFM image of the gold nanoplate used to
assemble the thiophenol monolayer is shown in Fig. 1(a), a
corresponding SERS substrate is shown in Fig. 1(b). For position
and time dependent experiments 200 TERS and SERS spectra
were recorded using 532 nm laser excitation and 10 s acquisition
time. Typical TERS and SERS spectra are shown in Fig. 1(c) for
TERS and (d) for SERS, respectively. The three thiophenol marker
bands in SERS at 999 cm ™" (ring breathing mode), 1075 cm ™"
(C-C in-plane bending) and 1569 cm ' (C-C stretching) are
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Fig. 1 AFM topography of (a) Au nanoplate for TERS and (b) gold nano-
particles for SERS. Typical thiophenol spectra on (c) gold nanoplate (10 s
acquisition time — TERS). (d) Gold nanoparticles (10 s acquisition time — SERS).

clearly visible in all spectra. The C-C in plane bending mode at
1075 em™ " having al-type symmetry is known to show a peak
position shift on different substrates®® and therefore was
excluded from analysis. Each peak was fitted with a Lorentzian
function (Igor PRO 6.22A, Wavemetrics, USA) to provide informa-
tion on the band position and FWHM.

TERS spectra were recorded at different locations (distance
10 nm between positions) on the gold nanoplates. Similarly,
SERS spectra were also recorded at different positions on the
gold nanoparticle substrate. Here the distance between locations
was 150 nm. The band position variation for the two selected
modes in TERS is shown in the histograms in Fig. 2(a) and (c).
A relatively large band position fluctuation of about 6-9 cm ™'
can be observed. The same bands in the SERS spectra show only
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Fig. 2 (a, ¢) Position dependent distribution of the peak position for two
selected thiophenol bands (ring breathing and C-C stretching mode) in
the TERS experiment (on flat Au plates). (b, d) Corresponding histogram of
the peak position for the same thiophenol bands in position dependent
SERS (on gold nanoparticles) showing smaller variations in the peak
position compared to TERS.
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a small peak position fluctuation of about 2 cm™". Comparing the
band position variation of the present TERS data with SM-SERS
spectra by Nie and Emory™® a similar fluctuation can be found.
Actually, the current TERS measurement cannot be considered as
the SM experiment, but the observed band position fluctuation
already points to a very small number of molecules in the interaction
region of the TERS tip. As a monolayer was probed this was an
unexpected behavior. To explain this SM-like fluctuation in TERS
spectra, two possible mechanisms are proposed:

(1) The electromagnetic enhancement of a tip with a radius of
10 nm is supposed to excite at least hundreds of molecules from
the thiophenol monolayer. Thus, a SM-like behavior can be
explained if all those molecules under investigation have the same
orientation and neighborhood. As the tip moves to the next
position it interacts with a different set of molecules, where again
the molecules have the same orientation relative to one another,
however it differs from the previous location of the TERS probe.

(2) A “single-molecule like” vibrational spectrum under TERS
conditions can be expected if an additional chemical enhance-
ment is taken into account. This can lead to a much higher
spatial resolution since an interaction between the apex of the
tip to the surface can only occur to a few if not only a single
molecule being in direct neighborhood to the tip.” Such an effect
could also lead to the observed variation in the peak position.

It is already known that the thiophenol monolayer on a gold
surface forms ordered domains of about 15 nm diameter.”™"
Reorientation of the molecules will cause a different response
to the polarization of the exciting light.*”

In a SERS measurement the orientation effect is averaged over
many nanoparticles in the laser focus contributing to the overall
signal. Hence, no fluctuation in the peak position was expected
as experimentally observed and shown in Fig. 2(b) and (d).

In the next step, FWHM of the Raman bands in the respective
experiments was analyzed in the same way. The FWHM was
determined for every TERS and SERS spectrum and plotted in
histograms as shown in Fig. 3. The vertical lines drawn in the
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Fig. 3 (a, c) Histogram of position dependent FWHM variations of the
thiophenol ring breathing and C-C stretching modes in TERS. (b, d)
Corresponding histogram of position dependent SERS. The average FWHM
in SERS is reproducibly larger compared to TERS.
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histograms correspond to the average FWHM values. The compar-
ison clearly illustrates that the average FWHM in TERS spectra is
smaller than in the SERS spectra. In general, the FWHM of a Raman
band is determined by several factors. If instrumental influences
like slit width are neglected, the line width of a spectral band
for gases and liquids is mostly influenced by vibrational relaxa-
tion and dephasing. Already for liquid mixtures the effect of
the microscopic environment must be considered and the actual
observed line width is a superposition of all possible micro-
environments weighted to their respective probabilities.**> As
vibrational relaxation and dephasing usually take place in a
range of up to hundreds of picoseconds and the mechanisms
should be similar in TERS and SERS.® Thus, the main effect
that leads to the observed changes can be attributed to the
different roles of the micro-environments. In the SERS experi-
ments more than ten nanoparticles and around 10° molecules
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Fig. 4 (a, c) Peak position variation for the selected thiophenol bands
(ring breathing and C—C stretching modes) in a TERS time trace (on flat Au
plates). (b, d) Peak position histogram for the same thiophenol signals in a
corresponding SERS (on gold nanoparticles) time trace, showing smaller
peak shifts compared to TERS.
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Fig. 5 (a, c) FWHM of the selected thiophenol bands (ring breathing and C-C
stretching modes) for a TERS time trace. (b, d) FWHM of the same thiophenol
bands for the corresponding SERS time trace on gold nanoparticles.
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(a) AFM topography of silver island film used to produce a thiophenol monolayer. (b, d) Histogram of peak position variation for the selected

thiophenol bands (ring breathing and C-C stretching modes) in position dependent TERS (on flat Au plates) and (c, e) corresponding histogram for the
same thiophenol bands in position dependent SERS (on silver island film). (f, h) Histogram of FWHM variation in position dependent TERS (on flat Au
plates) and (g, i) corresponding histogram for the same thiophenol bands in position dependent SERS (on silver island film).

(assuming a laser spot size of 500 nm) contribute to the overall
line width, while in a TERS experiment only one nanoparticle
and at most only a few hundred molecules contribute to the
overall line width. These observations are supported by the
observation of concentration dependent line width variations
in Raman band studies by different groups,®”*® which is in line
with our experiments as well.

In order to further support this hypothesis, measurements on
a single location were done and the time dependent behavior of
TERS and SERS spectra was studied. Hence, the sample position
was fixed with respect to tip and laser focus and spectra were
collected consecutively. The histograms of peak position variation
of different bands in TERS experiments are shown in Fig. 4(a)
and (c). The corresponding SERS results are shown in Fig. 4(b)
and (d). Comparing peak position variations in time traces and
the position dependent TERS measurements, similar variations
were observed. Again this indicates that the observed area under a
TERS tip is very small, otherwise a thermal drift (if any) would not
change the peak position notably. Small changes in the monolayer
position with respect to the tip are expected due to diffusion.*® No
correlation was observed in peak position variation in consecutive
TERS time traces, which indicates that the dominant mechanism
for large peak position variation is likely a chemical interaction
between the tip and the sample that detects even small conforma-
tional changes of the probed molecule.

In addition, the FWHM variation in the time trace (Fig. 5) clearly
demonstrates that the average FWHM in the SERS experiment is
larger compared to TERS, indicating that more molecules are
involved in SERS measurements yielding a larger FWHM. The
difference in average FWHM varies from peak to peak, which
indicates nonlinear coupling of modes from different molecules.

Different substrates (Au, Ag, etc.)***° can also potentially influ-
ence the results. To check this effect we additionally performed SERS
on silver island films by adding 2 pL of 5 x 10~® M ethanolic
thiophenol solution and drying it before the measurement. SERS
spectra are recorded using 75 tW power of 532 nm laser excitation
with 1s acquisition time. A comparison of the 40 spatially dependent
SERS and TERS spectra is shown in Fig. 6. Fig. 6(a) shows the
AFM topography of silver island film.*"** On the silver island

2994 | Phys. Chem. Chem. Phys., 2015, 17, 2991-2995

film more than hundred nanoparticles with around 10" mole-
cules contribute to the SERS signal. Fig. 6(b) and (d) and
Fig. 6(c) and (e) give histograms of the peak position variation
of the selected bands in TERS and corresponding SERS spectra
on silver island film in position dependent measurements. An
absolute band shift was observed, which was different for each
marker band. The absolute band shift between TERS and SERS
is caused by (1) a slightly different binding of thiophenol to the
substrate (Au or Ag) and (2) tip-sample nanogap. The relative
peak position variations are still comparable with the SERS
experiment on Au nanoparticles. In Fig. 6(f) and (h) and
Fig. 6(g) and (i) histograms of position dependent FWHM
variations in TERS and corresponding SERS spectra on the
silver island film are plotted showing higher FWHM in SERS
compared to TERS. Again, nonlinear coupling of modes leads to
asymmetric FWHM variation of the selected bands.

Conclusions

We have demonstrated the large peak position fluctuations in
the TERS study (6-9 cm ™) of the thiophenol monolayer, which
indicate a single molecule like behavior and two possible
mechanisms for such behavior were suggested. No correlation
in peak position variation of consecutive TERS spectra in time
dependent measurement was observed. Thus, the dominant
mechanism for fluctuations in the peak position is the direct
chemical interaction between the tip and the sample. TERS
probes the small conformational molecular changes on such a
small scale that the normally observed averaging is absent.
Bands in the TERS spectra of thiophenol exhibit a narrower
line-width than the SERS spectra. These observations can also
be related to the apparently smaller number of molecules
excited in TERS compared to SERS experiments. While in TERS
only molecules in closest vicinity to the single nanoparticle at
the tip apex experience a signal enhancement, in SERS many
hot spots and all the molecules in their vicinity contribute to
the over-all signal. Additionally, differences in average values of
FWHM in SERS and TERS spectra vary from peak to peak and
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can be explained by the nonlinear coupling of modes between
different molecules which could be influenced by metal nano-
particles under investigation.

Both the peak position and FWHM comparisons of TERS and
SERS spectra indicate that in TERS experiments a micro-ensemble
of molecules is excited by the field at the tip apex in contrast to a
macro-ensemble of investigated molecules in the SERS experi-
ments. Thus, the results demonstrate that SERS databases can
only be used with caution for TERS spectra assignment. In
particular band position variations of 10 cm ™" and more in TERS
can occur as only a few molecules are probed.
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