Experimental Investigations of Plasmon
Induced Catalytic Reactions using TERS

Dissertation

(kumulativ)

zur Erlangung des akademischen Grades

doctor rerum naturalium (Dr. rer. nat.)

. FRIEDRICH-SCHILLER-

iy = . ) UNIVERSITAT

Vorgelegt dem Rat der Chemisch-Geowissenschaftlichen

Fakultat der Friedrich-Schiller-Universitét

von Pushkar Singh, M. Sc. Physik
geboren am 01.12.1976 in Almora (Indien)



Gutachter:

1. Prof. Dr. Volker Deckert, Institut fiir Physikalische Chemie

2. apl. Prof. Dr. Wolfgang Fritzsche, IPHT Jena

Datum der Verteidigung: 04. 09. 2020

il



1

2
2.1
2.2

2.3
2.4
2.5
2.6

3.1
3.2
3.3
3.4
3.5

4.1
4.2
4.3
4.4

4.5
4.6
4.7

Table of contents

ZusammenfasSSUNG.....ccocvuerreccsssssssrecsssssssssecsssssssssssssssssssssssssssnsans 1
Research Background.............eeeeeeeeeeeeeeeeeeeeeeeesesesessssssssssssssssssssses 7
A (0] A7 110 ) s LSS PRRRUPP 7
From Microscopy t0 NanOSCOPY ....uvveeeruviieiiiireeirieeeireeeeteeeesveeeeseseeeseneeeens 8
2.2.1  Electron MICTOSCOPY ....vviieirieeiiiiieeeiieeesieeeesireeessireeeeaveeesseeessssaeesssseaens 9
2.2.2  Scanning Probe MiCIOSCOPY ...ccuvveeeurieeiiiieeeiieeeree et eeveee e 10
Raman SpPeCIIOSCOPY ..veeveuuiiiieiiiiiiee ettt e e e e 16
Surface Enhanced Raman SpectroSCOpY .......cccvvveeviieenciieeeniiieeeriee e 18
Tip-Enhanced Raman SpectroSCOPY ...ccvvveerevieeriiieieiiieeeiee e 20
Development of a new multicolor TERS setup.........cccceeeevieinciieeniieeeeneen. 23
Research SUMMATLY .....eeeeeeeeiiiiiiciinsnsnsssnnnnnneneecccsssssssssssssssssssssces 27
Plasmonic differences at the micro- and nanoscale ............c.ccoceeevieennennne 28
Plasmon induced protonation............cceecuveeeeiieeeiiieeeiiie e e e e 31
Plasmon induced deprotonation ............ccceeecvveereiieeeiiieeeiiee e 35
Plasmonic dissociation at single molecule level ............ccccceevvciiienieennnnn. 38
RETEIEINCES ..ottt 42
PublicationS...eeeeecinseeecssseeeccssneecsssnneecssnneecsssnnescsssseescsnseessssssens 49
Differences in single and aggregated nanoparticle plasmon spectroscopy.49
Local protonation control using plasmonic activation............ccccceeevveeennnee. 55
Plasmon induced deprotonation of 2-mercaptopyridine.............cccccvveeneee. 61

Single molecule level plasmonic catalysis - a dilution study of p-

nitrothiophenol on gold dimmers............ccceeeeeiieiiciieeree e, 71
Further PUblications ...........ccoceiiiiiiiiiiiiieecceeee e 81
AcCKNOWIEdZEMENL........oeiiiiiiieiiie e e 83
Further OULIOOK .......ccc.vviiiiiiicie e e e 85

il



1 Zusammenfassung

Diese Arbeit konzentriert sich auf die Untersuchung plasmoninduzierter, katalytischer
Reaktionen wie Protonierung, Deprotonierung und Dissoziation von kleinen, organischen
Molekiile. Das molekulare Verstdndnis der chemischen Reaktionen ist sehr wichtig in Bezug auf
den zugrundeliegenden Mechanismen. Zwei verschiedene Techniken, SERS und TERS, wurden
eingesetzt, um Einsicht in Plasmonen-katalysierte Reaktionen zu erhalten, indem Temperatur,
atmosphirische Bedingungen, pH, Konzentration, Laserwellenldnge und Laserleistung verandert
wurden. Weiterhin wurde eine systematische Studie durchgefiihrt um zu untersuchen, ob die
Anzahl der betrachteten Molekiile in SERS und TERS eine wichtige Rolle spielt. Dariiber hinaus
wird der Einfluss von chemischen Wechselwirkungen zwischen der Spitze und der Probe
bewertet.

In dem Technik-basierten Kapitel wird die Entwicklung eines multicolor TERS-Setup
vorgestellt. Bei dieser Konfiguration werden unterschiedliche Wellenldngen verwendet, um
selektiv die Resonante bzw. nicht-Resonante-Raman-Streuung zu untersuchen. Ein Vergleich der
Ergebnisse dieser beiden Techniken kann eine tiefere Einsicht in die molekularen Eigenschaften
der untersuchten Probenspektren geben.

Unterschiede zwischen SERS- und TERS-Spektren

Mehrere Studien haben iliber Variationen der Bandposition und zeitabhéngige Eigenschaften in
TERS berichtet. Dieses Phinomen wurde auf Anderungen in der molekularen Orientierung in
Bezug auf die Wechselwirkung mit der Spitze und chemische Interaktionen zwischen Spitze und
Probe. Solch grofle Fluktuationen wurden bei SERS nie beobachtet, und bisher fehlt eine
systematische Studie zum Vergleich von SERS- und TERS-Spektren. In dieser Arbeit wurde ein
direkter Vergleich von Bandpositionsvariationen und der daraus folgenden Halbwertsbreiten-
(FWHM) Variationen sowie der zeitabhingigen Messungen dieser beiden Techniken
durchgefiihrt. Experimentell zeigte sich, dass fiir die groBere Bandposition Variationen und
reproduzierbar kleineren FWHM von TERS-Spektren eine viel geringere Anzahl von Molekiilen
in Kombination mit chemischen Wechselwirkungen zwischen der Spitze und der Probe in TERS
fiir diese Variationen verantwortlich war.



Plasmon induzierte Protonierungsreaktion

In dieser Arbeit wurde 4-Mercaptopyridin (4-MPY) als Modellsystem fiir eine plasmoninduzierte
Protonierungsreaktion ausgewéhlt. Vor der tatsdchlichen TERS-Messung musste die Probe
homogen auf einem passenden Substrat immobilisiert werden. Es ist weithin bekannt, dass Gold-
und Silberoberflichen am besten daflir geeignet sind, da sie fiir die Bildung einer
selbstorganisierten Monoschicht von Thiolen forderlich sind [1-3]. Im Prinzip kann die
Adsorption von 4-MPY an Metalloberflichen durch drei potentielle Stellen erfolgen.Diese
sindhochstwahrscheinlich: (1) tiber den Schwefel, (2) liber den Stickstoff oder (3) iiber die m-
Elektronen des Rings. Die erhaltenen SERS- und TERS-Raman-Spektren bestétigten die Bildung
einer chemischen Ag-S- bzw. Au-S-Bindung. Die anschlieBende durch Licht in Anwesenheit von
Silbernanopartikeln aktiviert Protonierung von 4-MPY produziert 4-MPY"-H und wurde unter
Normalbedingungen mittels SERS und TERS verfolgt. Experimente unter Argon zeigen, dass als
Protonenquelle entweder atmosphirischer Wasserstoff oder Wasser dient. Die Studie zeigte
weiterhin, dass die Intensitit des Oberfldchenplasmons ein Schliisselfaktor fiir die Initiierung der
Protonierungsreaktion ist. Eine schnellere Protonierung unter TERS im Vergleich zu SERS
zeigte, dass die Feldbeschrinkung im Gap-Modus, welche durch zwei Metalloberfldchen (Gold-
Nanopléttchen zur Probenimmobilisierung und silberbeschichtete Spitze zur plasmonischen
Anregung) erzeugt wird, zu einer zusétzlichen Verstiarkung fiihrt. Die Reaktionsgeschwindigkeit
kann durch die Anregungswellenldnge (griin oder rot) sowie die atmosphérischen Bedingungen
gesteuert werden.

Plasmon induzierte Deprotonierungsreaktion

In Verbindung mit den Ergebnissen der plasmoninduzierten Protonierung wurde der Einfluss der
Substitutionsstelle in Pyridin auf die Protonierungssuszeptibilitit untersucht. Fiir dieses
Experiment wurde 2-Mercaptopyridin (2-MPY) gewihlt. 2-MPY unterscheidet sich von 4-MPY
nur durch die Position der Thiolgruppe, die nicht entgegengesetzt, sondern direkt benachbart
zum Stickstoff im Pyridinring ist. Es wird gezeigt, dass das Substitutionsmodell (ortho vs. para)
entscheidend fiir das unterschiedliche chemische Verhalten von 2-MPY und 4-MPY ist. Im
Kontrast zu 4-MPY konnte eine Monoschicht von 2-MPY auf Silbernanopartikeln in SERS unter
Umgebungsbedingungen nicht protoniert werden, was einer anderen Bindung von 2-MPY an die
Silbernanopartikel zugerechnet wurde. Daraufhin wurde 2-MPY vor den Raman-Experimenten
bei pH 1,3 protoniert und das protonierte Molekiil (2-MPY + -H) wurde sodann durch
Oberflachenplasmonen deprotoniert. Um  Heizeffekte zu eliminieren, wurde eine
temperaturabhéngige Untersuchung durchgefiihrt, die zeigte, dass die Deprotonierungsreaktion
temperaturunempfindlich war. Ahnlich wie bei der Plasmonen-induzierten Protonierungsreaktion
wurde eine schnellere Deprotonierungsreaktion in TERS-Experimenten im Vergleich zu SERS
beobachtet, was auf einen grofen und reproduzierbaren Feldeinschluss zwischen der TERS-
Spitze und der Goldoberfldache hinweist.



Plasmon induzierte Dissoziationsreaktion

In frilheren Studien wurde gezeigt, dass eine selbstorganisierte Monoschicht von p-
Nitrothiophenol (p-NTP) unter Eiinfluss von Oberflichenplasmonen in SERS zu 4,4-
Dimercaptoazobenzol (DMAB) dimerisiert. Wenn die Konzentration jedoch niedrig genug ist,
um Clusterbildung und Selbstorganisation zu verhindern, sollte der Abstand der an den
Nanopartikeln adsorbierten p-NTP-Molekiile zu groB3 fiir eine intermolekulare Reaktion werden
und eine Reaktion sollte nicht stattfinden. Dann muss jedes detektierte SERS-Signal von einem
einzelnen oder wenigen, isolierten und nicht wechselwirkenden, getrennten Molekiilen stammen.
Dieses "Gedankenexperiment" wurde mit isolierten Goldnanopartikeldimeren als Substrate fiir
die SERS-Messungen durchgefiihrt. Bei einer sehr niedrigen Konzentration (10° M) wurde in
den folgenden SERS-Experimenten eine Dissoziation von p-NTP-Molekiilen zu Thiophenol (TP)
beobachtet. AuBerdem deutet eine stufenformige Anderung der Signalintensitit wihrend des
Prozesses sehr stark an, dass die Dissoziationsreaktion von p-NTP zu TP auf oder nahe des
Einzelmolekiillevels auftrat.

Aufbau eines mehrfarbigen TERS-Instruments

In Resonanz-Raman-Streuexperimenten sollte die Anregungswellenlinge nahe an eines
erlaubten, elektronischen Ubergangs des Molekiils liegen. Dieser Prozess erhoht die
Streuintensitit um einen Faktor von bis zu 10° und liefert Informationen iiber den angeregten
Zustand. In der Standard-Raman-Spektroskopie wird eine Anregungswellenldnge gewéhlt, die
weit von jedem elektronischen Ubergang entfernt ist, und somit werden Informationen iiber den
elektronischen Grundzustand gesammelt. Ein Vergleich der Spektren dieser beiden Techniken
kann sinnvoll sein, um ein tieferes Verstdndnis des zu untersuchenden Molekiils zu erhalten.
Dafiir wurde ein Multicolor-TERS-Setup entwickelt, bei dem fiinf verschiedene Laserlinien von
Violett (405 nm) bis Rot (660 nm) eingebaut wurden. Insbesondere die Integration eines
Strahlteilers in Form eines einzigen Doppelprismas ermdglicht einen schnellen Austausch von
Anregungswellenlidngen ohne die Notwendigkeit einer Laser-Justage. Dieses Element macht das
System einzigartig im Vergleich zu Standard-TERS-Aufbauten.



Abstract

This thesis is focused on the investigation of plasmon induced catalytic reactions like
protonation, deprotonation and dissociation of small organic molecules. The molecular
understanding of chemical reactions is very important with respect to the underlying
mechanisms. Two different techniques, SERS and TERS, were used to get insight into plasmon
catalyzed reactions by changing temperature, atmospheric conditions, pH, concentration, laser
wavelength and laser power. In addition, to explore if the number of molecules under
investigation in SERS and TERS plays an important role, a systematic study was performed.
Furthermore, the influence, of chemical interactions between the tip and the sample is assessed.

In the technique based chapter, the development of a multicolour TERS setup will be introduced.
With such a setup, different wavelengths will be used to selectively probe the resonance and non-
resonance Raman scattering, respectively. A comparison of the results from these two
techniques can provide a deeper insight into the molecular properties of the investigated sample
spectra.

Differences between SERS and TERS spectra

Several studies have reported signal position variations and time dependent properties in TERS.
This phenomenon was attributed to changes in the molecular orientation with respect to the tip
and chemical tip-sample interactions. Such large fluctuations were never observed in SERS and
so far, a systematic study comparing SERS and TERS spectra is missing. In the present work a
direct comparison of peak position variations and full-width-half-maximum (FWHM) variations
due to the position and the time dependent measurements of these two techniques has been
performed. Experimentally, the larger peak position variation and reproducibly smaller FWHM
of TERS spectra indicated that a much lower number of molecules combined with chemical
interactions between tip and sample in TERS was responsible for these variations.

Plasmon induced protonation reaction

In this study 4-mercaptopyridine (4-MPY) was chosen as a model system for a plasmon induced
protonation reaction. Prior to the actual TERS measurement the sample had to be
homogeneously immobilized on an appropriate substrate. It is commonly known that gold and
silver surfaces are most suitable since they allow for the formation of a self-assembled
monolayer of thiols [1-3]. In principle, the adsorption of 4-MPY on metal surfaces can occur by



three potential sites and most likely: (1) via the sulphur, (2) via the nitrogen or (3) via the
aromatic m-electrons of the ring. The obtained SERS and TERS Raman spectra confirmed the
formation of a chemical Ag-S and Au-S bond, respectively. The subsequent protonation of 4-
MPY producing 4-MPY'-H, activated by light in the presence of silver nanoparticles was
monitored under ambient conditions using SERS and TERS. Experiments under argon show that
the proton source was either atmospheric hydrogen or water. The study further indicated that the
intensity of the surface plasmon is a key factor to initiate the protonation reaction. A faster
protonation under TERS conditions compared to SERS showed that the field confinement in the
gap-mode, generated by two metal surfaces (gold-nanoplates for sample immobilization and
silver coated tip for plasmonic excitation) leads to an additional enhancement. The reaction
turnover rate can be controlled by the excitation wavelength (green versus red) and the
atmospheric conditions.

Plasmon induced deprotonation reaction

In conjunction with the results obtained in the plasmon induced protonation, the influence of the
substitution site in pyridine on the protonation susceptibility was monitored. For this experiment
2-mercaptopyridine (2-MPY) was chosen. 2-MPY differs from 4-MPY only by the thiol group
position, which is not opposite but directly adjacent to the nitrogen in the pyridine ring. It will be
demonstrated that the substitution pattern (ortho vs. para) is decisive for the different chemical
behaviour of 2-MPY and 4-MPY. In contrast to 4-MPY, a monolayer of 2-MPY on silver
nanoparticles could not be protonated in SERS under ambient conditions, which was ascribed to
a different binding of 2-MPY on the silver nanoparticles. Consequently, prior to Raman
experiments, 2-MPY was protonated at pH 1.3 and the protonated molecule (2-MPY"-H) was
deprotonated by surface plasmons. To eliminate heating effects, a temperature dependent study
was performed which indicated that the deprotonation reaction was temperature insensitive.
Similar to the plasmon induced protonation reaction, a faster deprotonation reaction in TERS
experiments compared to SERS was observed pointing to a large and reproducible field
confinement between the TERS tip and the gold surface.

Plasmon induced dissociation reaction

In previous studies, it was found that a self-assembled monolayer of p-nitrothiophenol (p-NTP)
dimerizes to 4, 4-dimercaptoazobenzene (DMAB) under surface plasmon conditions in SERS.
However, if the concentration was low enough to prevent clustering and self-assembly, the
distance of p-NTP molecules adsorbed on the nanoparticles should become too large for an
intermolecular reaction and a reaction should not occur. Then, any detected SERS signal must
originate from a single or only a few isolated and non-interacting separated molecules. This
“Gedankenexperiment” was realized using isolated gold nanoparticle dimers as substrates for the
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SERS measurements. At a very low concentration (10 M) in the following SERS experiments a
dissociation of p-NTP molecules to thiophenol (TP) was observed. In addition, a step-like signal
intensity change during the process strongly indicates that the dissociation reaction of p-NTP to
TP occurred at or close to a single molecule level.

Setting up a multicolor TERS instrument

In resonance Raman scattering experiments, the excitation wavelength should be close to an
allowed electronic transition of the molecule. This process increases the scattering intensity up to
10% and provides information about excited state modes. In standard Raman spectroscopy an
excitation wavelength far away from any electronic transition is chosen and hence information
about ground state modes is collected. A comparison of the spectra from these two techniques
can be useful to gain a deeper understanding of the molecule under investigation. For this
purpose, a multicolor TERS setup was developed where five different lasers lines ranging from
violet (405 nm) to red (660 nm) were incorporated. Particularly, the integration of a single
double prism based beam splitter allows for a quick exchange of excitation wavelengths without
the necessity of laser realignment. This element renders the system unique compared to standard
TERS setups.



2 Research Background

2.1 Motivation

Surface plasmons are collective oscillations of conduction electrons generated by the interaction
of light with metal nanoparticles (NPs) that are smaller than the incident wavelength. Metallic
nanoparticles possess unique optical, mechanical, electrical and chemical properties and the most
active ones for catalysis are those with defined edges, pointed corners and rough surfaces. The
generation of surface plasmons by irradiation of nanoparticles with a wavelength matching the
resonance (=absorption maximum) leads to a huge enhancement of the local electromagnetic
field. Consequently, Raman signals of molecules, which are in close vicinity to the nanoparticles,
experience a strong enhancement being the basis of surface-enhanced Raman scattering (SERS)
and tip-enhanced Raman scattering (TERS). In this way the sensitivity of Raman spectroscopy is
drastically increased and only concentration << 10! M is needed to obtain chemical information
of a material. In contrast to SERS, which does not allow for an analysis with high spatial
resolution, TERS can resolve nanometre and sub-nanometre features. TERS is the combination
of Raman spectroscopy with scanning probe microscopy (SPM). In TERS, sample molecules are
not directly adsorbed on the gold or silver nanoparticles but they are fixed on an inert substrate
and scanned with a nanoparticle coated AFM tip. In such a configuration the enhancement of
vibrational modes is confined to molecules directly beneath the tip apex providing a much higher
spatial resolution compared to SERS. Both SERS and TERS are also very efficient techniques
tools to investigate plasmon driven chemical reactions.

A chemical reaction is defined by the breakage / formation of bonds yielding one or more
products. In many cases this process requires an external physical trigger like e. g. heat.
Reactions can be carried out under mild conditions if an appropriate catalyst for the reaction
system can be found. Typically, a catalyst decreases the activation barrier that has to be
overcome to initiate a chemical reaction. In this context, plasmon driven chemical reactions have
recently attracted attention from different scientific and engineering communities. Current results
in this field are promising for the development of a new platform for chemical syntheses.
Different catalytic reactions have been investigated involving surface plasmons but a detailed
study of some simple reactions like protonation, deprotonation or dissociation has not been
reported.

The first plasmon induced catalysis reaction was reported in 2010. A monolayer of p-
aminothiophenol (p-ATP) on a SERS substrate was dimerized to 4,4-dimercaptoazobenzene
(DMAB) when irradiated with 532 nm [4, 5]. Later in 2011, it was demonstrated that p-



nitrothiophenol (p-NTP) likewise reacts to DMAB when activated by surface plasmons [6, 7].
Such plasmon catalyzed reactions can also be carried out under TERS conditions under vacuum
conditions as well as in an ambient [8, 9]. These studies reveal that plasmonic nanostructure
opens a way to concentrate and transfer the energy of visible light to adsorbed molecules, hence,
offering a route to control the reaction selectivity and to accelerate the reaction rate.

These results motivate the investigation of further chemical reactions and specifically the
influence of environmental conditions. In particular, the effect of different excitation
wavelengths, temperatures and sample concentrations is of interest. Another appealing aspect in
this context is the comparison of TERS and SERS: does the confined field at the tip apex give
the activation energy an extra boost? Previous studies have demonstrated that TERS and SERS
do not only differ by the spatial resolution but also in peak position and full-width-half-
maximum. A part of the following work is focused on the direct comparison of these techniques
to gain a deeper understanding of the underlying mechanisms.

The information about the excited and ground state modes of a molecule can be accessed by
selecting the laser wavelength close (resonance) and far away (off-resonance) from any
electronic transition, respectively. Despite the very small Raman signal intensity if the selected
wavelength is far away from any electronic transition it still provides specific information about
ground state molecules. A direct comparison of the spectra from these two techniques on the
same molecule can yield further insight into the molecular system. Furthermore, a combination
of SERS/TERS and resonant molecular excitation increases the detection limit and the
information at single molecule level should be accessible.

2.2 From Microscopy to Nanoscopy

In 1873 Ernst Abbe, a German physicist discovered that the spatial resolution of an optical
instruments is limited by the wavelength of the light. This discovery revealed that the resolution
of a microscope is not limited by the instrument’s quality alone but by the wavelength of the
light [10]. This means an optical microscope cannot resolve two objects which are located closer
than

d=_r

2-NA
where A is the wavelength of the incident light, NA is the numerical aperture of the imaging
system and d is the resolution. Using modern optics in air, one can achieve a NA = 1.0 and thus

the Abbe limit is roughly half the wavelength of light used to image the sample. To increase the
resolution, light with shorter wavelengths (X-ray, UV or gamma rays) can be used but these
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sources are expensive and can destroy the sample. An immersion oil system can be used to
increase the NA=1.6.

2.2.1 Electron Microscopy

Electron microscopes were developed to overcome the limitations of light microscopes. An
electron microscope uses a beam of electrons to image the sample. In the 1920s an analogy
between light and electrons was discovered that accelerated electrons in the vacuum behave
similar to light [11]. It was also found that electric and magnetic fields can be used to focus the
electron beam similar to focusing a light beam using a glass lens.

In 1923, Louis de Broglie [12], a French physicist, discovered that electrons behave like a
particle as well as a wave and found a direct relation between the wavelength of a massive
particles and its velocity as

A=t

my

where A is the de Broglie wavelength, 4 is Plank’s constant, m is the mass and v is the velocity
of a massive particle. The faster the electron travels, the shorter is the de Broglie wavelength and
the higher is the spatial resolution. Since the size of electrons is very small and easily deflected
by gaseous molecules, it is necessary to operate electron microscopes under vacuum. Despite the
very high lateral resolution (in x and y-direction) electron microscopes do generally not provide
height information. Depending on the transmission or scattering of electrons from the sample,
transmission electron microscope (TEM) and scanning electron microscope (SEM) were
developed.

Transmission Electron Microscope (TEM)

The first transmission electron microscope was developed my Max Knoll and Ernst Ruska in
1931 [13]. In TEM an electron gun generates a beam of electrons, which is accelerated by
applying a voltage and focused using multiple electromagnetic lenses. The focused beam of
electrons interacts with the ultra-thin sample while transmitted. Some parts of the sample allow
the passing through of all incident electrons while others absorb some or all electrons. Thus,
depending on how the electron beam is affected by the sample, an image on a fluorescent screen
or charged coupled device (CCD) camera is formed.

TEM enables an imaging at a significantly higher resolution than light microscopes due to the
small de Broglie wavelength of electrons, which renders it an excellent tool in nanotechnology,
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material science, medical and biological research. Despite the very high resolution of TEM
technique, it has a number of drawbacks like extensive sample preparation, which makes it
relatively time consuming and the restriction to transparent and, hence, thin samples (typically
below 200 nm). Furthermore, there is a high probability of sample damage by the electron beam,
particularly for biological samples.

Scanning Electron Microscope (SEM)

The scanning electron microscope was invented in 1937 by Manfred von Ardenne to characterize
the surface of a sample using an electron beam [14, 15]. In SEM the electron beam generated
from an electron gun is accelerated and focused using electromagnetic lenses before it interacts
with a conductive sample or a metal coated surface (for non-conductive samples). The
interaction of high energy electrons with a solid sample generates secondary electrons, which are
used for imaging of the surface topography. As a result, SEM can achieve a spatial resolution
better than 1 nm.

SEM is a very important tool in a variety of fields that require the characterization of solid
materials like geology, forensic and crystallography. Compared to TEM this technique only
needs minimum sample preparation but has many drawbacks like e.g. the restriction to solid
samples. To overcome the drawbacks of electron microscopy, scanning probe microscopy (SPM)
was developed.

2.2.2 Scanning Probe Microscopy

The scanning probe microscopy (SPM) technique images surface structures with atomic
resolution without damaging the sample. There are basically two main types of SPM
microscopes: scanning tunnelling microscope (STM) and atomic force microscope (AFM). In
STM and AFM an image is recorded by mechanically moving a tip (radius about 10 nm) as a
sensor close to the surface in lines across the sample. Depending on the instrument, either the
sample or the tip can be moved. Compared to electron microscopes, SPM can be also performed
under ambient conditions and provides height information with very high resolution.

Scanning Tunneling Microscope (STM)

The development of scanning tunneling microscope (STM) by Gerd Binnig and Heinrich Rohrer
in 1981 [16, 17] has revolutionized surface science as it provides the ability to investigate

10



conductive samples on the atomic-scale. STM can provide topographic image with sub-
nanometer lateral resolution and thus became an important tool for surface characterization.
STM uses a sharp conducting tip with a bias voltage between tip and sample. Electrons start to
tunnel for typical tip-sample separation below 1 nanometer. The tunneling current varies
exponentially with tip-sample distance is the origin of a remarkable sensitivity of this technique.
However, an inherent restriction of STM technique is the requirement of a conducting sample.

Atomic Force Microscope (AFM)

To overcome the limitations of STM, Gerd Binnig and co-workers developed the atomic force
microscope in 1986 [18]. A standard AFM uses laser beam deflection from the cantilever to
image the sample topography. In this technique, the interaction forces between the sample and
the tip (radius about 10 nm) is monitored by deflection of the laser beam from the back side of
cantilever. When the tip is brought close to the surface, tip-sample interaction forces lead to a
deflection of the cantilever which is detected on a 4-quadrant position sensitive detector as
shown in figure 1. The signal on the photodiode is used as a feedback signal to adjust the
cantilever position (along z-direction) while the tip is scanned across the sample in x and y-
direction to image the topography. There are also other ways to detect the cantilever deflection,
e.g. a tuning fork cantilever, made of piezoelectric material where the electrical signal is
generated by the mechanical deformation of the cantilever[19, 20].

There are different forces which contribute to the deflection of the AFM cantilever during tip-
sample interactions. The most crucial are van-der-Waals forces. There are also short-range
chemical forces, which depend on the distance between tip and surface and the chemical nature
of both. The interaction potential between the tip and the sample can be described by a simple
Lennard-Jones potential model [21], which approximates the interaction between a pair of
neutral atoms or molecules by the following equation

where A, B are constants and 1 is the attractive long-range term, describing attractions at
larger distances. r''? is the repulsive term describing the short-range Pauli repulsion due to
overlapping of electron orbitals. Figure 2 shows the tip-sample interaction force depending on
their separation. Depending on the operating region of the AFM either repulsive or attractive
force, operating modes can be roughly defined as static and dynamic.
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4- quadrant
Photo-detector

cantilever

sample

Figure 1: A sketch of the basic components of an AFM. The tip-sample interaction forces lead to
a change in the deflection of the laser beam from the cantilever. The deflected laser beam from
the back side of the cantilever is monitored on a 4-quadrant position sensitive detector.

Static or Contact mode: In this mode, an AFM tip has a soft physical contact with the sample
and is operated in the repulsive region. In the contact mode a soft cantilever with stiffness lower
than the measured surface is used and the contact force causes a bending of the cantilever. In the
repulsive force region as shown in figure 2 (purple highlighted), the slope of the force is large
thus the cantilever bends rather than forcing the tip atoms closer to the sample atoms. A constant
cantilever deflection is maintained by selecting a setpoint where the force between the tip and the
sample remains constant. The bending of the cantilever is detected using the reflected laser spot
from cantilever on a photo diode. The sample under the tip is scanned in x and y-direction and
the features on the sample surface changes the cantilever deflection and thus the laser spot
position on the detector. This position change information is sent to a feedback loop. The
feedback loop moves the sample in z-direction to restore the spot to its original position. The
height image formed by an AFM is a plot of distances moved along x and y-direction and
corrections made along z-direction. The high scanning speed and high (atomic) resolution
images obtained in this mode makes it attractive [22, 23]. It is generally observed that in contact
mode, the tip/sample quality degrades over time as the tip is always in contact with the hard/soft
sample so soft cantilever with spring constant between 0.001 to 10 N/m are used.
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Figure 2: Force-distance curve between tip and sample which are approximated by a Lennard-
Jones potential. In contact mode (purple), the tip is always in contact while in noncontact mode
(green), it does not make any contact with the sample surface. The intermittent contact is located
between the contact and the non-contact mode, here the tip oscillates at or near its resonance
frequency and can make a very gentle contact with the surface during each oscillation.

Dynamic mode: Due to the problem of tip/sample degradation during the contact mode, an AFM
can also be operated with a vibrating cantilever the so-called dynamic mode. There are two
major techniques of dynamic AFM modes: the non-contact and the tapping/intermittent contact
mode. A non-contact mode is normally used in the vacuum where the interaction forces between
the tip and the sample is extracted by directly measuring the change in resonance frequency
using frequency modulation technique [24, 25]. In this mode, a tip-sample separation with
oscillation amplitude of the tip below 10 nm is used and an AFM is operated in the attractive
force region (green in figure 2). In addition, cantilevers should be stiffer than those used in
contact mode since soft cantilever can be pulled into contact with the surface. The stiff cantilever
and small interaction force between the tip and the sample makes it difficult to measure the non-
contact signal at ambient conditions. Thus, vacuum environment is preferred to achieve higher
sensitivity which allows the measurement of much weaker forces. In this technique a change in
the resonance frequency of the cantilever due to tip-sample interaction is measured using a
phase-locked loop feedback.
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The intermittent contact mode force regime is located between non-contact and contact mode in
figure 2 and is used at ambient conditions. Here, a change of the oscillation amplitude is
measured at a particular frequency using amplitude modulation technique [18, 26]. In the
dynamic mode a stiff cantilever with a spring constant between 10 and 100N/m oscillates near its
resonance frequency (typically 100-400 KHz).

In this work, all the experiments were performed in the tapping mode. In this mode, the
cantilever oscillates with large oscillation amplitudes up to few tens of nanometers. If the
selected frequency is smaller than the resonance frequency as shown in figure 3, this leads to a
repulsive imaging regime [27, 28]. In this regime, the resonance frequency of the cantilever
increases and the amplitude decrease as the tip is brought close to the surface and thus may hit or
“tap” the sample. The decrease of the oscillation amplitude is used as a feedback signal by
selecting a setpoint about 50% of the amplitude of the free oscillation for AFM imaging while
during TERS experiments a setpoint of about 80% is used. Decreasing the amplitude setpoint
increases the tip-sample interaction forces and thus the AFM tip taps harder on the surface.
Typically, stiff cantilevers are used to avoid the sticking of the tip to the intrinsic water layer
under ambient conditions. The advantage of this mode compared to the contact mode is the
reduced applied force on the sample, thus can be used to image soft biological samples. Under
ambient conditions normally amplitude modulation technique is used and a lock-in-amplifier
provides the feedback control.

A lock-in amplifier [29] is used to extract amplitude and phase information from the measured
position sensitive photodiode signal, the phase information can be used to identify different
materials due to different stiffness and adhesion properties. The measured photodiode response
(r) of an oscillating cantilever with a sinusoidal function 4cos(wt), its higher harmonics and

noise can be written as

r(t) = Acos(wt — @) + higher harmonics+noise (D)

where A4 is the oscillation amplitude, @ is the oscillation frequency, ¢ is the phase and ¢ is the

time. To extract the amplitude and phase information from the measured photodiode response,
equation (1) is multiplied with cos(ax) as
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Figure 3: Operating region of the intermittent contact mode AFM. The free oscillation of the tip
is shown in dark blue (No force) and the tip oscillation influenced by the sample is shown in
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decrease of the amplitude is used as a feedback signal.

r(t)cos(@x) = A[cos (@¢) cos (@) +sin(ax) sin((p)]cos (@) + cos(ex) thigher harmonics+noise

= A{cos’ (awt) cos ) +cos(@t)sin(art)sin(p)} + cos @)+ higher harmonics+noise

= g [{l +cos2(at)} cos(p) +sinRax) sin((o)] + cos(ar) + higher harmonics+noise

+ noise

A A
—cos(@) + —cosRax)cos(p) +
5 @) 2 2ax)cos(@) 2

A . ) : .
—sin(2ar) sin(p) + cos(awr) + higher harmonics

2

Similarly multiplying equation (1) with sin(wr) gives

r(t)sin(wt) = gsin(go) + g sin(Qat)cos(@) + g cos(wt)sin(@) + cos(wt) + higher harmonics

+ noise

3)
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To filter out the non-zero frequency components and noise from equation (2) and (3), these
equations are integrated over the time, called lock in time (tiock ). The obtained signals are

I]Ekr(t) cos(wt)dt = Acos(@)

lock 0

S =

X

tock

g =2 [ r@)sin(endr = 4sin(p)

))
T}ock 0

From these signals (S, and S ) one can directly calculate the amplitude and phase as

A=.S? +8,° and p=tan"'(S,/S,)

The time constant of lock-in amplifier should be large to effectively remove the noise and other
frequencies.

2.3 Raman Spectroscopy

The Raman effect was discovered in 1928 by the Indian physicist, C. V. Raman [30]. This
pioneering discovery made him the Nobel Prize winner of Physics in 1930. Raman spectroscopy
is an excellent tool for chemical analysis, which allows the identification of the vibrational states
of molecules, hence it can be used to assign molecular fingerprints and molecular structures [31-
36]. In Raman spectroscopy, the laser interacts with sample molecules and its deformation due
to electric field strength induces a dipole with the dipole moment P

P=caFE

where o is the molecular polarizability and Eis the electric field strength. The oscillating
electric field can be written as

E=E,cos2nvt)
where E, is the vibrational amplitude, ¢ is the time and v, is the frequency of the laser

oscillation. The physical displacement dg of the atoms about their equilibrium position due to a

particular vibrational mode may be expressed as

dq =qgcosQnv t)
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where ¢ is the maximum displacement and v, is the frequency of the mode. For small

displacements, the polarizability may be approximated by a Taylor series expansion as

a—m[@_“j A
014 o),

where ¢,is the polarizability of molecular mode at equilibrium position and ¢ is the
displacement of atoms. The selection rule for a Raman-active vibration states that there should
be a change in the polarizability (da/or # 0 ). Substituting the time dependence of E and ¢, the

dipole moment can be written as

P=aFE = (0{0 +q cos(27wmt)(aa—?j JEO cos@2nv t)
q=0

=a,E,cos2nvt)+q,E,cosQavt) cos(27zvmt)(88—fj
q=0

=a,E,cosQnvt)+ qo—f‘)(%—fj [cos(2z(v, v, )t)+cos(2z(v, +v, )t)]
q=0

The first term in the equation corresponds to the Rayleigh scattering with no change in frequency
while the term with a red-shifted frequency (v, —v,, ) is called Stokes scattering and the term

with blue-shifted frequency (v, +v,,) is called anti-Stokes scattering as shown in figure 4.
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Figure 4: Schematic diagram of energy transitions in Rayleigh and Raman scattering.
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The Raman effect is very weak since only one out of 107 photons is Raman scattered. The Stokes
Raman signal is many orders of magnitude weaker than the Rayleigh signal so it is very
important to filter out the Rayleigh signal using a notch filter or a long pass filter before it enters
the spectrometer. The Raman shift (V') between incident and scattered photon is numerically
calculated in wavenumbers (cm™!) using the relation

~ 1 1
V= -
A

ﬂ' incident scattered

and A

‘scattered

where A

incident

are the incident and scattered wavelengths, respectively. The intensity
of Raman scattered light (/) is proportional to the product of incident photons intensity (/)

and Raman differential scattering cross-section ( o,,,..)-

I ol

O-Raman

The Raman differential scattering cross-section varies with the fourth power of the excitation

wavelength as
4
1 1
O_Raman oC /1 - /1
incident 'scattered

Thus, ideally a high intensity laser with shorter wavelength should be used to increase the
intensity of the scattered Raman signal. However, if a laser in the ultraviolet (UV) region is used,
fluorescence can dominate where absorbed photons undergo internal conversion, and are
subsequently re-emitted at longer wavelengths. The fluorescence signal may interfere with the
Raman scattered signal. Furthermore, higher laser intensities cannot be applied to biological
samples as it can cause degradation. Thus, Raman experiments are normally performed with
continuous wave (CW) lasers in the visible region either with 532 or 632 nm.

2.4 Surface Enhanced Raman Spectroscopy

Surface Enhanced Raman Spectroscopy (SERS) was accidently discovered in 1974 [37] when
researchers were trying to use rough metal electrodes with a large surface area to study
Raman spectroscopy. In 1977, two different groups have realized that not the surface itself
but the rough nanostructure of the metal surface is the key to enhance a Raman signal [38,
39]. In SERS, molecules are adsorbed on a rough metal surface (normally silver and gold) with
nanoscale roughness, which enhances the intensity of a Raman signal by many orders of
magnitudes and thus overcome the low sensitivity of conventional Raman spectroscopy.
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Noteworthy, that the specificity of Raman spectroscopy is maintained. SERS spectra can differ
from conventional Raman spectra mainly due to two effects: 1) Specific orientation of molecules
on the surface which changes the surface selection rules and 2) wavelength dependent plasmon
resonances which depend on the shape and size of the nanoparticles. The wavelength dependence
can lead to an amplification of different spectral regions of the spectrum. Hence, it might be
possible that modes that are visible in conventional Raman spectrum disappear and new bands
are visible in SERS spectra. There are two mechanisms contributing to the signal enhancement in
SERS: 1) Electromagnetic enhancement and 2) chemical enhancement. The total enhancement of
the SERS signal is the product of both mechanisms [40-43].

The electromagnetic enhancement mechanism provides a large part of the overall enhancement
and for SERS an enhancement as high as 10'* is reported [44]. In SERS, a collection of
nanoparticles is excited by the incident laser radiation. The dipole oscillation of individual
nanoparticle couples generating normal mode oscillations. The collective excitation covers a
wide range of frequencies from visible to near infrared depending on the nanoparticles shape,
size and metal. Figure 5 shows the schematic enhancement mechanism of the incident
electromagnetic field induced by the collective oscillation of conduction band electrons which
amplifies the scattered Raman signal. The excitation is not uniform over the whole surface but
forms spatially localized areas called “hot spot” [45-47]. The size of a “hot spot” can be very
small (some nanometres) and its position depends on wavelength and polarization of incident
field and geometry of nanoparticles.

Electric
field

Figure 5: Collective oscillation of free electrons in metal nanoparticles which enhances the
incident electromagnetic field.
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As mentioned above, the electromagnetic enhancement is not the only enhancement mechanism
in SERS. Otherwise there should be the same strong signal enhancement for all molecules which
are brought in close vicinity to the nanostructures. Experimentally some molecules like methanol
do not show any SERS enhancement while its normal Raman spectrum is significant [44, 48].
These observations indicate that an additional enhancement mechanism must exist which
depends on the chemical behavior of the molecule and is called “chemical enhancement”. This
effect is the origin of different changes observed in the SERS spectrum like band position shift,
fluctuation in the relative band intensities etc.

2.5 Tip-Enhanced Raman Spectroscopy

A major development of the SERS technique to investigate nanoscale features is tip-enhanced
Raman spectroscopy (TERS), which was proposed in 1985 by Wessel [49] and experimentally
realized by Stockle et. al. in 2000 [50]. Other groups followed promptly [51, 52]. The physical
mechanism behind TERS is the same as in SERS. The technical difference is the usage of a
special scanning probe tip instead of rough metal electrodes, films or colloids. This nanoparticle
coated (gold or silver) tip acts as a plasmonic antenna. Incident radiation induces the collective
oscillation of conduction band electrons, so called localized surface plasmons (LSP) which
produce a highly enhanced electromagnetic field near the tip apex. This tip with an apex of
radius about 10 nm allows not only a large Raman signal but also a nanometer spatial resolution.
In the laboratory TERS is realized by mounting a scanning probe microscopy (SPM) on a Raman
microscope. Two distinct SPM techniques namely, atomic force microscopy (AFM) and
scanning tunneling microscopy (STM) are used to exploit the TERS effect [8, 53-57]. There are
mainly three types of TERS configurations experimentally realized.

Bottom illumination: In this configuration, a SPM placed on top of an inverted microscope is
illuminated from below and the laser beam is focused using a high numerical aperture (1.2-1.6).
The generated Raman signal is collected through the same objective in back-reflection. This
configuration eliminates the laser beam shadowing of the cantilever. The major drawback in this
case is that only transparent samples can be measured. The first AFM based TERS setup [50]
was based on bottom illumination configuration. Generally, an oil immersion objective is used to
increase the illumination/collection efficiency and to ensure a high signal-to-noise ratio. This
geometry is mostly used to investigate biological samples. Figure 6 shows schematically a
bottom illuminated TERS setup as it was used in this work.

Side illumination: In this configuration, a SPM tip is illuminated from the side after focusing
the laser beam through a long working distance objective with lower numerical aperture (< 0.6).
The Raman signal can be collected through the same objective from the side. In this
configuration opaque samples become accessible. In case of STM-TERS, generally the side
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illumination configuration is preferred, since the required conductive substrate is not transparent
[56, 58].

Top illumination: In this configuration, a SPM tip is illuminated by focusing the laser beam
from top using a higher numerical aperture (~ 0.7) objective compared to the side illumination
setup. The scattered light is collected through the same objective from the top. This configuration
can also be used to measure opaque samples. In this configuration the tip is located between
objective and laser focus and hence the cantilever will block (shadowing) a part of the light
either for excitation and signal detection [59, 60].

The preparation of active and long lasting tips is a very important step in TERS, since shape, size
and material of the tip determines the field enhancement and the spatial resolution [54, 61-64].
The generation of strong plasmonic resonances in noble metals (silver and gold) nanoparticles in
the visible region renders them a suitable material for TERS tips. Metal coated TERS tips are
commonly prepared by evaporation [50] or solid metal tips are prepared by electrochemical
etching of a thin metal wire [58]. STM-TERS uses both gold and silver tips, depending on the
excitation wavelength. In AFM-TERS silver coated tips are preferably used, even though these
tips are easily oxidized in air but have better optical properties than gold tips. The optimum
plasmonic enhancement of silver nanoparticles is at shorter wavelengths compared to gold, this
provides an additional benefit of stronger Raman intensities as it depends strongly on the
incident wavelength and is proportional to A,

TERS has been used to measure a variety of samples such as biological, chemical as well as
semiconductors [53, 65-67]. Experiments on a single strand RNA have demonstrate the ability of
TERS to distinguish nucleobases in the spectra and are promising with respect to single
molecular sequencing [68]. The simultaneous acquisition of topography and TERS spectra is
used to study the basic properties of carbon-nanotubes (CNT) [60, 69, 70]. TERS is also used to
detect different plasmon induced catalytic reaction like dimerization, dissociation,
decarboxylation [8, 9, 71, 72] and also for single molecule detection [73-75]. Recently TERS
technique has revealed a much higher spatial resolution in sub-nanometre [54, 61, 62].

Performing a TERS experiment is straightforward but there are different challenges associated
with the experimental implementation and interpretation of the measured spectra. The
reproducibility of TERS experiments is a major concern and requires stable experimental
parameters (e.g. temperature) but also the quality of the tip plays a major role and needs to be
carefully controlled. Different techniques are used to achieve this task [76-81], however, a
precise control of the tip shape remains difficult and renders the comparison of TERS
experiments performed on different setups not straightforward. The physical background of the
high signal-enhancement mechanism and the (sub-) nm spatial resolution is not fully understood,
yet. Recent results reporting 0.5 nm spatial resolution by imaging a single molecule [61, 62] have
sparked
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Figure 6: Schematic diagram of a bottom illuminated tip-enhanced Raman scattering setup. A
high numerical aperture objective enables a high signal collection with high efficiency.

the debate on the contribution of the electric field enhancement in gap-mode experiments. It
must not be neglected that a chemical mechanism can also contribute to the very high signal
enhancement. Since this part has not been investigated thoroughly in this respect, further studies
are necessary.
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2.6 Development of a new multicolor TERS setup

The selection of the incident radiation wavelength plays an important role in vibrational
spectroscopy like Raman and is since long a subject of great scientific interest. If the excitation
wavelength was close to an allowed electronic transition of the studied molecule it can lead to a
huge enhancement of the Raman signal. This phenomenon is called resonance Raman scattering
and information of excited state modes can be collected. This effect increases the scattered
intensity of standard Raman spectroscopy by a factor up to 10® and hence decreases the detection
limit. As a reminder, a normal Raman scattering is observed if the excitation wavelength was far
away from any electronic transition., Although the signal intensity in standard Raman spectra is
very weak it provides specific information regarding the modes in the ground state [82].
Comparing the spectra from these two techniques can be used to gain a deeper understanding of
the molecule under investigation.

As described in the previous chapters in SERS/TERS the matching of the laser wavelength with
the plasmonic resonance is used to probe molecules with a signal enhancement at the same order
as resonance Raman scattering. The combination of both specific types of Raman spectroscopy
can lead to an extra enhancement of the Raman signal [83-85]. In that way the detection limit
could be further increased and specifically deployed in single molecule detection [73, 86-88].

For this purpose, a multicolour tip-enhanced Raman scattering (TERS) setup was developed
during this thesis. The schematic setup is shown in figure 7. The light from five different
continuous wave (CW) lasers (405 nm, 457 nm, 532 nm, 632 nm and 660 nm) is available for the
tip and sample excitation. The laser lines are divided in two groups according to their beam
diameters. Three lasers with smaller beam diameter: 1) 457 nm, diameter = 0.7 mm, 2) 660 nm,
diameter = 0.7 mm and 3) 632.8 nm, diameter = 0.72 mm) are grouped together while two other
lasers: 1) 405 nm, diameter = Imm and 2) 532 nm, diameter = Imm are grouped together.

Individual laser radiation was guided to the microscope objective using a set of periscopes and
telescopes. Periscopes were used to adjust the height of laser beams and telescopes were used to
adjust the laser beam diameter required to fill the microscope objective. To adjust the beam
diameters of both groups, a 1.5x telescope (fixed) was used after the smaller diameter lasers.
After that, the beam diameter of all lasers were close to 1mm. To fill the objectives with different
entrance pupil diameters, an individual or a combination of two or three telescopes (removable)
could be used. Different irises were used to retain the laser alignment.
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Figure 7: Schematic diagram of a new multicolour TERS setup.
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Figure 8: Lab picture of multicolour TERS setup.
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Figure 9: Raman spectrum of silicon using newly developed setup.
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An important part of this setup is the double prism based beam splitter. In a general TERS setup,
individual laser wavelength requires a separate dichroic mirror but here instead of a dichroic
mirror, a double prism based beam splitter was used which allows working with all the
wavelengths. A beam splitter having 10% reflection is used to transmit a large Raman signal and
to avoid the sample burning due to high laser power. The light from the beam splitter is guided
towards the objective which focuses the laser beam and the focussed laser beam generates the
TERS signal after interacting with the AFM (Nanowizard 1I, JPK Instruments) silver coated tip.
The generated Raman signal passes through the beam splitter and finally guided toward the
spectrometer (SpectraPro-300i, Roper Scientific) and CCD camera (PIXIS-400, Princeton
Instruments). A lab picture of the multicolour TERS setup is shown in figure 8. The Raman
spectrum of the silicon using this setup is shown in figure 9 showing an intense Rayleigh peak
and another peak with less intensity from silicon at 521cm™.
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3 Research Summary

Plasmon induced catalytic reactions have been investigated on different molecular system in
recent years [8, 9, 71, 72, 89-95]. However, a detailed study of simple reactions like protonation,
deprotonation and dissociation was missing. The present work is focused on the investigation of
these plasmonic reactions using small molecules like 4-mercaptopyridine, 2-mercaptopyridine
and 4-nitrothiophenol with SERS and TERS. In addition, spectroscopic differences between
these two techniques are demonstrated using thiophenol. Furthermore, comparison of resonance
and off-resonance Raman scattering is expected to provide a deeper insight of molecule
properties. In resonance Raman, the excitation wavelength should be close to an allowed
electronic transition while in the case of off-resonance Raman an excitation wavelength far away
from any electronic transition should be selected and thus a” multicolour TERS setup” was
developed.

In the following the parts of the thesis are summarized in short.

1. Differences between SERS and TERS spectra

Large variations in the peak position in TERS and single molecule SERS [96-98] have been
frequently observed by different groups. In this thesis a systematic study was performed to
understand the fluctuations in the peak position as well as in the full-width-half-maximum
(FWHM) in SERS and TERS spectra. The observations revealed that the number of molecules
under investigation and charge transfer properties were responsible for the variations [99].

2. Plasmon induced protonation reaction

The plasmon induced protonation of 4-mercaptopyridine (4-MPY) was studied under ambient
conditions. The proton source could not be explicitly determined but was either from
atmospheric hydrogen (Hz) or water (H20) according to the experiments performed under argon.
Although the H> content in the atmosphere is very low the collision frequency of these molecules
on the investigated area “is potentially” large enough and could not be excluded as a possible
proton source. In TERS experiments under ambient condition an instantaneous reaction was
observed compared to SERS [100].
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3. Plasmon induced deprotonation reaction

In this work it was demonstrated that 2-mercaptopyridine (2-MPY) could not be protonated
under surface plasmon conditions. On the other hand, if the molecule was protonated in acidic
solution (low pH) the protonated species could be deprotonated under plasmonic excitation. It
was also found that the reaction rate was accelerated under TERS conditions [101].

4. Plasmon induced dissociation reaction

From previous studies it is known that p-nitrothiophenol (p-NTP) dimerizes when a self-
assembled monolayer on gold is plasmonically excited with 532 nm [8, 9]. In the present work, a
concentration dependent study of p-NTP was performed and it turned out that at a very low
concentration (10° M) the distance between two neighbouring p-NTP molecules was large
enough to prevent dimerization. At such low concentrations the dissociation of p-NTP to
thiophenol (TP) was observed. The plasmonic hotspot was generated using gold nanoparticle
dimers for substrates [102].

5. Setting up a multicolor TERS instrument

To understand the optical properties of a molecule the information regarding its ground and
excitation states are of significant interest. Resonance and off-resonance Raman can provide
such information. For resonant excitation, incident wavelength very close to an allowed
electronic transition must be chosen while for off-resonance excitation wavelength was far away
from any electronic transition is used. Applying these two techniques on a single molecule can
provide useful information. For this purpose, a new multicolour TERS setup has been developed,
where one can change the incident radiation from violet (405 nm) to red (660 nm). A single
double prism based beam splitter makes this system unique compared to other TERS setup where
each laser line needs an individual dichroic mirror.

3.1 Plasmonic differences at the micro- and nanoscale

Large peak position variations in TERS and single molecule SERS experiments have been
observed in different studies [96-98]. So far no study is published comparing and explaining
such variations. A systematic study has been performed in this work to understand the variations
not only in the peak position but also in the FWHM by comparing the respective SERS and
TERS spectra of thiophenol (TP).
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Figure 10: a) Schematic immobilization of thiophenol (TP) on gold, b) SERS spectrum of TP on

a gold nanoparticle using laser excitation =532 nm, laser power =510 uW and an integration time
of 10 s.

For the SERS experiments, gold nanoparticles were synthesized according to the literature [103,
104] and TP was adsorbed on the SERS substrate. For the TERS experiments, a self-assembled
monolayer of TP was prepared on a gold nanoplate substrate.

Figure 10 (a) shows the schematic of TP immobilized on gold nanoparticles and the
corresponding SERS spectrum is shown in figure 10 (b). Three marker bands were observed at
999 cm! (ring breathing mode), 1075 cm™! (C—C in-plane bending) and 1569 cm (C-C
stretching). Two different bands (999 and 1075 cm™') were analyzed by fitted with a Lorentzian
function to provide information on band positions and FWHM.

To study the position dependent behaviour 200 SERS and TERS spectra were measured with an
acquisition time of 10 s. A large variation in peak position 6-9 cm™ of TERS spectra, while in
SERS only less than 2 cm™! variation was observed. This large variation in TERS was postulated
to originate from a domain formation of TP on the gold nanoparticles. As the tip moved to the
next position it interacted with a different domain, where the molecules had the same orientation
relative to one another, however, it differed from the previous location of the TERS tip but in
SERS this effect was averaged out due to the large number of domain in the laser focus. To
extract the information regarding the number of molecule in TERS and SERS we analyzed the
FWHM of the above-mentioned peaks. In SERS, the FWHM was always larger compared to
TERS, indicating a larger number of probed molecules in the SERS. In SERS all the molecule in
the laser focus (about 107) contributed to the overall FWHM while in TERS only very few
molecules (about 100 or less) under the TERS tip contributed to the FWHM.
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To further corroborate the above-mentioned explanation, time dependent measurements were
done and 200 SERS and TERS spectra were measured with an acquisition time of 10 s.
Effectively, these measurements showed the same results and were found to contradict the above
explained domain theory, as the tip and sample position were fixed during the time dependent
measurements. Apparently, the chemical interactions between tip and sample were the dominant
reason for the observed large shift in peak position in TERS. Furthermore, time dependent
measurements show a larger FWHM of SERS compared to TERS spectra which further supports
the explanation that in TERS very less number of molecules were excited.

To study the effect of different metals, we also performed SERS on a silver island film as shown
in figure 11. We observed three discrepancies 1) there was an absolute band shift of different
bands e.g. the ring breathing mode was observed at 995cm™! when TP was adsorbed on silver and
at 999cm™! when TP was adsorbed on gold. These absolute shifts were due to a different binding
of TP on the two metal surfaces [105]. 2) A much smaller peak position variation compared to
gold nanoparticle SERS was due to an averaging effect as the density of nanoparticles in the
silver island film was higher and so was the number of molecules in the laser focus. 3) The
FWHM was even higher compared to SERS on gold nanoparticles, which again indicated a
larger number of molecules in the laser focus.
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Figure 11: a) scheme of the TERS configuration, b) AFM topography of gold nanoparticles and
c) AFM topography of a silver island film. Peak position d), e), f) and FWHM g), h), i) variation
of thiophenol in TERS, gold nanoparticles SERS and a silver island SERS, respectively.
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The presented results clearly reveal that SERS and TERS spectra should not be compared readily
but band position shifts must always be considered when assigning vibrational modes.

3.2 Plasmon induced protonation

Protonation is a fundamental chemical reaction. Protonation is an essential step in many
biological and chemical processes and can change different electronic, thermodynamic and
optical properties of molecules [106-109]. Thus, it is essential to understand the protonation
behaviour of a molecule in particular when the protonation is observed under novel conditions.

Here a plasmon induced protonation reaction is examined for the first time with SERS and
TERS. For this purpose, the small organic thiol, 4-mercaptopyridine (4-MPY) was used (shown
in figure 12). It is well known that functional thiol groups can generate a self-assembled

monolayer (SAM) on a metal surface after abstracting a hydrogen atom in favor of a new metal-
sulphur bond [110-112].

site for_ N
protonation

SH

Figure 12: 4-mercaptopyridine (4-MPY) used for a plasmon induced protonation.

N

4

For all experiments in this work, SERS active silver island films were prepared by the
evaporation of silver on cleaned glass plates [113]. For TERS experiments smooth gold
nanoplates were synthesized and deposited on cleaned glass substrate [114]. In the TERS
measurement silver coated non-contact TERS tips from NT-MDT and Budget Sensors were
used.

To obtain a monolayer of 4-MPY for the SERS experiment, a drop (5ul) of 5 mM 4-MPY
ethanolic solution was dropped on a silver island film, incubated for 5 minutes and washed with
ethanol to remove any physically adsorbed molecules. To obtain a SAM for a TERS experiment,
gold nanoplates immobilized on a glass plate were immersed in a 5 mM 4-MPY ethanolic
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solution for 22 hours and then washed with ethanol. Figure 13 a) shows the SERS spectra of
unprotonated species of 4-MPY at the beginning of the reaction (t = 0s) where the different peaks
could be assigned: 1006 cm™ (ring breathing), 1092 cm™ (ring breathing/C-S), 1211 cm™
(B(CH)/8(NH)), 1575 cm™' (ring stretching mode with unprotonated nitrogen (UP)). Spectra
were measured with 532 nm laser excitation at 125 pw power with an acquisition time of 1s.

Over the time, the intensity of ring stretching mode of the unprotonated molecule at 1575 cm™!
(UP) decreased and finally almost vanished. At the same time the intensity of the ring stretching
mode of the protonated molecule at 1608 cm™ (PN) increased and finally dominated. This
observation clearly indicated the conversion of unprotonated molecules to protonated molecules
under the influence of surface plasmons as shown in figure 13 b). These results raise the question
about the proton source. To find an answer the same experiments were performed under inert gas
atmosphere (argon) and, no reaction was observed. Most likely, in the experiment under argon,
4-MPY could not come in direct contact with atmospheric H> or H>O. These observations led us
to the conclusion that the proton source was either atmospheric H> or H,O. Although the H»
content in the atmosphere is quiet low, the collision frequency F per unit area can be calculated
as follows:

a) b)

Ag Ag
PN | uP PN | UP
Plasmon
> M
] L | 1 ] | L | 1 |
1600 1200 800 1600 1200 800
Wavenumber / cm” Wavenumber /cm”’

Figure 13: SERS spectra of 4-MPY, a) in the beginning of the reaction (t = 0 s) showing only
signals of the unprotonated species, b) after t = 2800 s showing mainly signals of the protonated
species. Experimental parameters: laser excitation = 532 nm, laser power = 125 pW and
integration time =1 s.
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pxV

avg

4

where p is molecular density and ¥V, is mean velocity at room temperature. Assuming a

vg
hydrogen content in the atmosphere of about 5.5x107° % and approximating the hydrogen
pressure (P ) as 5.5x107° bar, the molecular density can be calculated as

_PxNA
RxT

=133x10*'m™

Yo,

where N, is Avogadro’s number (6.022 x10* mol™), Ris the gas constant (8.3145 J/ mol.K
4 g

and T is room the temperature (298K). The mean velocity Vaye of hydrogen with a molar mass
(M) of 2x10~° kg/mol is

Y
v :[&} =1.776x10°m/s
M _

avg

Thus, the collision frequency per unit area is5.93x10” m™s™. In the TERS measurements the
number of hits on the tip with a radius (r=10nm.) is F x 7 xr*> =1.86x10%s™" . Hence, under the
present experimental conditions we cannot simply rule out atmospheric H> as a possible proton
source. Similarly, using the vapor pressure of water at room temperature (p = 2.98 x10~ bar ),
the collision frequency on the tip is 3.37 x10'" s'. Previous studies from different groups have
already demonstrated that surface plasmons can dissociate H> and H>O [90, 115, 116]. These
observation shows that the proton source was either atmospheric Hz or H>O.

In addition, measurements under atmospheric conditions also showed a gradual band intensity
decrease. This was most likely due to the oxidation of silver island film under ambient
conditions. Since the protonation rate was faster than the oxidation of the silver island film, these
two processes were independent.

It was also observed that the protonation could be controlled either by changing the laser power
or the incident wavelength. Below a certain laser power or far away from the plasmonic
resonance maximum, a protonation could not be initiated. Laser power dependent studies further
revealed that the reaction rate increased linearly with an increasing incident laser power. The
threshold value below which no protonation reaction can be initiated depended on the
wavelength of the light used. For the protonation of 4-MPY the threshold power for the 532 nm
laser was about 25 uW.
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To rule out any temperature induced effects due to the highly focussed laser beam, a temperature
dependent study under atmospheric conditions was performed. For this purpose, an incident
power just below the threshold value was used and the sample temperature was increased up to
60° C as shown in figure 14. No signature of protonation was observed, which confirmed that
the observed protonation reaction was not induced by the temperature but by surface plasmons.

In TERS measurements under ambient conditions, a very fast protonation compared to SERS
was observed which could be explained by the following experimental differences

1) TERS measurements were performed in a gap-mode configuration generating an additional
field confinement that resulted in an increased protonation rate.

PN ,uP
W"‘"‘M«M&
559C
(2]
= 50°C
=
£ IW&
5+
2 40°C
£ 35°C
30°C
250C

1800 1600 1400 1200 1000 _ 800 600

Wavenumber /cm”

Figure 14: Temperature dependent SERS spectra of 4-MPY. The experimental parameters are:
laser excitation = 532 nm, laser power = 20 uW and integration time =1 s. PN= protonated
molecule, UP= unprotonated molecule.

34



2) The combination of two different metals in TERS (gold substrate, silver tip) could lead to an
efficient electron transfer from the metals to the molecule which further increased the
protonation rate.

TERS experiments were normally performed with higher power of about 650 uW to achieve a
high signal to noise ratio compared to SERS where about 150 uW is used. To examine if the
increased laser power in TERS is the source of faster protonation in TERS, we also performed
SERS under atmospheric conditions with 650 uW but it still takes more than 500s for the
complete protonation. These results clearly show that the faster protonation reaction under TERS
condition is not due to higher laser power.

3.3 Plasmon induced deprotonation

Deprotonation is defined as the removal of a proton (H") from a molecule. Similar to
protonation, deprotonation also alters properties of a molecule. In this study 2-mercaptopyridine
(2-MPY), was protonated (2-MPY"-H) as shown in figure 15, using a low pH (1.3) solution prior
the SERS and TERS experiment, respectively. Plasmon induced deprotonation of the protonated
species under SERS and TERS conditions were observed using 532 nm laser excitation.

Figure 15: Protonated 2-mercaptopyridine (2-MPY *-H) used for plasmon induced deprotonation.

To measure the SERS spectra of 2-MPY, a sample was prepared by dropping 5 pl of a ImM
ethanolic solution of 2-MPY on a silver island film, followed by drying and washing with
ethanol to remove physically adsorbed molecules on the surface and to achieve a monolayer.
Figure 16 a) shows the SERS spectra of 2-MPY after 600 s continuous laser irradiation. One can
clearly see the unprotonated peak at 1574 cm™' (UP) but no signature of the protonated species
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around 1610 cm™ (PN) was observed. Compared to 4-MPY no protonation of this molecule
under surface plasmons occurred, which can be explained by the position of the sulfur atom in
the ring. During the covalent Ag-S bond formation in the immobilization step, the nitrogen atom
in 2-MPY comes very close to the metal surface causing an additional interaction between the
Ag surface and the nitrogen in the ring and prohibits the protonation of 2-MPY.

As no protonation of 2-MPY under surface plasmons was observed, a protonated species of 2-
MPY (2-MPY'-H) was prepared by dissolving the molecule in a low pH (1.3) solution. The
sample for SERS measurements was prepared as describe for 4-MPY. Figure 16 b) shows the
SERS spectra of 2-MPY"-H. At the time point t = 0 s one can clearly see the signal for the
protonated species at 1610 cm™'. This peak disappeared after 600 s of continuous laser irradiation
as shown in figure 16 ¢), which pointed to a successful abstraction of the proton. To further proof
the effect of surface plasmons, a low incident laser power (20 pW) was used but no
deprotonation over time was observed which indicated that the intensity of surface plasmon was
too low to initiate this reaction.
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Figure 16: SERS spectra of, a) 2MPY after 600 s, b) 2-MPY*-H at time t=0 and c¢) 2-MPY"-H
after 600s of laser irradiation. The experimental parameters are: laser excitation =532 nm, laser
power =180 uW and integration time =1 s.



We also investigated the power dependent reaction rate by monitoring the band intensities of the
protonated and unprotonated 2-MPY. For this, the incident power was increased by five times
and at the same time the acquisition time was decreased by the same value. No variation in the
peak intensity was observed which demonstrated a linear behaviour of the reaction rate.

Furthermore, to exclude the effect of sample heating in the laser focus, a temperature dependent
study was performed. Similar to the protonation experiments of 4-MPY, the temperature of the
sample was increased up to 60° C at a low laser power where no deprotonation reaction takes (20
uW). Figure 17 shows the temperature dependent spectra but no change in the intensity of the
band of the protonated molecule was observed. The temperature at 20 uW was assumed to be
below 60° C and thus either the reaction was temperature insensitive or a higher temperature is
required for the deprotonation. Thus, under the present experimental conditions the
deprotonation was not initiated by the temperature but the surface plasmons at the nanoparticles
in the laser focus.

PN AUP

60° C

50°C

Intensity / arb. units

40°cC

30°cC

(3]
o
2]

2

1
1650 1550 1450
Wavenumber / cm™

Figure 17: Temperature dependent SERS of 2-MPY"-H at a laser power of 18 pW.

The sample for the TERS measurement was prepared as described for 4-MPY. TERS of 2-MPY
did not show any protonation reaction while deprotonation of 2-MPY "-H was faster compared to
SERS. Most likely it was again the large field confinement. In the gap between gold substrate
and silver tip that accelerated the reaction.
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3.4 Plasmonic dissociation at single molecule level

The dissociation of a molecule is a process of splitting or breaking bond yielding at least two
separate molecules. The breaking of molecular bonds is fundamental in chemical synthesis and
an important task for chemists and physicists in general. The present work shows how surface
plasmons allow the sensitive control of surface-adsorbed molecular dissociation.

A well known example for an intermolecular plasmon assisted reaction is the dimerization of p-
nitrothiophenol (p-NTP) to 4,4-dimercaptoazobenzene (DMAB) which has been earlier
demonstrated in our lab using SERS and TERS [8]. For a dimerization the distance between two
reactants is a crucial parameter. If the concentration of a p-NTP solution is low enough to
prevent the formation of a self-assembled monolayer during the adsorption process, the distance
of p-NTP molecules should become too large for an intermolecular reaction and no reaction
should occur. Then, any detected SERS signal could be related to a single or only to a few
isolated and non-interacting separated molecules. To proof this consideration experimentally, a
concentration dependent study was performed. In a first step, three different concentrations of
aqueous p-NTP solutions (10”7, 10 and 10° M) were mixed with a colloidal gold nanoparticle
dimer [117] containing solution.

Figure 18: Control strategy: a) very high (10> M) and b) very low (10 M) concentration of p-
NTP on gold dimer. At high concentrations neighbouring molecules can interact and dimerize in
SERS, while at very low concentrations the distance between neighbours is too large for a
dimerization.

Figure 18 shows schematically the concentration dependent coverage of p-NTP on a gold dimer
where two molecules are very close to each other (a) and can easily dimerize, while in (b) the
distance between the two molecules is too large for a dimerization.
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The SERS spectra of the measurements with different concentrations of p-NTP (107, 10® and
10° M) are shown in figure 19 a), b) and c) respectively. Figure 19 a) and b) show the
dimerization of p-NTP which is characterized by disappearance of the Raman band at 1332 cm™!

(Vno, )» and the appearance of new Raman bands around 1140 em (B, ), 1387 cm’!
(Vyy +Vey +Vae) and 1432 cm™ (v, +vy + B, )- These results demonstrate that with a 107

and 10® M concentration the gold surface is still densely covered with p-NTP molecules
enabling a dimerization.

a) 7 b)
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Figure 19: Concentration dependent spectra of p-NTP at a) 10”7 M, time t = 0 s and power = 30
uW, b) 10®* M, time t = 0 s and power = 300 pW and c¢) 10 M, time t = 0 s and power =3 mW.

Figure 19 c) shows the SERS spectrum of p-NTP at a 10° M solution. Here, no dimerization of
p-NTP to DMAB was observed as the peaks, which characterize the dimerization, are not visible
and shows that at a concentration below 10 M, dimerization can be inhibited. It was concluded
that the distance between p-NTP molecules in the plasmonic hot-spot of the GD was too large to
allow intermolecular reactions under these conditions. This finding is in accordance with the
estimated molecular coverage () of p-NTP on a single gold dimer that was estimated as

cu _ cuMapN,V

CGD MAu

n=

where c¢,, and cg;, are the molarity of p-NTP and GD nanoparticles, M ,, and M, refer to the

mass of Au and one single GD nanoparticle, respectively, N, is Avogadro’s constant and V' is

the volume of GDs solution in the preparation process. From the molecular coverage the average
distance between two p-NTP molecules can be calculated as

39



=R %
n

where R is the radius of the gold nanoparticle and » molecular coverage on a single nanoparticle
GD. The calculated average distance between two p-NTP molecules at 10 M is 32 nm, which is
large enough to prevent the dimerization.

Time dependent spectra of p-NTP were measured at the concentration of 10° M. Figure 20 a)
shows the spectrum at t = Os which corresponds to p-NTP but after a while of continuous
irradiation a change in the spectra was observed. Finally, after 30 min a completely new
spectrum as shown in figure 20 b) was detected, which remained stable. This spectrum agreed
with that of TP. Obviously, the nitro group was split off and replaced by a hydrogen atom, most

a) b)
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Figure 20: Spectrum of p-NTP at 10° M concentration with 3 mW laser power using 633 nm
laser at a) t = 0s and b) after t = 30 min. The latter can be assigned to thiophenol.
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probably the hydrogen derived from the surrounding water layer that was ubiquitously present
under ambient conditions.

In conclusion, the work shows the dissociation of p-NTP near the single molecule level. From
the spectra a dissociation of p-NTP to TP was concluded at low concentration where the distance
between p-NTP molecules adsorbed on single isolated gold dimers became too large for a
dimerization.
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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 full-width-half-maximum
(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

50




Communication

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 h in 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 pL of 5 x 10> 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, ie. 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 cm™ " 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, c) 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. 6

(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 pW 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 assighment. 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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Localized protonation of 4-mercaptopyridine (4-MPY), activated by
light in the presence of silver nanoparticles is monitored under
ambient conditions using surface-enhanced Raman scattering
(SERS) and tip-enhanced Raman scattering (TERS). The reaction
can be controlled by the excitation wavelength and the atmo-
spheric conditions, thus, providing a tool for site-specific control
of protonation.

Coupling of electromagnetic radiation under specific condi-
tions to a metal-dielectric interface results in surface plasmons
(SP), which play a key role in many areas like biosensors,"> DNA
sequencing,®* plasmon microscope,®” dissociation of H,,” splitting
of water’™" etc. Controlling chemical reactions by light-induced
catalytic processes is a long-standing goal in physical chemistry.
Recently, surface plasmon induced chemical reactions are gaining
much attention. For instance, reduction reaction,"** oxidation
reaction'*"* and pH dependence'®'” have been reported. In this
communication we will focus on the reaction of an immobilized
pyridine compound as an example for a plasmon assisted
protonation.

To our knowledge, this is the first experimental report
discussing a protonation reaction induced by surface plasmons
under ambient conditions (Scheme 1). The experiments were
performed under ambient conditions and we hypothesize that
the proton generation is based on the dissociation of atmo-
spheric water. Dissociation of atmospheric hydrogen seems
unlikely, however, cannot be entirely excluded at present.
The hypothesis is confirmed by SERS experiments under inert
atmosphere (argon) where no protonation signature was
observed.
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Pushkar Singh® and Volker Deckert**°

Scheme 1 Protonation of 4-MPY in the presence of metal nanoparticles
and light.

In the present study 4-mercaptopyridine (4-MPY) was chosen
as a model compound for plasmon induced protonation. The
adsorption of 4-MPY on metal surfaces can occur via three
potential sites (1) the sulphur function, (2) via lone pair
electrons of the nitrogen and (3) via aromatic n-electrons of
the ring. Previous studies on different metal surfaces (Ag, Au
and Pt) strongly suggest the binding of 4-MPY through the S
atom by cleavage of the S-H bond."*"*" Furthermore, pH dependent
surface enhanced Raman scattering (SERS) studies of 4-MPY show
that at pH > 12 the unprotonated (UP) compound is observed.
This is indicated by a single Raman peak at 1575 cm ™" (ring
stretching mode with unprotonated nitrogen). Decreasing the
PH < 1 results in a loss of this peak while, at 1608 cm™* a new
signal appears, that is assigned to ring stretching mode with a
protonated nitrogen (PN).'®?%?*”>* protonation on SERS sub-
strates has been studied on various molecular systems*>>>>”
using different experimental techniques and all these studies
show a pH dependency. Generally, the protonation is reversible
and depending on the pH conditions, protonation and deproto-
nation can be observed.

For the detailed investigation of such surface dependent reac-
tions, a site specific detection at single molecule level would be
extremely valuable. Tip-enhanced Raman scattering (TERS) pro-
vides a tool to investigate structural information of surfaces with
nanometre resolution using a plasmonic hot spot at a scanning
probe tip to probe the sample interface. The electromagnetic field

This journal is © The Royal Society of Chemistry 2014
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(a) Selected time-dependent SERS spectra of 4-MPY under 532 nm/125 uW laser radiation, acquisition time of 1 s. (b) SERS intensity plot of the
. (c) Integrated peak intensity of the protonated peak in green and unprotonated peak in blue.

The bands are assigned as 1006 cm™* (ring breathing), 1092 cm™* (ring breathing/C-S), 1211 cm~* (B(CH)/3(NH)), 1575 cm* (ring stretching mode with
unprotonated nitrogen (UP)) and 1608 cm ™! (ring stretching mode with protonated nitrogen (PN)).

enhancement at this hot spot leads to a Raman signal enhance-
ment of several orders of magnitude and even single molecule
sensitivity has been demonstrated.”*** Recently it has been shown
that surface plasmon induced chemical reactions can be monitored
using TERS under ambient conditions and also under ultrahigh
vacuum conditions.'>"* In the present study we use a combined
SERS and TERS approach to investigate the protonation of 4-MPY.

Initially SERS spectra of 4-MPY adsorbed on silver island
films using a laser wavelength of 532 nm at 125 p©W were
measured over several minutes. Fig. 1a shows 10 selected spectra
measured at different time-points. Initially Raman band at
1575 em™" (indicating the unprotonated compound) with high
intensity and a very small protonated band at 1608 em™" is
visible. Gradually the Raman band at 1608 cm™' increases
indicating the protonation of 4-MPY. Thus a conversion from
unprotonated to protonated 4-MPY is monitored. Fig. 1b clari-
fies this conversion in the form of a colour coded intensity plot.
The results suggest that a proton source must be present, as no
further reaction of the 4-MPY (e.g. decomposition) could be
detected. Different hydrogen containing components in air
could be responsible for the observations. As the dissociation
of H,® and H,0°"" under surface plasmon conditions were
already shown, this further strengthens our assumption of
protonation of 4-MPY using surface plasmon under ambient
conditions. Fig. 1c shows the intensity of unprotonated and
protonated peak as time progresses. One can see that the
intensity of the protonated peak increases initially and reaches
to a maximum. We also noticed that the intensity of different
peaks shown in Fig. 1a decrease as time progresses. This could
be attributed to an oxidation of the silver island film during the
measurement. This effect will not be discussed further as it will
not affect the main conclusion of this work.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) Time-dependent SERS spectra of 4-MPY under a continuous
flow of argon during the experiment. Laser excitation at 532 nm/150 pW,
integration time 1 s. (b) Colour coded intensity plot of same series in
wavenumbers range from 1550-1630 cm™*. No protonation is observed.

Considering H,O or H, under ambient as a possible hydrogen
sources required for the surface plasmon induced protonation
reaction, we performed time dependent measurements under a
continuous flow of argon. Fig. 2a shows the time development of
10 spectra at different times-points. The data clearly indicate
that no protonation takes place. Fig. 2b shows all time depen-
dent SERS spectra as a colour coded intensity plot.

It has been shown experimentally and theoretically that silver
nanopatrticles generate higher electromagnetic field enhancement
under 532 nm radiation compared to 632 nm as the resonance
wavelength of the silver nanoparticles (diameter 100 nm) used in the
present study is very close to 532 nm.**** Consequently, employing
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Fig. 3 (a) Colour coded SERS intensity plot of 4-MPY under 532 nm laser
radiation with laser power of 50 uW with an integration time of 2 s, clearly
show protonation as a function of time. (b) SERS intensity plot of 4-MPY
under 632 nm/50 pW laser radiation, integration time 4 s; no protonation is
observed (c) SERS intensity plot of 4-MPY under 532 nm/18 pW laser
radiation, integration time of 10 s; under low power conditions no proto-
nation is observed either.

the same incident laser power (50 pW) and 632 nm laser
excitation (Fig. 3b) compared to 532 nm (Fig. 3a), no protonation
could be detected, thus the intensity of the surface plasmon with
632 nm excitation is not sufficient to start the reaction. Low
power (18 pW) of 532 nm laser excitation (see Fig. 3¢) shows also
no protonation signature. Thus a minimum intensity of surface
plasmon is the decisive factor to initiate the protonation which
can be controlled using either incident laser power or excitation
wavelength.

The results of different excitation wavelengths at 50 pw
further imply that the protonation reaction is not induced due
to a temperature increase in the laser focus since under same laser
power the temperature should be approximately the same. To further
investigate the temperature dependence we performed temperature
dependent experiments. A low incident power (12 pW @ 532 nm)
was used such that no protonation could be observed at room
temperature, increasing the temperature of the substrate up to 60 °C
(data not shown), did not yield the protonation either.

In comparison to SERS where many nanoparticles are pre-
sent in the laser focus and contribute to the overall Raman
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signal, in tip-enhanced Raman scattering (TERS) the signal is
generated from a silver coated AFM tip of about 10 nm in radius
and thus reducing the enhancing unit to a single nanoparticle.
In a TERS experiment the silver coated AFM tip is positioned in
the laser focus, thus only one specific plasmonic feature con-
tributes to the signal. In order to warrant similar conditions a
monolayer of 4-MPY was immobilized on a flat transparent gold
nanoplate®®?” (see ESI} for detail).

Fig. 4a shows 10 selected TERS spectra under ambient
conditions and Fig. 4b shows the time-dependent TERS spectra
plotted as a colour coded intensity plot. Interestingly under
TERS conditions a much faster protonation of 4-MPY was observed
compared to SERS. A control TERS measurement was also per-
formed under inert atmosphere. Fig. 4c shows 10 selected spectra
of TERS measurement under inert atmosphere at different time-
points and Fig. 4d shows the corresponding time dependent TERS
spectra plotted as a colour coded intensity plot. The results nicely
confirm the role of atmospheric conditions as seen in the SERS
experiments. The difference between Au and Ag as the binding site
has surprisingly little effect to the band positions of the protonated
and unprotonated peaks.

With respect to the “instantaneous” protonation, previous
theoretical and experimental studies showed that field confine-
ment between two metal nanoparticles leads to an increased
enhancement.*®*° This effect also occurs in a particle-on-metal-
surface geometry (‘“gap-mode”) as in the case of the TERS
experiment. Furthermore the tip-sample nanogap allows an
efficient electron transfer from tip to sample.***' These effects
can explain a faster protonation under TERS conditions with
very defined and optimized geometry, whereas under SERS
conditions many sites with different efficiencies contribute to
the overall signal changes. Hence, in the case of the SERS
experiments a gradual protonation is observed. To exclude any
power related aspects a SERS experiment also using 650 pW
(data not shown) was done and a comparable behavior regard-
ing an increase in the reaction rate was observed which also

1570

e P
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(a) Time-dependent TERS spectra of 4-MPY under ambient conditions (excitation 532 nm/650 uW; integration time 5 s), (b) colour coded
, (c) time-dependent TERS spectra of 4-MPY under argon (excitation 532 nm/

-1
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agrees with recent power dependent SERS measurement on
4-MPY.>* We also like to note a difference in the appearance of
a broad peak around 980 cm™' in TERS measurements. This
peak is due to silicon tip and its nature changes from tip to tip.
Since the TERS experiments with and without argon were
performed with different tips, a direct comparison regarding
the spectral background is difficult.

In conclusion, we report the experimental observation of
protonation reaction under ambient condition using 4-MPY as
a model system. While the actual mechanism of the protona-
tion cannot be revealed with the presented experiments, it
demonstrates the conditions under which the surface catalytic
reaction can be controlled. The control experiment under a
continuous flow of argon confirms that atmospheric H,O
(H, cannot be fully excluded yet) acts as a potential proton
source required for the reaction. The study further demon-
strates that the intensity of the surface plasmon is a key factor
to initiate the protonation reaction. The TERS experiments not
only confirm the findings of the SERS, but also demonstrate a
site specific protonation catalyst that can be located at specific
sites and synchronously act as a structurally specific sensor.
Interestingly, despite the lower number of plasmonic particles
in the case of TERS the protonation happen much faster compared
to SERS. This can be attributed to large electromagnetic fields
produced in the metal-metal nanogap between tip and substrate
and an efficient electron transfer. Consequently, the observed
reaction depends more on the specific nanoparticle activity rather
than the number of particles. This opens interesting perspective
for site specific protonation with nanometre control.
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All SERS and TERS measurements are performed with an experimental setup described
previously.! Laser radiation is focused using an oil immersion microscope objective (40X,
1.35NA, Olympus). The scattered signal is collected with the same objective and passes through
a dichroic mirror and notch filter before it enters the spectrometer (Acton Advanced SP2750 A,
SI GmbH, Germany). The control experiments under continuous flow of argon and temperature
dependent studies are performed in a Biocell (JPK, Germany).

SERS active silver island film were prepared by evaporation of silver on cleaned glass plate
according to the literature.? A drop of 5x10-3 M ethanolic solution of 4- MPY was put on SERS
substrate and then dried and washed with ethanol to remove any unattached molecules on the
surface.

For the TERS measurements the synthesis of gold nanoplates on cleaned glass substrate was
performed according to a previously described method.? A self-assembled monolayer of 4-MPY
was prepared by immersing the gold nanoplate substrate for 22 hours in a 5x103 M ethanolic
solution and washed with ethanol before the measurement. For the TERS measurement silver
coated non-contact AFM tips (ND-MDT, NSG10) were used. 20 nm of silver was evaporated
onto the tips following Ref 2.
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Plasmon induced deprotonation of 2-mercaptopyridine

Pushkar Singh,? Tanja Deckert-Gaudig,* Zhenglong Zhang,® and Volker Deckert ® ®*

# Leibniz Institute of Photonic Technology, Albert-Einstein-Str. 9, 07745 Jena, Germany.

® Institute of Physical Chemistry and Abbe Center of Photonics, Friedrich-Schiller University Jena,
Helmholtzweg 4, 07743 Jena, Germany

Email: volker.deckert@jipht-jena.de

Surface plasmons can provide a novel route to induce and simultaneously monitor selective bond
formation and breakage. Here pH-induced protonation, followed by plasmon-induced
deprotonation of 2-mercaptopyridine was investigated using surface- and tip-enhanced Raman
scattering (SERS and TERS). A large difference in the deprotonation rate between SERS and
TERS is demonstrated and discussed with respect to hot-spot distribution.

The pathway of a chemical reaction can be controlled by varying the experimental
conditions such as temperature, concentration, pH or, a recent development, by the application of
laser induced surface plasmons. Plasmon induced catalysis is an emerging approach to induce
chemical reactions and can for instance be applied to protonation and/or deprotonation reactions,
which are observed in many homogeneously catalyzed reactions.' The background of this type
of catalysis is the photo-induced plasmonic activity of metal nanostructures. In such experiments
an increasing catalytic turn-over rate of different reactions like dimerization of p-
nitrothiophenol,'® ! p-aminothiophenol,' 13 or the protonation of 4-mercaptopyridine'* can be
observed. Furthermore, the breaking of bonds by abstracting molecular hydrogen,'> splitting of
water,'® 17 oxidation'® ' or the dissociation®® of molecules can also be realized by surface
plasmons. Such reactions would otherwise need extreme conditions like e.g. very high

temperatures or short excitation wavelengths.?!*

Laser irradiation of metal nanoparticles at their plasmon resonance leads to an efficient
generation of collective oscillations of free conduction band electrons at the surface of the
nanoparticles. As a result, localized surface plasmon resonances are generated.”* 2° In general,
surface plasmons can locally enhance the electromagnetic field by many orders of magnitude. In
combination with Raman spectroscopy, as realized in surface-enhanced Raman scattering
(SERS) or tip-enhanced Raman scattering (TERS), such nanostructured surfaces yield a huge
signal enhancement of the sample.?® 2’ For more details on both methods it is referred to ref. 28
and ¥,

In this study, we experimentally demonstrate that surface plasmons can induce a
deprotonation reaction. In our approach, the model system 2-mercaptopyridine (2-MPY) was
protonated (2-MPY-H+) at low pH conditions prior to adsorption on the substrate. Subsequent
deprotonation was achieved by exposing the pyridinium cation to surface plasmons.

62


mailto:volker.deckert@ipht-jena.de

In a previous study we reported that 4-mercaptopyridine (4-MPY) can be protonated
under ambient conditions utilizing surface plasmons.!* There, the protonation of 4-MPY
immobilized on a silver island film under ambient conditions was tracked using SERS. The
intensity increase of the ring stretching mode associated with the protonated nitrogen and the
simultaneous intensity decrease of the ring stretching mode corresponding to the unprotonated
nitrogen was observed. 2-MPY differs from 4-MPY only by the thiol group position with respect
to the nitrogen in the pyridine ring. Nevertheless, the position of the nitrogen atom (para vs.
ortho) is decisive for the different chemical behavior of 2-MPY and 4-MPY, as it will be
demonstrated using SERS and TERS techniques.

In the SERS case, all molecules attached to a nanoparticle that are in the laser focus
potentially can contribute to the signal while in TERS only molecules directly underneath the tip
apex experience a signal enhancement. Furthermore, a previously detected faster reaction rate
under TERS condition'* needed to be further investigated.

7\ 7\
= "=
S

4h ‘19

Scheme 1: Surface plasmon induced deprotonation of 2-MPY-H+ generated under low pH
conditions.

The instrumental setup for the SERS and TERS used in this work has been described in
detail previously.>® A 10~ M ethanolic solution of 2-MPY or a 10> M ethanol-water solution,
either at pH 7 or pH 1.3, was used for SERS and TERS sample preparation. For SERS, 2uL of
the solution was drop cast on a silver island film, dried, and washed with ethanol to remove any
unbound molecules. In the TERS study gold nanoplates were immersed in the respective solution
for 20 h and then washed with ethanol. Figure 1 shows SERS spectra (@532nm, P=180uW) of
2-MPY at different time-points. A gradual intensity decrease of all bands indicates a slow
degradation (probably oxidation) of the silver island film, since the measurements were carried
out under ambient conditions. This effect did not further interfere with the experiment and can be
accounted for by normalization procedures. The main interest was the behavior of the band at
1574 cm™, a marker for the unprotonated pyridine ring (UP). The constant intensity of this peak
over 600 s indicates that 2-MPY was stable and was not protonated under atmospheric SERS
conditions. In case of a protonation, an additional
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Figure 1: Selected time-dependent SERS spectra of 2-MPY adsorbed from ethanolic solution
(pH 7) on a silver island film with 180puW@532nm, acquisition time: 2 s / spectrum. Band
assignment: 1000 cm-1(ring breathing), 1048 cm™ (B(C-H)), 1082 cm™ (B(C-H)), 1116 cm’!
(ring breathing / v(C-S)), 1546 cm™ (v(C=C)) and 1574 cm™ (ring stretching mode with
unprotonated nitrogen(UP)).>!*3 No band at 1605 cm™! (indicator for protonated 2-MPY (PN))
was detected.

peak around 1605 cm™, a marker for the protonated pyridine ring (PN), would have been
observed. Hence, in contrast to the previously studied 4-MPY, no protonation occurred for 2-
MPY under similar surface plasmons conditions. Structurally, a different binding situation of 2-
MPY on the silver nanoparticles can be considered for the different behavior. When the covalent
Ag-S bond is formed during immobilization, the nitrogen atom of the tilted 2-MPY will be close
to the metal surface resulting in additional Ag-N interactions. Such interactions clearly obstructs
the access to the nitrogen atom. Even when the SERS experiment was repeated at a higher
incident laser power (up to 1 mW), a protonation was never observed (data not shown here).

In a subsequent experiment 2-MPY was drop cast as indicated above, but this time from a
pH 1.3 solution on a silver island film. The investigation under otherwise similar conditions as
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before indicates that a new peak at 1605 cm™ could be detected (see Fig. 2). The presence of this
peak indicates that a protonated compound, 2-MPY-H+, exists right from the beginning. As time
progressed the relative intensity of this peak decreased and after 500 s it finally disappeared, thus
clearly indicating a complete reversal of the protonation.

PN [|UP
600 s

500 s

400 s

300 s

i

200 s

Intensity / arb. units

100 s

0s

A T T AT Py
1800 1600 1400 1200 1000
Wavenumber / cm -1

Figure 2: Selected time-dependent SERS spectra of 2-MPY-H+ on a silver island film adsorbed
from pH 1.3 solution with 180uW@532nm; acquisition time 2 s / spectrum. The band at 1605
cm™! (indicator for protonated 2-MPY) was detected under low pH which is deprotonated under
surface plasmons.

Follow-up experiments addressed the laser power dependence of the deprotonation.
Below 25uW no deprotonation was observed, but above this threshold the deprotonation rate
increased linearly with increasing incident laser power. This observation indicates that either
temperature in the laser focus, which correlates to the incident power, or the photon flux
determines the reaction rate.

To exclude temperature effects due to sample heating in the laser focus, experiments
were performed at various temperatures. Figure 3(a) shows the intensities of protonated and
unprotonated bands as a function of temperature. No intensity change of these peaks was
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observed. Here, the laser power was kept at 20uW, which was just below the minimum value to
initiate a deprotonation at room temperature. Heating the sample up to 60°C did not change the
2-MPY-H+ spectra, pointing to the stability of the N+-H bond. Since the temperature in the
focus at 20 uW was presumably below 60°C we concluded that the reaction is either temperature
independent or higher temperatures are needed to abstract the proton. Consequently, under the
present experimental conditions the rate of deprotonation is not determined by the temperature
but by the surface plasmons generated in the laser focus. Figure 3(b) shows the relative
protonated and unprotonated peak intensities measured at different incident laser powers (50,
100, 125 and 250 pW). To keep the radiant fluence constant, measurements were done at
different time points (250, 125, 100 and 50s), respectively. No variations in the peak intensities
of protonated and unprotonated species were observed which shows that the reaction rate
depends only on the radiant fluence.
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Figure 3: Normalized intensities of (a) protonated (PN) and unprotonated (UP) band measured
during the temperature-dependent SERS of 2-MPY-H+ on a silver island film adsorbed from
pH=1.3 solution. No variation in band intensities at different temperatures was observed. All
spectra were measured with 20uW@532nm acquisition time 5 s / spectrum. (b) Variation in the
intensity of PN and UP bands for 4 different incident powers (50, 100, 125 and 250uW)
measured at different times (250, 125, 100 and 50 s), demonstrate that the reaction rate depends
on the radiant fluence.

Finally, the protonation/deprotonation of 2-MPY was investigated with TERS to examine
if a single silver particle is capable to initiate either both or neither reaction. Such a local
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controllability essentially would allow confining the reaction to any selected position on the
sample substrate. For the TERS measurements 2-MPY was immobilized on transparent gold
nanoplates from either a pH 1.3 solution or directly from ethanolic solution. The gold surface
was used to uniformly adsorb the thiol to the substrate and thus generating a gap-mode
configuration.?> 3¢ From the neat ethanol solution merely the unprotonated species was detected
(see Figure 4a). Similarly, to the SERS experiments also for TERS no protonation signature was
observed for more than 200 s at (excitation at 532nm and 620uW at sample, time-series data not
shown). In contrast, the same sample preparation from the acidic medium yielded 2-MPY-H+
signals only for a short time (see Figure 4b) and complete deprotonation occurred already after
15 s (see Figure 4c). This faster reaction corresponds with previous protonation experiments and
confirms the hypothesis that the gold-silver gap in TERS provides a uniform reaction center with
a high turn-over rate. The average particle orientation / gap formation of the SERS substrate used
here in contrast seems to yield much less efficient reaction sites.

PN [uUP
(c)
H

(b)

Intensity / arb. units

(@

76007400 7200 7000"
Wavenumber / cm’!

Figure 4: TERS spectra of (a) 2-MPY, (b) 2-MPY-H+ on an ultra-flat gold nanoplate adsorbed

from pH 1.3 solution at time t=0 and (c) 2-MPY-H+ after 15 s of continuous irradiation, showing

the complete deprotonation of the species. All spectra were measured at 620uW@532nm;
acquisition time 5 s / spectrum.
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The experiments clearly show the surface plasmon induced deprotonation of 2-MPY
under SERS and TERS conditions. A comparison of reaction rate under SERS and TERS shows
a faster reaction of 2-MPY under TERS which was also observed in our previous work.'
Moreover, comparison of reaction rate for these two molecules under TERS shows a faster
reaction for 4-MPY.

The difference in the reaction rate of these molecules under TERS conditions can be
explained by a charge-transfer model where the electron transfer from the tip to the nitrogen
atom of the pyridine ring determines the rate of chemical reaction. In the case of 4-MPY the
nitrogen atom, which is far away from the gold substrate, faces the tip and presumably a direct
electron transfer to the nitrogen facilitates the binding of a hydrogen proton. In case of 2-MPY,
direct tip-nitrogen atom interactions are sterically hindered by the orientation of the pyridine ring
on the gold surface and also due to increase in the distance between them, which leads to a
slower reaction rate compared to 4-MPY.?" 3 The faster reaction under TERS compared to
SERS is attributed to the higher enhancement in the nanogap between two metals (Ag-tip and
Au-substrate) and the effective charge transfer in the tip-sample geometry.>*-*

In conclusion, we experimentally demonstrated that 2-MPY cannot be protonated in the
presence of surface plasmons in SERS nor TERS due to strong substrate-nitrogen interactions.
As expected 2-MPY can be protonated chemically under low pH conditions and this resulting
pyridinium cation can be deprotonated in the presence of surface plasmons on a silver island
film. To exclude photo thermal mechanisms by sample heating a temperature dependent study
was performed. Increasing the sample temperature up to 60°C and keeping the laser power
constant did not change the reaction rate, which indicates that the deprotonation reaction is
temperature independent, at least under the specific reaction conditions. The faster reaction rate
for the TERS experiments can be attributed to a large field confinement between metal-metal
nanogap and charge transfer properties under experimental geometry. The higher laser power
used in the TERS experiment (compared to SERS) increased the reaction rate, which is apparent
in the linear increase of the reaction rate with radiant fluence. A plausible explanation of the
slower plasmon induced reaction kinetics of 2-MPY compared to 4-MPY in TERS is due to
change in charge-transfer properties. A faster reaction of 4-MPY can be understood as direct
electron transfer from the tip to the nitrogen atom as they are in direct vicinity. In contrast, the
position of the nitrogen atom in 2-MPY is far away from the tip, which prohibits a direct electron
transfer and leads to slower reaction compared to 4-MPY.

Financial Support from the European Union and the state of Thuringia (FKZ: 2011 FE
9048; 2011 VF 0016) and COST Action MP1302 “Nanospectroscopy” as well as through the
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Surface plasmons on isolated gold dimers can initiate intermolecular
reactions of adsorbed p-nitrothiophenol. At the single molecule level
when dimerization is not possible an intramolecular reaction can be
observed. Experimental evidence indicates that plasmon-induced
hot electrons provide the required activation energy.

In the presence of surface plasmons molecular chemical reactions
can be investigated at the nanoscale, as it has been demonstrated
for a variety of catalyzed systems."™® Recently, plasmon catalyzed
dimerization of p-nitrothiophenol (pNTP) to 4,4-dimercaptoazo-
benzene (DMAB) has been realized using surface-enhanced
Raman spectroscopy (SERS) and tip-enhanced Raman spectro-
scopy (TERS).>”® For any dimerization the distance between the
reactants is decisive. If the distance between pNTP molecules
gets too large a dimerization reaction cannot occur. In this case
the question arises, whether surface plasmons can initiate a
further intramolecular reaction like dissociation or rearrangement.
To address this issue, a detection sensitivity of signals from a few or
ultimately even a single educt molecule is required. In our experi-
ments we employed SERS, which is widely used for noninvasive
detection, biological and chemical sensing.”>> In SERS laser
irradiation of silver or gold nanoparticles induces localized surface
plasmon resonances at the nanostructured surface generating
enhanced electromagnetic fields.”®> If molecules are brought in
closest vicinity to such nanoparticles (e.g. by adsorption) a large
enhancement of the Raman scattering signal can be observed.
Using the junctions or gaps of nanoparticles, so-called “hot spots”,
very high enhancement factors (~10%) can be achieved, providing
sufficient signal enhancement for single molecule detection. There-
fore such junctions are ideally suited for the intended reactivity
detection.””
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In previous studies, it was found that the plasmon catalyzed
intermolecular reaction of pNTP (adsorbed on gold or silver
nanoparticles) to DMAB can be controlled by laser intensity.**
A higher laser intensity generates a stronger plasmon resonance
with higher kinetic energy yielding an increased reaction rate. If
the concentration, however, is low enough to prevent clustering
and self-assembly, the distance of pNTP molecules adsorbed on
the nanoparticles should become too large for an intermolecular
reaction and no reaction should occur even at high laser powers.
Then, any detected SERS signal can be related to single or only a
few isolated and non-interacting separated molecules.

In this communication, single gold nanoparticle dimers were
employed for SERS detection of pNTP molecules. In the presented
experiments a so far unknown behavior of pNTP could be
monitored, which strongly differs from previous reports as
separated pNTP molecules exclusively reacted to thiophenol
(TP), and is a new finding in surface catalyzed experiments. In
addition, a step-like signal intensity change during the process
strongly indicates that the dissociation reaction of pNTP to TP
occurs at or close to a single molecule level.

As shown in Fig. 1, SERS active gold nanoparticle dimers (GDs)
were prepared using a wet chemistry method.”® Further experi-
mental details can be found in the ESI.{ In order to achieve SERS of
separated molecules, three different concentrations of aqueous
PNTP solutions (5 x 1077, 10~% and 10~° M) were mixed with

—
Sum

Fig. 1 (a) SEM image of gold nanoparticle dimers spin-coated onto a
silicon wafer, (b) a single gold nanoparticle dimer on glass as used in the
SERS measurement (inset: optical image of the selected nanoparticle
dimer, which is placed in the center of the laser focus).
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Fig. 2 (a)—(c) SERS spectra of 1077 M pNTP excited at 3, 15 and 30 pW
laser power, respectively. (d)—(f) SERS spectra of 10°® M pNTP excited at
0.015, 0.15 and 1.5 mW laser power, respectively. The dotted red curves in
(c) and (f) refer to spectra after continuous irradiation for 5 minutes.

a gold nanoparticle dimer colloidal solution. The dimerization
of pNTP to DMAB is characterized by the disappearance of the
Raman band at 1332 cm™* (vno,), and the appearance of new
Raman bands around 1140 (f¢-y), 1387 (vnn + Vee + Ve-n) and
1432 (Unn + Ve + Pen) em ™!, which are related to the -N—=N-
unit of DMAB.”

First, SERS experiments of the 1077 M pNTP-GD mixture
were made with increasing laser intensity. Starting with 3 pw
(see Fig. 2(a)) only the three main peaks of pNTP were detected
in the SERS spectrum. Increasing the laser power to 15 uW and
30 pW, respectively, dimerization of pNTP to DMAB was verified
by the afore-mentioned bands at 1140, 1387 and 1432 cm '
(Fig. 2(b)). Fig. 2(b) and (c) indicate also that an increased laser
power yields a higher reaction rate. After continuous irradiation
for 5 min almost all pNTP molecules in the laser spot have
reacted to DMAB (see dotted red curve in Fig. 2(c)).

In the next experiment the 10~® M pNTP-GD mixture were
investigated, all other experimental parameters except the laser
power as stated below remained unchanged. The corresponding
SERS spectra are shown in Fig. 2(d)-(f). Similar to the previous
experiment, a dimerization of pNTP to DMAB occurred, however,
higher laser intensities (150 pW) were needed to initiate the
reaction. The results of both experiments demonstrate that with
1077 M and 10~® M pNTP solutions the gold surface is still
densely covered with pNTP molecules enabling a dimerization.

For the final experiment a 10~° M pNTP solution was used.
The resulting SERS spectra are shown in Fig. 3(a)-(c). During
these measurements no dimerization of pNTP to DMAB was
observed. Even at highest laser power (3 mW) for one hour (see
Fig. 3(d)—(h) and for the full trace ESI,} Fig. S1) no DMAB signals
could be detected. It was concluded that the distance between
PNTP molecules in the plasmonic hot-spot of the GD was indeed
too large to allow intermolecular reactions under these condi-
tions. That the reaction of pNTP to DMAB could not be initiated
even after 1 hour of continuous irradiation, indicates that SERS
signals from only a few separated molecules in the hot-spot were
acquired. This finding is in accordance with the estimated
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Fig. 3 (a)-(c) Laser intensity dependent SERS spectra excited at 0.03, 0.15

and 3 mW laser power, respectively. (d)-(h) Time dependent SERS spectra
at 3 mW laser at the sample.

molecular coverage n of pNTP on a single gold dimer that was
estimated as follows:

nm ™M MAu
n=—=—=¢y/———— (1)
nGp  ¢GD mgp - Na -V

where ¢y and cgp are the molarity of pNTP and GD nanoparticles,
ma, and mgp refer to the mass of Au and one single GD nano-
particle, respectively. N, is Avogadro’s constant; V is the volume of
GDs solution in the preparation process. According to the SEM
images the diameter of gold nanoparticles is about 40 nm, and the
molarity of the GDs solution is about 3.7 x 10~'° M. Consequently,
there are approximately 1000, 100 and 10 molecules absorbed on a
single nanoparticle dimer for the respective 1077, 10~° and 10° M
solutions. Since not all molecules can be absorbed on GDs in the
experiment, the actual number of molecules on average will be
even lower in the experiments. From the absence of dimerization in
the low concentration case we can also conclude that the molecules
do not cluster and are statistically absorbed on the GD surface. The
average distance d between two molecules can be estimated as

d = Ry/8n/n. @)

R is the radius of the gold nanoparticle and »n is the number of
molecules absorbed on single nanoparticle dimer, which can be
calculated by eqn (1). The calculated distances between two mole-
cules of 1077 and 10~® M are ~3 nm and 10 nm, respectively,
which is either close enough for two pNTP molecules to dimerize to
DMAB or, more likely, at such distances collisions happen often
enough for a dimerization. But for the 10~ ° M solution, the average
distance between two molecules is ~32 nm, which is obviously
preventing the dimerization of two pNTP molecules. Thus, SERS
spectra of separated pNTP and the absence of DMAB molecules at
the lowest concentration used here can be explained.

Probably the most striking observation in the SERS experiments
of pNTP at 10~° M was an intensity decrease of the dominating band
at 1332 cm ™’ (no,) over time. This peak disappeared after 10 min,
simultaneously a new peak at 1017 cm™* was detected after 5 min,
as shown in Fig. 3(d)-(h). Since the NO, mode of pNTP disappeared,
we hypothesize that the nitro group was cleaved from the benzene

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) Time dependent SERS spectra of reacting pNTP (c = 107° M) at
3 mW laser at 2, 6 and 30 min. (b) and (c) normal SERS spectra of TP and
PNTP, respectively.

ring in the hot-spot of the gold dimer resulting in the formation
of thiophenol (TP). Comparing SERS spectra of neat TP (Fig. 4(b))
with “pNTP on GDs” spectra from late stages (see Fig. 4(a) and
also Fig. 3(h)) it is obvious that the new bands at 995 (fccc) and
1017 (Ben) cm™ ' as well as the bands at 420 and 685 cm ™' in
the low wavenumber region match those of TP strikingly
well (see also ESLt Fig. S3). The necessary hydrogen atom for
the formation of TP was most probably abstracted from the
surrounding water layer that was ubiquitously present since
PNTP was adsorbed from aqueous solution and the experiment
was performed under ambient conditions.

The experimental data demonstrate that a dissociation of
PNTP to TP proceeds under our special SERS conditions at a
concentration of 10~° M (corresponding to a surface coverage
of ~10 pNTP molecules per dimer). These results clearly differ
from the dimerization reaction of pNTP to DMAB. The light
induced dissociation of nitro substituted aromatic molecules is
not new but usually requires drastic conditions. For example,
the -NO, group in nitrobenzene and nitrophenol can be
cleaved using UV excitation.”' The required dissociation
energy of the C-N bond is ~3.03 eV,”® which is higher than the
energy provided by the incident photon of 632.8 nm (1.96 eV). The
power dependent experiments in Fig. 3 show no nonlinear increase
of the products, so nonlinear optical effects including two/multi-
photon absorption can be ruled out. Hence, the activation energy is
too large to be simply overcome by the excitation laser. However,
localized surface plasmons excited on silver or gold nanoparticle
surfaces can decay non-radiatively into hot electrons with an energy
between the vacuum energy and Fermi level (~—5 €V).*>* Hot
electrons can scatter into an excited state of the absorbed
molecules, triggering a chemical reaction by reducing the activa-
tion energy.** Applied to the present reaction our hypothesis is
that plasmon-induced hot electrons initiate -NO, cleavage from
the phenyl ring. A scheme of the proposed mechanism is shown
in Fig. 5. Initially, hot electrons generated from plasmon decay
on the nanoparticle surface, soon lose coherence and form a

This journal is © The Royal Society of Chemistry 2015

Communication

Excited state
.
——
A —
jm—v——
i
E; :
I
1.96 eV !
I
| Ground state E
]
_
P
N
Plasmon decay ? > ?
Au
u

Fig. 5 Proposed mechanism of plasmon (hot electron) catalyzed dissociation
of pNTP to TP.

nonequilibrium Fermi-Dirac type distribution.® The hot electrons
in the high energy level have sufficient energy to transfer to the
excited state of pNTP molecule, creating a transient negative ion of
PNTP. This negative ion “travels” to the excited state of TP and
transfers the electron back to the GD surface, where it returns to
the ground state of TP and dissociates.

It should be noted that the simultaneous detection of pNTP
and TP in Fig. 4(a) - spectrum at 6 min - actually points to the
presence of at least two molecules in the hot spot. Although the
experiment was performed at a very low concentration it cannot
be regarded as ‘“single molecule” SERS in the classical sense.
According to the time dependent SERS spectra, the peak intensity
change vs. time is shown for the pNTP band at 1332 cm™ ', and the
TP band at 1017 cm ™ in Fig. 6, respectively. It was found that three
clear steps can be discerned: first, some molecules of pNTP were
detected in the first 5 min of the measurement; after 5 min, half of
the pNTP molecules reacted to TP; the remaining pNTP molecules
reacted after 8 min. After that no significant change occurred in the
remaining experiment (60 min). Consequently, it can be assumed
that two distant, non-interacting molecules were detected in the
hotspot of a single GD because both pNTP and TP were detected
between 5-8 min. Apparently, the two molecules were too far apart
from each other for an intermolecular reaction, and instead an
intramolecular reaction was initiated. Because of the step-like
reaction process, the other possibilities of having 4-2-0, 6-3-0, or
8-4-0 molecules synchronously reacting seem very unlikely. The
involvement of even more molecules can be ruled out, as at 10 times
higher concentration dimerization already starts.

In summary, we present the detection of a new plasmon
catalyzed reaction of pNTP near the single molecule level.
A dissociation of pNTP to TP was detected at low concentration
where the distance between pNTP molecules adsorbed on
single isolated gold dimer became too large for a dimerization
reaction. In combination with the results with higher concen-
trations this further confirms a dimerization reaction of pNTP
to DMAB. In accordance with previous reports we assume that
plasmon-induced hot electrons provide the activation energy
necessary for such a dissociation of pNTP. The tracked step-like

Chem. Commun., 2015, 51, 3069-3072 | 3071
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Fig. 6 Step-like process of the dissociation of pNTP to TP.

process of the dissociation of pNTP to TP strongly indicates a
single molecule behavior. The results demonstrate that irradia-
tion of an adsorbate in a gold nanoparticle gap can decrease the
activation energy barrier such, that a reaction usually requiring
UV light can be triggered in the visible.
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Experimental details

Sample preparation. SERS active gold nanoparticle dimers were prepared using a wet chemistry method
(J Appl Phys, 2013, 113, 033102.). 200 pl of GD colloid solutions were added to 200 ul of pNTP in
aqueous solution (¢ = 5 x 10”7 — 10° M) for 2 hours. Then, 20 pl of the mixture were spin-coated onto

cleaned glass slides marked with position indicators, then dried in vacuum.

Measurements. SERS measurements were performed on an inverted microscope with a X100 objective
(NA=0.9, Olympus, Japan), using 632.8 nm laser excitation with a laser spot size of ~1 um. All spectra
were obtained from a single nanoparticle dimer placed in the center of the laser spot. A notch filter was
placed in front of the entrance of the spectrometer (SP2750i, Princeton Instruments, USA), and Raman
spectra were detected using a CCD detector (PIXIS400, Princeton Instruments, USA) with an acquisition
time of 10 s. All spectra shown are raw and untreated data, only a linear baseline correction was applied

for presentation.
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Figure S1. Time dependent SERS spectra of pNTP (c=10° M). The dominating band at 1332 cm™
(no2) decreased and disappeared within 10 min, simultaneously, a new peak at 1017 cm™ was detected
after 5 min.
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Figure S2. Representation of number of molecules absorbed on gold dimers. About 1000, 100, and
10 molecules absorbed on a gold dimer for the concentrations of 5x107, 10* and 10" M, respectively.
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Figure S3. Comparison of low wavenumber SERS spectra of pNTP and TP with spectra recorded
during the experiment on a single gold dimer. (a) time dependent SERS spectra of reacted pNTP (c =
10° M) at 3 mW laser at 30 and 60 min. Normal SERS spectra and corresponding molecular structures of
TP and pNTP are shown in (b) and (c), respectively.
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4.7 Further Outlook

As future work, there are many research directions for extending the presented work. There are
some ideas which should be pursued, For example;

Since number of molecules and experimental geometry is different in SERS and TERS so one
cannot directly compare the results, two different strategies can be used for the direct comparison
of data

1) Keep the experimental geometry same and change the number of plasmon excited
molecule.

2) Change the experimental geometry and keep the number plasmon excited molecules.

Very fast protonation and deprotonation in TERS compared to SERS need further investigation
to understand the time correlation with the geometry of experiment and also for the precise
determination of reaction time required in a particular TERS experiment. For the rate
determination pico- or femtosecond time resolved experiment are needed which can provide
further detail about fundamental physics involved in such processes.

The multicolor lab allows to measure the TERS signal from five different laser wavelengths, in
particular the preparation time for an experiment will be considerably reduced by adjustable
optical parts. As plasmon induced reaction are very sensitive to incident light wavelength,
multicolor lab could be used to determine the wavelength dependent reaction threshold to initiate
the reaction. This will provide a pathway for improving the efficiency of plasmon induced
reactions.
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