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Label-free monitoring of plasmonic catalysis on
the nanoscale
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Zhenglong Zhang,® Tanja Deckert-Gaudig® and Volker Deckert

Plasmonics is the description of specific light matter interactions of metallic structures. In general the size
of such structures is well in the nanometer regime and also determines such specific characteristics as
color, field confinement etc. Plasmon-induced hot electrons play a vital role in so-called plasmonic cataly-
sis, a field that has recently attracted attention as a new reaction platform. Current reports introduce such
nanoscale catalysis as an effective approach to concentrate the energy of visible light and direct it to
adsorbed molecules, thereby increasing the chemical reaction rate, and controlling the reaction selectivity.
In this review, we present various plasmon-catalyzed reactions specifically monitored with Raman spec-
troscopy, namely surface-enhanced Raman scattering (SERS), remote SERS (Re-SERS) and tip-enhanced
Raman scattering (TERS). These techniques utilize the signal enhancing effect of the metal nanoparticles.
However, at the same time they can be used to control the actual reactivity. In the first part, the mechanism
of plasmonic catalysis is introduced. Then it is shown how catalytic reactions can be spectroscopically
investigated far beyond the diffraction limit using TERS. Finally, the sensitivity of the methods is discussed.

time the reaction rate and efficiency can increase. The catalyst
is not consumed during the reaction and can often be

In the presence of catalysts the activation barrier that has to be  recycled." In this field photocatalysis is an emerging and
overcome to start a chemical reaction decreases and the reac- economically viable technology, which can be initiated by the
tion can be carried out under milder conditions. At the same inexhaustibly abundant, clean and safe energy from the sun.*
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An example of high public interest is the production of the
clean fuel H, that is obtained from the splitting of water by
solar photocatalysis in the presence of TiO,.”

Recently, surface plasmons (SPs) excited by visible light on
metal nanostructures have been used to initiate chemical reac-
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tions where the plasmonic nanostructure acts as the catalytic
active site.®® If such a reaction is followed by Raman spec-
troscopy the plasmonic nanostructure is catalyst and nano-
scale signal enhancer, simultaneously. This so-called surface
heterogeneous plasmonic catalysis gains significant attention
due to its high throughput and low energy requirements as
reported in studies on molecular dimerization and dis-
sociation reactions, e.g. dissociation of hydrogen,”"° 1z
hydrocarbon conversion,">** etc.

Surface plasmons are collective oscillations of free elec-
trons that exist at the metal-dielectric interface, where the real
part of the dielectric function changes sign across the inter-
face.>'® Normally, SPs consist of localized SPs (LSPs) and propa-
gating SPs (PSPs)."” LSPs are charge density oscillations confined
to the surface of metallic nanoparticles.'® LSP resonance (LSPR),
the excitation of LSPs by incident light at a special wavelength
where resonance occurs, results in a huge enhancement of the
local electromagnetic (EM) field. Such EM field enhancements
are the underlying physical basis for surface-enhanced Raman
scattering (SERS)'® and tip-enhanced Raman scattering (TERS).*
PSPs are the result of a collective excitation of conduction elec-
trons that propagate in a wave-like manner along the metal-
dielectric interface, and are confined to the vicinity of the inter-
face.”* The remote-excitation measurement, e.g. remote excitation
SERS (Re-SERS),*” can be explained by PSPs.

In addition to the EM enhancement, LSPs excited on silver
or gold nanoparticle surfaces can decay non-radiatively into
“hot electrons” with a high energy between the Fermi and
vacuum energy level.>*® If hot electrons scatter into an
excited state of the absorbed molecules triggering a chemical
reaction by reducing the activation energy, this is called a
“plasmon catalyzed reaction”. A scheme of the proposed mech-
anism of plasmonic catalysis is shown in Fig. 1. Hot electrons
initially generated from the plasmon decay on the silver or
gold nanostructures’ surface, soon lose coherence and form a
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Fig. 1 Sketch of the plasmonic catalysis mechanism. Laser excitation of
silver or gold nanostructures, generates hot electrons. Due to a plasmon
decay the electrons can be transferred to an excited state of molecule A,
from there a catalyzed reaction can be initiated to result in the final
product, molecule B. Adapted from ref. 26.

non-equilibrium Fermi-Dirac type distribution. The hot elec-
trons in the high energy level have sufficient energy to transfer
to the excited state of molecule A, creating a transient negative
ion. This negative ion of molecule A travels to the excited state
of molecule B and transfers the electron back to the silver or
gold nanostructures’ surface, where it returns to the ground
state of molecule B and finishes the plasmon catalyzed reac-
tion of molecule A to B.

Based on the same principles of LSPs and PSPs, plasmonic
catalysis can be tracked on the nanoscale by SERS and TERS.
In this review, we focus on recent advances in the field of
plasmon catalysis on the nanoscale. The presented nanoscale-
techniques including SERS, remote SERS and TERS used in
plasmonic catalysis are reviewed, respectively. First, the early
results of plasmon catalyzed reactions observed by SERS and
remote-SERS techniques are introduced. The well-studied
plasmon catalyzed reaction of p-nitrothiophenol (pNTP) or
p-aminothiophenol (pATP) molecules to p,p-dimercaptoazo-
benzene (DMAB) are reviewed in detail. Then, it is shown how
TERS can be utilized for investigating plasmonic catalysis with
high spatial resolution beyond the diffraction limit. The con-
trolled catalytic processes and localized temperature of plas-
monic catalysis revealed by TERS are reviewed. Finally, it is
demonstrated that plasmonic catalysis can be conducted even
at the single molecule level. A new behaviour of pNTP could be
monitored on the single molecule level, which strongly differs
from previous reports as separated pNTP molecules exclusively
react to thiophenol (TP).

2. Plasmonic catalysis in SERS and
Re-SERS
2.1 Short introduction of SERS and Re-SERS

Raman scattering is an inelastic scattering of photons from a
molecule in which the frequency change from the excitation

This journal is © The Royal Society of Chemistry 2015
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frequency corresponds to the vibrational energy levels.”” Since
Raman spectra provide spectroscopic fingerprints of molecules
it plays an important role in non-destructive and label-free
detection, and biological and chemical sensing.”® However,
Raman spectroscopy suffers from low sensitivity because of
the very low cross section (~107>-107*° em® sr™' per mole-
cule), which limits the applications of Raman sensing in plas-
monic catalysis where often only minute amounts of sample
are present.””

The phenomenon of LSPR on the nanoscale on metal sur-
faces led to the SERS that strongly enhances Raman signals of
molecules adsorbed on rough metal surfaces. In this way
insensitive Raman spectroscopy evolved into a highly sensitive
technique.’>*! Normally, the enhancement factor of SERS is
more than 10°, depending on the size and shape of the nano-
structures, incident light wavelength, distance between mole-
cule and surface, etc.*** Here, LSPR not only generates the
hot electrons necessary for plasmonic catalysis but also
enables SERS to monitor the reaction.

As mentioned, PSPs can propagate along a plasmonic wave-
guide, which allows the transfer of light over micrometres
through structures with sub-diffraction limited diameters.**"’
Using PSPs as a remote excitation source, a novel technique
Re-SERS was first reported in 2009.>**® A schematic compari-
son of conventional SERS and Re-SERS is shown in Fig. 2. In a
SERS experiment, the incident light is focused on the detect-
ing target, which is called “local SERS”. In contrast, the Re-
SERS refers to the focused spot of incident light that is far
from the target, which is excited by the PSPs.** Compared with
local SERS, Re-SERS can avoid sample damage from direct
laser irradiation, improve the signal to noise ratio, and lead to
miniaturized photonics and high-resolution microscopy/spec-
troscopy. Using the Re-SERS technique, the remote investi-
gation provides a novel way to perform sensing measurements
of SERS and gives access to systems where traditional SERS is
unsuitable, such as remote Raman optical activity,">"! bio-
molecules in cells detecting,">*® and also plasmonic
catalysis.**™*°

2.2 Plasmonic catalysis in SERS

As a typical plasmon catalyzed reaction, pNTP adsorbed on
plasmonic nanostructures reacts exclusively to DMAB, which
was first reported by Dong et al. in 2011.*” The plasmon cata-

(a) (b)

SERS Re-SERS

<4

PSPs

Fig. 2 Sketch of SERS and Re-SERS in an Ag nanoparticle—nanowire
system. (a) Conventional SERS, the Raman signal is directly obtained
from the nanoparticles. (b) Re-SERS signals are collected at the junction
or end of a hanowire induced by the PSPs propagated along the nano-
wire when excited at the opposite end.
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lyzed 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 (fc_y), 1387
(unn + Ve + ven) and 1432 (uny + vee + fen) em ™. This obser-
vation can be explained by the reduction of the NO, group and
the formation of the -N=N- unit in DMAB. As shown in
Fig. 3, with increasing time dimerization of pNTP to DMAB
can be confirmed by the afore-mentioned bands in SERS by
using silver nanoparticles on Cu and Ag films. It was found
that this reaction strongly depends on substrate, wavelength
and time. So, this plasmonic catalysis can be controlled
accordingly. For example, irradiating silver nanoparticles on a
copper film with 514 nm results in a completed reaction
within minutes (see Fig. 3a), while on irradiating Ag nano-
particles with 633 nm on a silver film the reaction takes
several hours (see Fig. 3b). The difference is attributed to
different plasmon intensities in the gap between Ag nano-
particles and the Cu or Ag film, which can be estimated from
the local EM field intensity distribution. pNTP and its amino
analogue can be considered as model compounds for plasmon
catalysis studies under different experimental conditions and
acts a kind of standard to exploit related detection techniques.

In 2010, Fang, Huang and Canpean independently discov-
ered that p-aminothiophenol (pATP) can also react to DMAB
on SERS active substrates like silver or gold nano-
particles.">'**® As shown in Fig. 4, the catalyzed reaction of
PATP to DMAB was investigated using different substrate
dependent experiments, namely SERS, surface mass spectra,
and potential dependent SERS. The results agree well with
theoretical calculations utilizing density functional theory.
These experiments investigate several aspects to fully under-
stand previous (mis-)interpretations of pATP SERS spectra.”?™>?
Until recently, there were debates regarding whether the reac-

(a)[[—4 min
— 3 min|

——2 min|
——1min
——0 min

a=stasnm | (b) on Ag film

2=632.8 nm

Raman Intensity
Raman Intensity
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Fig. 3 Time dependent SERS measurement of pNTP adsorbed on Ag
nanoparticles on Cu and Ag films, respectively. (a) On Cu film at 514 nm,
and (b) on Ag film at 632.8 nm. The peak at 1332 cm™ is attributed to
the NO, vibration of pNTP and the peaks at 1140, 1387 and 1432 cm™t
are attributed to N=N vibrations of DMAB. Adapted from ref. 47.
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Fig. 4 Reaction of pATP to DMAB confirmed by SERS, surface mass
spectrometry and theoretical calculations. (a) SERS spectra of pATP from
nanoparticles on Ag and Au films, which agrees well with theoretical
calculations.® (b) Surface mass spectra of pATP absorbed on Ag electro-
des, illuminated with laser light (i), without any irradiation (ii), and a
roughened Ag-free spectrum of pATP (iii), and the SERS spectra of pATP
and DMAB on the Ag electrode. Adapted from ref. 13 and 14.

tion could be attributed to a plasmon catalyzed reaction.®>® In
addition to the previously mentioned mass spectroscopy and
potential dependent experiments selected plasmon catalysed
reactions were also studied at different pH values, adding a
further parameter to control such type of reactions.>* ™’ Some
catalytic reactions can be even observed on a single nano-
particle level®®”° and single molecule level.>*®

2.3 Remote plasmonic catalysis in Re-SERS

Due to the atomic scale roughness and nearly perfect crystal
form, chemically synthesized silver and gold nanowires (some
micrometer long and some nanometers in diameter) can serve
as plasmonic waveguides and play a primary role in remote
controlled plasmonic catalysis, which was first reported by Sun
et al. in 2011.*> As shown in Fig. 5, the remote SERS signals
from a junction of silver nanowires and nanoparticles demon-
strate that pNTP can react to DMAB induced by remotely
excited PSPs. The SEM and optical images of the remote
system are shown in Fig. 5(a) and (b). While an incident laser
was focused on one of the ends (point A), a tiny emission spot
at the junction (point B) and the other end (point C) indicates
PSPs efficiently propagated along the Ag nanowire, coupling
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Fig. 5 Remote controlled plasmonic catalysis on a single silver nano-
wire. (@) SEM images of the remote system of Ag nanowire and nano-
particles, (b) the bright field optical image of PSPs propagating along the
Ag nanowire if the incident polarization is parallel to the nanowire axis,
(c) polarization angle dependent Re-SERS spectra, which collected at
point B in the image of (a). Adapted from ref. 45.

out as photons at point B with a massive electromagnetic
enhancement. Fig. 5(c) shows Re-SERS spectra of the plasmon
catalyzed reaction of pNTP to DMAB. The characteristic
vibrational modes of DMAB were detected in the Re-SERS
spectra, confirming the successful reaction initiation by the
PSPs. Since PSPs on metal nanowires depend on the polariz-
ation angle of the incident laser, controlled remote plasmonic
catalysis can be accomplished by irradiation angle variation.
The most effective catalysis was achieved when the incident
polarization was parallel to the nanowire axis, which could be
understood by the properties of PSPs propagating along the
metal nanowires.*’

In 2012 Lee and Moskovits reported an efficient remote
plasmonic sensing using a nanowire array produced by electro-
chemical deposition on a porous anodic alumina tem-
plate.'>** This sensing device could be attached to an optical
fiber or a catheter to remotely collect SERS signals. The
plasmon catalyzed reaction of pATP to DMAB can be realized
and monitored by this remote probe, although at that time it
was not comprehended that the SERS signals were those of
DMAB.** The schematic of the experimental setup and SEM
images of the remote sensing structures are shown in Fig. 6
left (a)-(e). For standard SERS measurements the incident
laser was directly focused on the top of the wires where the
molecule was located. In case of Re-SERS it was focused on the
bottom of the glass substrate. In contrast to the above men-
tioned Re-SERS experiment, the PSPs on the Ag nanowire were
excited by the incident laser and by the Raman scattering of
the molecules adsorbed on the top of Ag nanowires, so the real

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Remote plasmonic catalysis by a silver nanowire array of pATP to
DMAB. Left: scheme of the remote SERS sensor system (top), cross-
section (a) and top views (b—e), and the scale bar is 100 nm in (a)-(c),
and 1 pym in (d) and (e). Right: averaged SERS spectra by direct excitation
(f and g) and remote excitation (h and i); (f and g) gap of 11 nm with
nanowire length of 920 nm (red). Image courtesy of Prof. Moskovits,
adapted from ref. 44.

remote distance was twice the nanowire length. The direct and
remote excitation SERS spectra of pATP (DMAB) are shown in
the right panel of Fig. 6. In this work also the influence of the
gap distance was investigated, and it turned out that length
and diameter of the Ag nanowires influence SERS and Re-SERS
signals. The SERS and Re-SERS spectra from a gap of 11 nm
and a length of 0.92-3.3 um are shown in (f) and (g), and the
gap of 33 nm with a length of 0.86-2.88 um are shown in (h)
and (i), respectively. It was found that for nanowire arrays with
11 nm gaps and 3.3 pm lengths (i.e., after a ~6.6 pm round tip)
the Re-SERS signals were rather strong, ~5% the intensity of
those obtained by local SERS.

3. Plasmonic catalysis in TERS
3.1 TERS

Tip enhanced Raman scattering (TERS) is a technique that pro-
vides molecular information on the nanoscale, which was first
reported in 2000.°""% In contrast to SERS, TERS can spatially
resolve beyond the diffraction limit and is used for single
molecule sensing®®® and bio-molecule detection,”®”* plas-
monic catalysis,”*””> and plasmonic gradient effects,”*”® to
name only a few application areas. In TERS Raman microscopy
is combined with scanning probe microscopy (SPM), and an
ultra-sharp metal SPM tip can create a hot spot to strongly
enhance the Raman scattering intensity. As an example a sche-
matic of a side-illumination TERS setup is shown in Fig. 7.
The highly localized enhancement provides a high spatial-
resolution for optical analysis (<5 nm), which depends on the
nanoparticle nature at the apex of the SPM tip. Commonly
SPMs used in TERS include scanning tunnelling microscopes

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Schematic TERS side-illumination setup. A long working distance
objective links a Raman system (not shown) and focuses on the plasmo-
nic tip; the enhanced signals originate predominantly from molecules in
closest vicinity to the tip apex, which provides the high spatial-resolution
analysis. Adapted from ref. 79.

(STM) and atomic force microscopes (AFM). If the tip and sub-
strate were placed in a high vacuum chamber, so called high
vacuum TERS (HV-TERS), a clean environment for TERS study
is provided which is in particular suitable for studying model
plasmonic catalysis.””

3.2 Controlled plasmonic catalysis in TERS

Plasmon catalyzed reactions revealed by TERS was first
reported in 2012.”>7* As shown in Fig. 8(a), a monolayer of
PNTP was assembled on a smooth gold nanoplate on glass,
and probed with a AFM-TERS system. Excitation and collection
of the Raman signals were performed through sample support
and sample in epi-illumination, and a silver-coated AFM tip
was used to generate a strong plasmon intensity to catalyse

@

Silver-coated AFM-tip
(catalyst)

pNTP monolayer
(reactant)

Gold nanoplate
Glass coverslip

Excitation laser
(532 nm or 633 nm)

(b)

High vacuum chamber

Fig. 8 Schematic of the plasmon catalyzed reaction of pNTP in TERS.
(a) A monolayer pNTP adsorbed on gold nanoplate on glass was cata-
lyzed to DMAB by TERS based on an AFM system.”* (b) Same plasmonic
catalysis in HV-TERS based on a STM system.”* Adapted from ref. 73 and
74.
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PNTP-to-DMAB conversion. The incident laser was switched
between green (532 nm) and red (632.8 nm) to respectively
initiate the reaction (green) and spectroscopically monitor
(red). Fig. 8(b) shows the plasmon catalyzed reaction of pNTP
to DMAB under high vacuum conditions based on a
STM-TERS system. The hot electrons generated from the
plasmon decay around the gap between gold tip and silver sub-
strate served as the actual agent. Two pNTP molecules loca-
lized in the gap between tip and substrate were catalyzed to a
DMAB molecule with the help of hot electrons.

In contrast to the plasmon catalyzed reaction by SERS, an
effective control of the catalytic process can be achieved with
TERS. Fig. 9(a)-(e) gives incident laser power dependent TERS
spectra of the reaction of pNTP to DMAB from a STM-TERS
experiment. Initially, the spectrum shows the three main
peaks of pNTP (see Fig. 9(a)) at 10 pW. On increasing the laser
intensity to 60 pW no spectral changes were observed (see
Fig. 9(b)). When the laser intensity was raised to 200 uW (see
Fig. 9(c)) the intensity of the characteristic band at 1332 cm ™"
for the -NO, stretching mode decreased while DMAB bands at
1140, 1387 and 1432 cm™" appeared, indicating a gradual reac-
tion. Almost all pNTP molecules dimerized immediately when
the laser intensity was increased to 2 mW (see Fig. 9(d)).
Lastly, the spectra did not change when the laser intensity was
reduced to the initial 10 pW (see Fig. 9(e)). Evidently, a series
of in situ spectra in Fig. 9(a) were performed in a long time
TERS measurement.

In STM-TERS, a plasmon catalytic reaction cannot only be
controlled by the laser intensity, but also by the tip-substrate
gap distance. Normally, the decrease of the gap distance can
increase the local EM field, and excites a higher surface
plasmon intensity at the apex of metallic tip.*® Similar to the
increase of the incident laser intensity, a faster dimerization of

F(a) 10 uW )

"| Current controlled reaction

b . . s |
F(b) 60 uW| o
L i
w
L =
— L 1 1 1
3 r(c) 00 uW| v T -
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35
8
>
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w
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Fig. 9 Laser intensity and gap distance dependent TERS spectra. Laser
intensity controlled plasmon catalyzed reaction of pNTP to DMAB at a
power of (a) 10, (b) 60, (c) 200, (d) 2000 pW, and back to (e) 10 pW; peak
of pNTP at 1332 cm™ can decrease when increasing the tunnelling
current (f) or decreasing the bias voltage (g). Adapted from ref. 74.
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PNTP to DMAB can be obtained by decreasing the gap dis-
tance. The tunnelling current in STM can be written as,

fzd\h/ngb) (1)

ITocV exp(
where I and V are the tunnelling current and bias voltage,
respectively, d is the gap distance between the tip and sub-
strate. According to eqn (1), the gap distance d can be
decreased when increasing the tunnelling current 7 or decreas-
ing the bias voltage V. As shown in Fig. 9(f) and (g), an
increase of the tunnelling current of 1 to 3 nA at a constant
bias voltage of 1 V results in a decrease of the gap distance
and the marker band at 1332 cm™" decreases, which indicates
that more pNTP molecules react to DMAB. Similarly, with a
decrease of the bias voltage of 1 V to 0.05 V at a constant tun-
nelling current of 2 nA, the peak of pNTP at 1332 cm™" also
decreases. It should be noted that normally chemical bonds
could be selectively broken or formed by the tunnelling elec-
tron current. Since decreasing the bias voltage at a constant
tunnelling current also promotes the plasmon catalyzed reac-
tion, the contribution of the STM tunnelling current to the
experiments can be disregarded.

3.3 Localized temperature of plasmonic catalysis revealed by
anti-Stokes TERS

Due to the high-sensitivity and high spatial-resolution of
TERS, the localized temperature can be calculated from the
Stokes and anti-Stokes spectra.®""*> As shown in Fig. 10(a), the
Stokes and anti-Stokes signals from a STM-TERS experiment
were observed at a tunnelling current of 2.5 nA and a bias
voltage of 1 V. The marker bands of DMAB at 1140, 1387 and
1432 cm™' can also be clearly observed experimentally in
Stokes and anti-Stokes TERS spectra, which further confirmed
that almost all pNTP reacted to DMAB.
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Fig. 10 (a) Stokes and anti-Stokes TERS spectra at a tunnelling current

of 2.5 nA and a bias voltage of 1V, and (b) gap distance dependent simu-
lated spectra of the wavelength scanning plasmon enhancement of
TERS, where R is 25 nm and 6 = 60°. Adapted from ref. 82.
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The local reaction temperature in plasmonic catalysis can
be estimated by fitting the intensities to

I/Is = a x e™/ksT) (2)

where Iy and I,4 are the intensities of Stokes and anti-Stokes
Raman, and A, v, kg and T are the Planck constant, frequency,
Boltzmann constant, experimental temperature, and a is an
experimental constant, which can be written as

_ ( (W) stotes ) (VO - V) 74% Altokes (3)
- 2
a(ab)anti—Stakes Vo +v i—1 Aanti—Stokes

where o(a,) are frequency dependent Stokes and anti-Stokes
Raman scattering cross section, respectively, v, is the fre-
quency of the laser, N is the number of active molecules, and
A? are the enhancement of Stokes and anti-Stokes Raman scat-
tering in TERS. As the TERS intensity is strongly wavelength
dependent and since the temperature is fitted by four peaks at
different frequencies (wavelengths), the ratio of the enhance-
ment of Stokes and anti-Stokes at different wavelengths is used
to correct the fitting equation. The simulated wavelength
dependence of the TERS enhancement is shown in Fig. 10(b).
A strong plasmon resonance with a broad maximum around
633 nm (identical to the incident laser wavelength), and
almost no position changes can be found when changing the
gap distance from 1 to 1.4 nm. Due to the symmetrical distri-
bution of the plasmon enhancement spectra around 633 nm,
the method to estimate the localized experimental temperature
is valid for 632.8 nm laser excitation wavelength. The fitted
experimental temperature is 330 (+10) K, and the experimental
parameter a in eqn (2) is 2.06 (+0.19).

3.4 More plasmon catalyzed reactions in TERS

In the previous sections the potential of TERS as a tool to
investigate and control plasmon catalyzed chemical reactions
on the nanoscale has been reviewed. In addition to the plas-
monic dimerization of pNTP to DMAB, the plasmonic dis-
sociation of DMAB could also be accomplished by TERS. It has
been reported that such products can be controlled by pH vari-
ation.®® As shown in Fig. 11(a), the -N=N- bond in DMAB can
be selectively dissociated by so-called plasmonic scissors, and
PATP was produced from the radical via H' attachment under
acidic conditions, while pNTP was obtained under alkaline
conditions. At low pH, DMAB in the nanogap was excited by
2 mW laser and TERS spectra were recorded for 60 minutes. As
shown in Fig. 11(b) and (c), no significant changes were
obtained during this period. However, with a low tunnelling
current (increased gap distance) and a weak laser intensity
(20 pW) resulting in a very low plasmon intensity, a signifi-
cantly different spectrum was recorded from DMAB. As shown
in Fig. 11(d), the -N=N- bond of DMAB was selectively
cleaved, and pATP was formed. Fig. 11(f)-(h) shows the TERS
spectra at high pH, collected at 0, 10 and 60 minutes, respect-
ively. It was found that the characteristic band of pNTP at
1332 cm™' slowly appears at 2 mW laser excitation after
10 minutes, which had been obviously increased at 60 minutes

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 (a) Schematic of the plasmon catalyzed dissociation of DMAB at
low and high pH values. TERS spectra of DMAB at pH 3 after 0 (b) and
60 (c) minutes, and (d) spectrum on the tip with weak irradiation after
strong excitation for 60 minutes. TERS spectra of DMAB at pH 11 after O
(f), 10 (g) and 60 (h) minutes, and (i) spectrum on the tip with weak
irradiation after strong excitation for 60 minutes. Raman spectra of pATP
(e) and pNTP (j), respectively. Adapted from ref. 83.

with a simultaneous decrease of the characteristic DMAB
signals. The signals of DMAB almost disappeared upon
increasing the gap distance and decreasing the laser intensity
to 20 pW, and only the characteristic bands of pNTP were
observed (see Fig. 11(i) and (j)). The fragments from DMAB
were subsequently converted to pNTP under alkaline
conditions.

If the incident laser frequency is close in energy to an elec-
tronic transition of molecule, this resonance can enhance the
Raman intensity strongly and facilitate a plasmonic catalyzed
reaction. Since the absorption maximum of malachite green
(MG) is around 630 nm and the TERS spectrum measured cor-
respondingly at 632.8 nm, it would be expected that an inter or
intra molecular reaction of MG could be observed with the
help of plasmonic catalysis. This plasmon catalyzed bond-
selective dissociation of MG molecule with resonant HV-TERS
was reported in 2014.”> As shown in Fig. 12, resonantly excited
Raman bands marked A-D can be observed in spectrum (a).
Theoretical calculations reveal that these MG bands are associ-
ated with -NC,H, fragments (see Fig. 12(f)), whereas band E
refers to a vibrational mode associated with the C-C stretching
mode of the benzenyl unit. It is noteworthy that the resonance
enhanced Raman peaks A-D initially presented in the spec-
trum (a) disappeared, whereas new peaks F-M in the final
stable spectrum (c) emerged after 40 minutes. The modes F-M

Analyst, 2015, 140, 4325-4335 | 4331
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Fig. 12 Time dependent resonant TERS spectra of MG, (a) initial spec-
trum, (b) intermediate spectrum (20 minutes after continuous laser
irradiation), (c) final spectrum (40 minutes after continuous laser
irradiation), (d) and (e) simulated Raman spectra of MG fragments. (f)
Vibrational modes of MG (corresponding to bands A-D in spectrum (a)
as calculated by density functional theory). (g) Sketch of proposed plas-
monic scissors in resonant TERS. Adapted from ref. 75.

can be assigned to the fragments (benzenyl unit of MG) as con-
firmed by the simulated Raman spectra (d) and (e). It is
evident that a bond-selective dissociation reaction must have
occurred. Applied to the intramolecular reaction it can be
hypothesized that plasmon-induced hot electrons initiate a
cleavage of two -NC,H¢ residues from the MG molecule. A
scheme of the proposed plasmonic scissors is shown in

Fig. 12(g).

4. Single molecule level plasmonic
catalysis

As stated above, plasmon catalyzed dimerization of pNTP to
DMAB is possible in SERS as well as in TERS. For any dimeri-
zation the distance between the reactants is decisive. If the dis-
tance between PpPNTP molecules becomes too large a
dimerization reaction cannot occur. In this case the question
arises, whether plasmons can initiate an intramolecular reac-
tion such as dissociation or rearrangement. To address this
issue, detection sensitivity down to a few or ultimately even a
single molecule is required. Using junctions or gaps between
nanoparticles, so-called hot spots, very high enhancement
factors (10°~10'%) can be achieved, providing sufficient signal
enhancement for single molecule detection.?*"*®

A single gold nanoparticle dimer was used for a SERS
experiment with pNTP at a potential single molecule level.
Different concentrations of the compound were chosen to
determine whether it was possible to prevent clustering and
self-assembly. Only then the distance of pNTP molecules
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adsorbed on the nanoparticles becomes too large for an inter-
molecular reaction. The experiments demonstrated that a
dimerization of pNTP to DMAB occurred for 10~” and 10™% M
solutions of pNTP indicating that the dimer surface was still
too densely covered. In 10~° M solution, on average 10 mole-
cules are absorbed on a single gold dimer, resulting in an
average distance between two molecules of ~32 nm. As shown
in Fig. 13(a), the initial SERS spectrum of pNTP was stable
since no DMAB signals could be detected even at laser power
within 30 minutes. It was obvious that the distance between
PNTP molecules in the hot-spot of the gold dimer was indeed
too large to allow an intermolecular reaction. However, an
intensity decrease of the strong 1332 cm™"' pNTP signal was
observed and after 10 min the band completely disappeared.
Simultaneously new bands at 995 and 1017 cm™' appeared.
Hence, the behavior is considerably different compared to the
higher concentrations. The disappearance of the NO, mode
suggests that the entire nitro group was cleaved from the
benzene ring resulting in the formation of thiophenol (TP).

(@) ]
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3 3
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[72)
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1 " 1 1 " 1

" 1 N 1 1 1
900 1000 1100 1200 1300 1400 1500 1600 1700
Wavenumber / cm™

Fig. 13 Comparison of SERS spectra of pNTP and TP with spectra
recorded during the experiment by a single gold dimer. (a) Time depen-
dent SERS spectra of reacted pNTP at 3 mW at 632.8 nm after 2, 6 and
30 min irradiation. Normal SERS spectra and corresponding molecular
structures of TP and pNTP are shown in (b) and (c), respectively. Adapted
from ref. 26.
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Fig. 14 Step-like process of the dissociation of pNTP to TP. Peak inten-
sity is given as a function of time for the pNTP marker band at
1332 cm™ (red dots), and the TP marker band at 1017 cm™ (blue tri-
angles). Inset: scheme of the plasmon catalyzed reaction of pNTP to TP
near the single molecule level on a single gold dimer.

The striking similarity of SERS spectra of neat TP and those
from Fig. 13(b) supports this assumption.

A step-like signal intensity change during the process
strongly indicated that the dissociation reaction of pNTP to TP
happened close to a single molecule level. In Fig. 14, the peak
intensity slope is given as a function of time for the pNTP
marker band at 1332 ecm™', and the TP marker band at
1017 em ™", respectively. Half of the pNTP molecules reacted to
TP after 5 min, and both pNTP molecules reacted to TP after
8 min. After 10 min no significant change occurred. Conse-
quently, it can be assumed that two non-interacting molecules
were detected in the hot spot of the single gold dimer. The two
PNTP molecules were too far apart from each other for a
dimerization reaction and an intramolecular dissociation was
initiated.

These experiments clearly support the dimerization mech-
anism as an explanation for the spectra and also report a novel
reaction channel for pNTP, which strongly differs from high
concentration investigations.

5. Summary and outlook

In this contribution the development of plasmonic catalysis as
a new exciting heterogeneous catalytic system on the nanoscale
was reviewed. The underlying mechanism was introduced and
recent advanced studies of plasmon catalyzed reactions were
summarized. In particular pNTP turns out to be a good model/
standard for studies on the nanoscale as SERS, Re-SERS and
TERS technique have revealed. With Re-SERS, plasmonic cata-
lysis can be followed and controlled by means of a single Ag
nanowire as a waveguide and the reaction is even more
efficient with a Ag nanowire array. In TERS catalytic processes
like dimerization, dissociation or protonation can easily moni-
tored by time lapse or laser intensity dependent measure-
ments. Using STM-TERS setups the speed of catalysis can be
controlled further by the gap distance between tip and sub-
strate and it was shown that the localized experimental temp-
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erature can be estimated from the ratio of Stokes and anti-
Stokes TERS spectra. Concentration dependent SERS experi-
ments of pNTP indicate the importance of the concentration
of the probed molecule since below a certain threshold the
intermolecular reaction switch to an intramolecular process.
The ability to follow catalytic reactions near the single mole-
cule level renders enhanced Raman spectroscopy very promis-
ing for mechanistic studies. However, to unravel the full
potential of plasmonic catalysis, some challenges need to be
overcome. In contrast to photocatalysis, the plasmons in plas-
monic catalysis play a critical role not only for the excitation
process but also for the chemical reaction. Most probably plas-
monic catalysis can be attributed to plasmon induced hot elec-
trons, but the detailed mechanism has not been completely
understood yet. More theoretical and experimental studies
including surface plasmon, hot electrons and plasmonic cata-
lysis are necessary and will certainly follow in the near future
to exploit the entire potential of this new research field.
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