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ABSTRACT: Plasmon-enhanced photocatalytic coupling reactions have been used as model systems in surface-enhanced Raman
spectroscopy and tip-enhanced Raman spectroscopy (TERS) research for decades. However, the role of reactive arrangement on
efficiency of these model reactions has remained largely unknown to date often leading to conflicting interpretations of experimental
results. Herein, we use an interdisciplinary toolbox of nanoscale TERS imaging in combination with molecular-resolution ambient
scanning tunnelling microscopy (STM) and density functional theory (DFT) modelling to investigate the role of reactive arrangement
in photocatalytic coupling of 4-nitrobenzenethiol (4-NTP) to p,p’-dimercaptoazobisbenzene (DMAB) on single-crystal and
polycrystalline Au surfaces for the first time. TERS imaging with 3 nm resolution clearly revealed a significantly higher catalytic
efficiency inside a kinetically-driven disordered phase of the 4-NTP adlayer compared to the thermodynamically stable ordered phase
on Au. Furthermore, molecular level details of the self-assembly structures in the disordered and ordered phases obtained using
ambient high-resolution STM enabled an unambiguous structure-reactivity correlation of photocatalytic coupling. Finally,
quantitative mechanistic insights obtained from DFT modelling based on the accurate parameters determined from STM imaging,
emphatically confirmed that a combination of steric hindrance effect and energetic barrier leads to a lower reaction efficiency in the
ordered phase of 4-NTP adlayer. This fundamental study establishes the first direct structure-reactivity correlation in on-surface
photocatalytic coupling reactions and highlights the critical role of reactive arrangement in the efficiency of on-surface coupling
reactions in heterogeneous catalysis.

INTRODUCTION conditions.  Furthermore, this  fundamental lack  of
. . structure-reactivity understanding often leads to conflicting reports
Plasmon-enhanced photocatalytic reactions have attracted .y & . . g P .
. . . . on plasmon-driven photocatalytic coupling reactions in
immense attention in recent years because of their novel literature. 1819

applications in H» dissociation,! CO: to fuel conversion,?> water

splitting,> ammonia synthesis* and catalytic oxidation reactions
including ethylene epoxidation and CO and NH3 oxidation.
Amongst these, photocatalytic coupling of 4-nitrothiophenol
(4-NTP) and 4-aminothiophenol (4-ATP) to
p.p’-dimercaptoazobenzene (DMAB) has served as a model
reaction system in surface-enhanced Raman spectroscopy (SERS)®
and tip-enhanced Raman spectroscopy (TERS)”"!° research for
decades. The efficiency of the plasmon-enhanced photocatalytic
coupling reactions has been found to be strongly influenced by
temperature,'! excitation laser parameters,'” 13 substrate'* '3 and
the surrounding environment.!¢!” In addition to these, since all
reaction steps in the photocatalytic coupling of 4-NTP — DMAB
and 4-ATP — DMAB are surface-confined, specific reactive
arrangement of the adsorbed reactant molecules on a catalyst
surface is also expected to critically influence efficiency. However,
the role of the reactive arrangement (orientation and surface
coverage of the reactive species) of adsorbed molecular species on
reaction efficiency has remained entirely unclear to date, primarily
due to the difficulty in monitoring interfacial catalytic reactions
with ultra-high sensitivity and molecular-resolution under ambient

Surface-sensitive analytical tools capable of operando tracking
of interfacial catalytic processes are of prime importance for
determining structure-reactivity relationships.??! For example,
correlative  scanning tunnelling microscopy (STM)-based
topography and X-ray photoelectron spectroscopy (XPS)-based
chemical analysis are the commonly used tools for investigating
on-surface coupling reactions.?? However, the microscale spatial
resolution of XPS precludes analysis of reactive arrangement at
nanometer length-scales and a direct correlation with
molecular-resolution STM images is not possible. On the other
hand, infra-red and Raman spectroscopies are widely used
techniques for in-situ characterization of catalytic reactions,
nevertheless they suffer from the limitations of low sensitivity and
spatial resolution.?32* For catalytic interfaces on rough plasmonic
substrates, SERS can yield valuable chemical information with a
single molecule sensitivity. Still, the lateral resolution remains
diffraction-limited to the sub-micron scale and large spatial
variation of signal enhancement prevents reliable investigation of
on-surface reactive arrangement.?>-26
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Figure 1. Schematic diagram of the STM-TERS set-up used in this study to investigate reactive arrangement in photocatalytic coupling of 4-NTP — DMAB

on polycrystalline and single-crystal Au surfaces.

Over the last two decades, TERS has emerged as a powerful
nanoanalytical tool for surface chemical imaging with a nanoscale
spatial resolution under ambient conditions.?’?® The ultrahigh
sensitivity and spatial resolution have made it a promising tool for
tracking on-surface catalytic reactions.?®3° For example, van
Schrojenstein Lantman et al. utilized the catalytic activity of Ag-
coated TERS probes under green laser irradiation to trigger and
with red laser irradiation to monitor photocatalytic conversion of 4-
NTP — DMAB over time.?! Van Duyne and collaborators utilized
TERS to investigate the metallophthalocyanines-catalyzed oxygen
reduction reaction on single crystal electrodes to capture reactive
intermediates and products.’?-3* More recently, Sun et al. attempted
to investigate the effect of adsorption orientation on photocatalytic
conversion of 4-NTP and 4-ATP — DMAB on single crystal Ag
and Au substrates using TERS.!” However, this study lacked
spatially-resolved visualization of product formation as well as
high-resolution imaging of molecular arrangement. Consequently,
a clear correlation of reactive arrangement with reaction efficiency
could not be established. To the best of our knowledge, none of the
TERS or SERS studies to date has established a clear structure-
reactivity relationship for the nanoscale arrangement of reactive
species on a mono- or polycrystalline catalyst surface.

Herein, using an interdisciplinary combination of high-
resolution TERS imaging, ambient molecular-resolution STM and
density functional theory (DFT) modelling, we present a
comprehensive investigation of the reactive arrangement of 4-NTP
on polycrystalline Au and single-crystal Au(111) surfaces to
establish structure-reactivity relationships in the local environment.
TERS imaging of the 4-NTP — DMAB plasmon-enhanced
coupling reveals a clear difference in the reaction efficiency in a
kinetically-driven ~ disordered phase compared to the

thermodynamically stable ordered phase. TERS results are
supported with molecular-level details of the self-assembly
structures of the disordered and ordered phases obtained using
ambient molecular-resolution STM imaging. Finally, DFT
modelling set up using the accurate parameters determined from
STM imaging, provides novel mechanistic insights revealing steric
hindrance effects, which lead to a lower reaction efficiency in the
ordered phase of 4-NTP adlayer. This fundamental work paves the
way for optimizing efficiency of photocatalytic as well as other on-
surface coupling reactions for fabrication of novel functional
materials including organic macromolecules, two-dimensional
(2D) organic networks, graphene nanoribbons and super
honeycomb networks through correlative high-resolution TERS
imaging, molecular-resolution STM and DFT modelling.

RESULTS AND DISCUSSION

A schematic diagram of the STM-TERS set-up used is shown in
Figure 1. It is well-established that 4-NTP molecules adsorbed on
plasmonic surfaces via self-assembly can be activated and
converted into an azo species, DMAB,*"* which can be easily
monitored using its Raman signature. Therefore, the 4-NTP —
DMAB plasmon-enhanced coupling reaction was employed as the
model reactive system in this study. The spatial arrangement of
4-NTP molecules on the catalyst surface was controlled by taking
advantage of the time-dependent self-assembly process of the
thiolate molecules.?>3¢ Disordered and well-ordered phases of the
4-NTP self-assembled monolayer (SAM) are constructed via drop-
cast and immersion protocols, respectively, as described in the
Experimental Details presented in the Supporting Information. In
addition, Au(111) and template-stripped Au (TS-Au) substrates
were applied as model single-crystal and polycrystalline platforms
to investigate the coupling reaction on substrates with different
surface roughness (see Figure S1 for details).
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Figure 2. TERS spectra of 4-NTP functionalized (a) TS-Au and (d) Au(111) surfaces prepared via drop-cast (blue trace) or immersion (red trace) protocols.
Each spectrum represents an average of 60 TERS spectra measured in an area of 0.6 pm?with a step size of 100 nm. The Raman spectrum of 4-NTP powder
(black trace) is also plotted for comparison. Characteristic DMAB peaks at 1146, 1390, and 1442 cm™' are highlighted in red. Waterfall plots of the spectra
measured in the TERS images of a 4-NTP SAM on (b, ¢) TS-Au and (e, f) Au(111) surfaces prepared via drop-cast and immersion methods. In (b) and (e),
spatial variation in formation of DMAB on the drop-cast samples is highlighted with arrows. All TERS measurements in (a) — (f) were performed using the

same Ag tip.

Figure 2a shows the averaged TERS spectra of 4-NTP adlayers
on polycrystalline TS-Au surfaces prepared via drop-cast and
immersion methods. The averaged TERS spectrum measured on
TS-Au appear different from the powder Raman spectrum of 4-
NTP (black trace in Figure 2a) due to the photocatalytic conversion
of 4-NTP — DMAB. In addition to the characteristic Raman bands
of 4-NTP (labelled by black dashed lines), three new bands of the
DMAB product (highlighted by red stripes) appear in the TERS
spectra at 1146 cm™ (ve—), 1390 cm™' (vn=n), and 1442 cm™!
(vN=N).1%37-38 Interestingly, the TERS signal intensity of the three
DMAB peaks from the drop-cast sample differs significantly from
the immersion sample. The intensity ratio between the 1442 cm’!
peak to the 1080 cm™ peak (I1aa2/T100) is a measure of product
formation in 4-NTP — DMARB reaction.’ I1442/T1080 ratio is found to
be 1.2 for the drop-cast sample, whereas it is only 0.3 for the
immersion sample, which indicates a significantly higher reaction
efficiency on the drop-cast sample. To further visualize the spectral
differences, spectra measured in the TERS images are displayed as
waterfall plots in Figures 2b and 2c. In these plots, a significantly
higher intensity DMAB bands (1146, 1390 and 1442 cm™') are
observed on the drop-cast sample. Furthermore, a highly
non-uniform distribution of DMAB intensity is seen at different
locations of the drop-cast sample. On the other hand, the intensity
of the DMAB bands is much weaker on the immersion sample,

whilst the intensity distribution stays largely constant. This
indicates that the reactivity of 4-NTP adlayers in the drop-cast
sample is relatively much higher and varies significantly across the
sample surface, whilst the reactivity is lower on the immersion
sample and remains largely uniform throughout the surface.

In order to further investigate the observed difference in
reactivity of drop-cast and immersion samples, an atomically flat
Au(111) substrate was applied as a single-crystal platform to
investigate the on-surface photocatalytic coupling reaction. Figure
2d displays the averaged spectra of TERS images of 4-NTP adlayer
on Au(111) prepared via drop-cast and immersion methods. Similar
to the TS-Au surface, a significantly higher reactivity is observed
on the drop-cast sample (lias2/Tioso = 0.6) compared to the
immersion sample (I1442/T10s0 = 0.3). The spectral differences in the
TERS images are also displayed as waterfall plots in Figures 2e and
2f. Interestingly, on the drop-cast sample, the reactivity of 4-NTP
— DMAB is relatively lower on Au(111) compared to TS-Au
(Figure 2a). We propose that this is because of the irregular
orientation of 4-NTP molecules on the rough TS-Au surface, which
provides them a greater chance to adopt favorable configurations
for reactive coupling as discussed later.

Notably, we also observed very similar spectral and reactivity
differences in a slightly different but related on-surface
photocatalytic coupling reaction, namely, the oxidative
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dimerization of 4-ATP — DMAB on TS-Au and Au(111) prepared
via drop-cast and immersion protocols. These results are presented
in Figure S2. A significantly higher amount of DMAB was
observed on the drop-cast samples (I1442/T10s0 = 0.7 on TS-Au and
0.8 on Au(111)) compared to the immersion samples (I1442/T1080 =
0.2 on TS-Au and 0.3 on Au(l11)). Considering all TERS
measurements for a particular reactant (4-NTP or 4-ATP) on
different Au surfaces were performed using the same probe and
under the same experimental conditions (laser wavelength, laser
power, temperature, etc.), the decisively different reactivity of the
drop-cast and immersion samples strongly points towards a
significantly different reactive arrangement.

To test our hypothesis and establish a clear structure-reactivity
relationship, high-resolution STM imaging was carried out to
visualize molecular-level details of the self-assembly structures on
Au(111) surface constructed using drop-cast and immersion
protocols. STM images of the 4-NTP monolayer on Au(111)
formed through the immersion method are presented in Figures 3a
and S3, where most of the surface is found to be uniformly covered
by well-ordered molecular arrays. Additionally, some fuzzy
features are observed in a few areas of the images. Since 4-NTP
molecules adsorb on Au via strong S-Au covalent interaction, the
fuzzy features in the image are ascribed to the 4-NTP molecules
with irregular orientation. Such molecules are not fixed rigidly by
close packing with their neighbors but have the freedom to rotate
around the S-Au bond at least partially. The size of the well-ordered
4-NTP domains varies from 25 - 441 nm? with a surface coverage
of 74.3% + 5.5%. High-resolution STM images showing the

packing details of the 4-NTP molecules on Au(111) surface are
presented in Figures 3b and S4. Each 4-NTP molecule appears as a
bright spot in the image and such bright spots form a well-ordered
close-packed structure. From the high-resolution images, average
distance between two adjacent 4-NTP molecules is estimated to be
0.8 + 0.1 nm (Figures 3¢ and S4).

In contrast, STM images of the drop-cast sample in Figures 3d
and S5 show only a few small areas (6~30 nm?) of close-packed
4-NTP domains on the Au(111) surface with a coverage of only
7.8% = 1.0% indicating that most of the sample surface is covered
by molecules with irregular orientation. In the ordered domains, the
intermolecular distance is estimated from the high-resolution STM
images in Figures 3e, 3f and S6 to be 0.8 + 0.1 nm, which is very
similar to the immersion sample. Figure 3g shows a molecularly
resolved STM image of the close-packed phase, in which each
4-NTP molecule is visible as an oval-shaped bright spot. The length
of each spot is ca. 0.7 nm (see Figures 3h and 3i) and a small height
variation is observed inside single spots as highlighted by yellow
arrows in Figure 3g. Since the DFT calculated length of a 4-NTP
molecule is ca. 0.72 nm (illustrated in Figure S7), this indicates that
4-NTP molecules inside the well-ordered domains are adsorbed
with a large tilt angle away from the surface normal, i.e. they lie
almost flat on the surface. Correlation of TERS results in Figure 2
with the structural difference in molecular packing of immersion
and drop-cast samples suggests that the well-ordered close-packed
arrangement of 4-NTP molecules is in fact unfavorable to the
efficiency of on-surface 4-NTP — DMAB photocatalytic coupling
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Figure 3. (a), (b) High-resolution STM images of the 4-NTP adlayer at the air/Au(111) interface prepared via the immersion protocol. (c) Height profile along
the line marked in (b). (d), (¢) High-resolution STM images of the 4-NTP adlayer at the air/Au(111) interface prepared via drop-cast protocol. (f) Height
profile along the line marked in (e). STM parameters in (a) and (b): Iy = 0.11 nA; Vs = —0.20 V, and in (d) and (e): /; = 0.15 nA; Viias = —0.20 V. (g)
Single-molecule resolved STM image of 4-NTP molecules inside a well-ordered domain. Scale bar: 1 nm. (h) STM image of a single 4-NTP molecule. (i)

Height profile along the dashed line marked in (h).
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Figure 4. High-resolution TERS images of I;442/1i030 ratio measured on samples prepared via (a) drop-cast and (c¢) immersion protocols on single-crystal
Au(111) surfaces. Step size: 3.3 nm. Spectrum integration time: 1 s. (b), (d) TERS spectra measured at the locations P1-P12 marked in (a) and (c). (¢) Zoomed-
in TERS image of the region marked in (a). Five pixels labelled as 1-5 are highlighted. (f) TERS spectra measured at the pixels labelled in (e).

To directly visualize the effect of molecular arrangement on
reaction efficiency, we performed high-resolution 2D TERS
imaging of the 4-NTP — DMAB reaction in situ on both Au(111)
and TS-Au surfaces. High-resolution TERS images of the T1442/T1080
ratio measured on the drop-cast and immersion samples on Au(111)
are shown in Figure 4. Most of the drop-cast sample surface is
found to be covered with DMAB product (Figure 4a) along with
some unreacted 4-NTP. Six selected TERS spectra from locations
of DMAB formation (P1-P3) and unreacted 4-NTP (P4-P6) plotted
in Figure 4b confirm this observation. DMAB bands are observed
only at P1-P3 signifying that the photocatalytic coupling only
occurs at these locations. In contrast, most of the immersion sample
surface shows no product formation (Figure 4c) and the reaction
occurs in only a few small, isolated regions. This can be seen
clearly in the selected TERS spectra plotted in Figure 4d where
DMAB formation is observed only at locations P9-P12. A
zoomed-in TERS image of the region marked in Figure 4a is shown
in Figure 4e, where five pixels (1-5) are highlighted. TERS spectra
from these pixels are plotted in Figure 4f, which show that DMAB
product is formed at all positions except 3. Since the step size of

TERS imaging is 3.3 nm, this indicates a spatial resolution of ca. 3
nm. The surface coverage of the DMAB product formation on the
drop-cast and immersion samples in (a) and (b) is estimated to be
ca. 72.3% and 7.2%, respectively. Interestingly, this correlates
inversely with the surface coverage of the well-ordered domains on
drop-cast (7.8%) and immersion samples (74.3%) thereby strongly
supporting our hypothesis that a close-packed molecular
arrangement is inefficient for the 4-NTP — DMAB reaction.

Noticeably, similar results are obtained in the high-resolution
TERS imaging of the 4-NTP — DMAB reaction on polycrystalline
TS-Au surface, which is presented in Figure 5. Once again, a
significantly higher level of DMAB product is observed on the
drop-cast sample compared to the immersion sample. Furthermore,
surface coverage of product formation on the drop-cast sample is
found to be significantly higher (ca. 82.0%, Figures 5a) than the
immersion sample (ca. 18.2 %, Figures Sc) indicating that a close-
packed molecular arrangement prevents efficient photocatalytic
coupling of 4-NTP — DMAB on both single-crystal and
polycrystalline Au surfaces.
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change of orientation from a flat-lying to an upright geometry in the closed-packed phase and rotation of a 4-NTP molecule in the disordered phase.




To gain mechanistic insights into the relationship of reactive
arrangement with reaction efficiency, we performed DFT
simulations of the optimal adsorption configuration of a 4-NTP
close-packed monolayer on Au(111) surface. Unlike previous
reports'?, these DFT simulations were based on the accurate
intermolecular distance and surface coverage parameters
determined from the high-resolution STM images. Figure 6a and
6b show the top and side views of the optimal structure of the
close-packed 4-NTP adlayer. In agreement with the STM results
(Figures 3g-3i), the DFT calculated 4-NTP structures confirm a
large tilt angle of 69° in the close-packed phase (Figure 6b).
Notably, this tilt angle is significantly higher than previously
report,’”” and slightly lower than the adsorption angle of 4-
mercaptobenzonitrile reported by El-Khoury er al.?* However,
unlike our study, none of the previous DFT simulation models were
based on the empirically determined parameters.

Under ambient conditions, the reductive coupling of 4-NTP —
DMAB is catalyzed by plasmonically activated atomic hydrogen
via two possible pathways:** (1) both oxygen atoms of a 4-NTP
molecule are removed through formation of an N-HO-Au
transition state followed by the azo coupling with a similarly
deoxygenated adjacent molecule. (2) A single oxygen atom is
removed from two adjacent 4-NTP molecules first, which then
undergo azo coupling with the subsequent removal of two
remaining oxygen atoms. Both reaction mechanisms require
nitrogen atoms on adjacent 4-NTP molecules to come in contact for
azo bond formation. However, this is not feasible in the
well-ordered phase of the 4-NTP adlayer. In close-packed
arrangement, 4-NTP molecules cannot adopt the configuration
required for azo coupling via rotation, due to steric hindrance as
schematically illustrated in Figure 6¢c. Additionally, nitrogen atom
contact via an alternative mechanism, i.e. 4-NTP “standing up”, is
energetically unfavorable. The upright adsorption geometry of
4-NTP molecule is ~0.8 eV less stable than the almost flat-lying
geometry as depicted in Figure 6e, which corresponds to an
equilibrium constant on the order of 10°'? at room temperature.

Therefore, we propose that the low efficiency of 4-NTP —
DMAB coupling reaction in the close-packed phase of the
immersion samples arises from the inability of 4-NTP molecules to
adopt a spatially favorable configuration due to a combination of
steric hindrance and an energetic barrier. In contrast, when 4-NTP
molecules are not closely packed, they can rotate quite easily on the
surface since they only need to overcome a small energy barrier of
~0.3 eV as shown in the DFT simulation results in Figure S8 and
illustrated in Figures 6d and 6e. Assuming an attempt frequency on
the order of fs, the rate constant for a 4-NTP rotation is on the order
of ns. Therefore, in the disordered phase of the drop-cast samples,
the irregularly oriented 4-NTP molecules have a much higher
chance to adopt favorable configurations for efficient
photocatalytic transformation of 4-NTP — DMAB.

This correlation of reactive arrangement with reaction
efficiency provides a cogent mechanistic explanation of the high-
resolution TERS results shown in Figures 4 and 5, where more than
72.3% of the drop-cast sample surface is covered with DMAB

product molecules. In contrast, less than 18.2% of the immersion
sample surface shows DMAB formation, which mostly contains
well-ordered domains of the close-packed 4-NTP adlayer as
revealed by high-resolution STM imaging.

An attempt was also made to study reactions kinetics on the
drop-cast and immersion samples, but the photocatalytic
conversion of ANTP — DMAB was found to occur instantly on
both samples on the timescale of our measurements. Therefore,
time-dependent information about reactant to product conversion
for investigation of reaction kinetics could not be obtained unlike
in a previous SERS study reported by van Schrojenstein Lantman
et al., where time-dependent conversion of 4-NTP to DMAB could
be monitored using very low excitation laser power density
provided by a 5x, 0.12 NA objective lens.*! Whilst it is easier to
perform time-resolved studies using SERS due to the presence of a
large number of SERS hotspots in the probed area that can provide
good quality spectra even at a very low laser power, this is
generally not possible in TERS due to the existence of only one
hotspot between the metallic TERS probe and the sample. The
biggest strength of TERS lies in spatially resolved molecular
analysis, which is the focus of our current work.

CONCLUSIONS

In summary, we have applied correlative high-resolution TERS
imaging combined with ambient molecular-resolution STM and
DFT simulations to investigate the effect of reactive arrangement
on photocatalytic coupling of 4-NTP — DMAB on single-crystal
Au(111) and polycrystalline TS-Au surfaces to establish clear
structure-reactivity relationships in the local environment. TERS
imaging of the plasmon-enhanced coupling reaction clearly showed
a higher efficiency in a kinetically-driven disordered phase
compared to the thermodynamically stable ordered phase.
Furthermore, molecular level details of the self-assembly structures
of the disordered and ordered phases of 4-NTP adlayer on Au(111)
obtained using high-resolution ambient STM imaging enabled a
direct correlation of molecular arrangement with reaction
efficiency. Finally, structure-reactivity mechanistic insights
obtained using DFT simulations confirmed that a combination of
steric hindrance effect and energetic barrier clearly favors a higher
reaction efficiency in the disordered phase compared to a
well-packed ordered phase. These fundamental insights also
provide a possible explanation for the conflicting results reported
in the SERS and TERS literature on model plasmon-enhanced
photocatalytic coupling reactions, where a low reaction efficiency
resulting from a close-packed molecular arrangement could be
misinterpreted as a lack of plasmonic signal enhancement.
Therefore, the clear structure-reactivity relationship in on-surface
photocatalytic coupling reactions established in this work is
expected to facilitate a rational experimental design as well as
better data interpretation in the future SERS and TERS studies.
Furthermore, the novel structure-reactivity insights deciphered in
this fundamental study highlight the critical role of reactive
arrangement in on-surface heterogeneous catalytic reactions at
large.
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