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Abstract: Nanoscale localization of electromagnetic fields using
metallic nanostructures can catalyze chemical reactions in their
immediate vicinity. Local optical field confinement and enhancement
is also exploited to attain single molecule detection sensitivity in
surface and tip-enhanced Raman (TER) spectroscopy. In this work,
we observe and investigate the sporadic formation of 4-
nitrobenzenethiolate upon TER imaging of a 4-nitrobenzenethiol
(4NBT) monolayer on Au(111). Density functional theory (DFT), finite-
difference time-domain (FDTD), and finite element method (FEM)
calculations together confirm that this chemical reaction does not
occur as a result of thermal desorption of the molecule, which requires
temperatures in excess of 2100 K at the tip-sample junction. Our
combined experimental and theoretical analyses strongly suggest that
the chemical transformations observed throughout the course of
TERS mapping is not driven by plasmonic photothermal heating, but
rather by plasmon-induced hot carriers.

Introduction

The resonant interaction between noble metal nanostructures and
electromagnetic radiation induces coherent, collective oscillations
of the conduction electrons at the metal surface.!! In their spatially
confined variants, these oscillations, also known as localized sur-
face plasmon resonances (LSPRs), account for an extremely
large enhancement (up to 108) of Raman scattering from mole-
cules at the nanostructure surface.? This effect is perhaps most
evident in surface-enhanced Raman spectroscopy (SERS), a
technique that routinely allows the observation and identification
of single analytes.E!

Exciting surface plasmons may also lead to the formation of hot
carriers through direct interband, phonon-assisted intraband, and
geometry-assisted transitions./ These hot carriers are highly en-
ergetic species, and they persist over a few tens of femtoseconds
to picoseconds time scale.®¥) They can decay via electron—elec-
tron or electron—phonon scattering or can populate unoccupied
orbitals in molecules located at the metal surface.® In the latter
scenario, hot carriers can catalyze chemical reactions, such as O,
and H; dissociation.™

The community has actively used SERS substrates to investigate
the mechanisms of plasmon-driven chemical reactions. For in-
stance, Christopher et al. investigated the mechanisms of eth-
ylene epoxidation on Ag nanoparticles.l! Other reports investi-
gated the oxidation of 4-nitrobenzenethiol (4NBT), phenyl isocy-
anide,¥ photodissociation of dimethyl disulfide,24 demethylation
of methylene blue,2 and the dehydroxylation of p-hydroxythio-
phenol .2

Plasmon-driven chemical reactions have also been observed on
plasmonic systems with a single electromagnetic hot-spot.[4
Such systems are strongly reminiscent of the gap-mode tip-en-
hanced Raman spectroscopy (TERS) scheme.25] More generally,
in TERS, noble metal nanostructures are grown or electrochemi-
cally etched at the apex of a scanning probe.8 Positioning and
scanning the probe over a sample of interest allows simultaneous
high spatial resolution imaging and single molecule detection sen-
sitivity.17 Several reports have demonstrated TERS mapping with
sub-nanometer spatial resolution under ultrahigh vacuum and cry-
ogenic temperatures.72 18 The probe can also be withdrawn from
the sample surface after spectral acquisition, which makes TERS
non-invasive and non-destructive.¥ The generality of TERS has
already led to major contributions to biological and surface sci-
ence, including the detection of cytochrome ¢ oxidation in mito-
chondria,2Y structural characterization of amyloids, 8 2 monitor-
ing of catalytic reactions,’?2 imaging of mixed polymer surfaces(2
and single-wall carbon nanotubes,?4 as well as direct the identifi-
cation of colorants on artworks.2%% Van Shorenstein et al. demon-
strated that Ag-coated tips may be used to photocatalytically con-
vert p-nitrothiophenol adsorbed on gold nanoplates to p,p'-dimer-
captoazobisbenzene (DMAB).22 2 |t has been also shown that
N=N bond of DMAB could be scissored by hot carriers with the
formation of 4NBT at alkaline and p-aminothiophenol at acidic
pH.28 Szczerbinski et al. used TERS to monitor photocatalytic
degradation of 1-hexadecanethiol, biphenyl-4-thiol, and
1H,1H,2H,2H-perfluorodecane-1-thiol.22 They demonstrated that
illumination of the tip-sample junction by high laser power (> 1
mW) causes the formation of carbonaceous species via charge-
driven reaction mechanisms.



At the same time, there are numerous TERS constructs that do
not support plasmon-enhanced chemical transformations.2-19 28l
This raises several important fundamental quenstions, including:
how frequently do these hot-carrier events occur in TERS?

Results and Discussion
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To this end, we perform careful measurements of the vibrational
properties of a 4NBT monolayer on a Au(111) surface. We use
minimal low laser power (P = 60 pW, A = 671 nm) to ensure the
integrity of the tip and sample. Measurements were otherwise
performed using a side-illumination geometry with an Au tip (cone
diameter = 50 nm). TER imaging of this seemingly simple
chemical system revealed two types of vibrational spectra (Figure
1). The vast majority of spectra exhibited vibrational bands that
were typical of 4ANBT, whereas a very small fraction of spectra had
the 1335 cm* band shifted to 1305 cm (Figure 1e).
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Figure 1. TER images of a 4NBT monolayer on the gold Au (111) surface. (a) and (b) are based on the integral intensities of the spectrum from 1320 to 1350 cm™
(a) and 1290 to 1320 cm™ (b), respectively. (c) Overlapped image of (a) and (b). (d) The corresponding AFM image of the area where TER images were taken from.
(e) Typical TERS spectra extracted from the marked position in (c). The scanning step is 20 nm per pixel.

We used density functional theory (DFT) calculations to deter-
mine structural and possibly electronic changes in 4NBT that
would result in the observed shift of the 1335 cm™ band observed
upon TER imaging. Our theoretical investigation was driven by
the hypothesis that the observed shift (1335 to 1305 cm') could
indicate the formation of a 4NBT anion. Comparison of neutral
and anionic species revealed the synergetic reduction of the C-N
bond distance and elongation of N-O bond. Such changes in ge-
ometry can be undoubtedly considered as consequences of add-
ing one electron to the lowest unoccupied molecular orbital
(LUMO) of 4NBT. It is clear to see the LUMO (Figure 2) possesses
a great bonding character between the 4NBT and NO, group. The
m orbital is highly overlapping with the p, orbital of the nitrogen
(with the z-axis is perpendicular to the benzene ring). Thus, add-
ing an electron to the LUMO orbital would be expected to increase
the bonding character of the C-N bond and result in shorter bond
distance. On the other hand, the anti-bonding mixing of p, orbital
of the N and O atoms is also noticeable. Two nodal planes just
intersect the O-N bonds, which weakens the N-O bond that is no-
ticeably longer in the anion form.

The results of DFT calculations showed that in the Raman spec-
trum of 4NBT anion, C-S vibration shifted from 1087 cm™ (NBT)
to 1082 cm* (anion). N-O vibration also exhibited a shift from 1307

cm? (4NBT) to 1297 cm (anion), as well as C-C vibration form
1087 cm™ (4NBT) to 1082 cm (anion), Table 1.

It should be noted that similar blue shifts were observed in the
Raman spectrum of ethanolic 4NBT, when the pH was increased
(Figure S1). This observation suggests that the blue shift was
caused by the deprotonation of thiol group in the 4NBT.1?% These
experimental and theoretical findings together indicate that the
observed TERS spectral changes correspond to the formation of
the 4NBT anion.
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Figure 2. Highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of 4NBT.



Table 1. Selected Raman active vibrational modes in neutral 4NBT and its an-
ion.

Mode Experimental Neutral Anion
C-s 1085 1087 1082
C-N 1120 - 1163
N-O 1305, 1335 1307 1297
C-C 1575 1583 1576
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Figure 3. PBE/def2-TZVP Raman spectra of 4NBT (red, also see references
X)2> 29 and its anionic analog (black) in the 1000-1800 cm™ spectral range.
Peak assignments are also shown in their corresponding colors. These calcula-
tions were performed using NWChem[24,

Using plasmon-enhanced Raman scattering, the Schultz group
demonstrated that large electric fields at plasmonic nanojunctions
can cause a shifts in the recorded vibrational frequencies of nitrile
groups,? as a results of the vibrational Stark effect.®¥l We used
DFT calculations to investigate a possibility of electric field-in-
duced shifts in the N-O vibrational resonance. Our results show
that a field of ~140 MV/cm is required to shift N-O vibration from
1333 to 1305 cm* (Figure S2), which is unlikely to achieve in the
TERS geometry under our experimental conditions. We can ex-
clude this possibility on the basis of our calculations.

Next, we explored molecular orientation-dependent Raman scat-
tering to investigate whether the observed spectral changes may
arise from molecular (re)orientation at the plasmonic tip-sample
junction. We followed the procedure outlined in a recent re-
port.{Apra, 2019 #67} Our results reveal that a change in in mo-
lecular orientation merely affects the relative intensities of the ob-
servable vibrational eigenstates. For instance, going from orthog-
onal to parallel (relative to the metal surface) causes an increase
in the intensity of the 1087 cm™ relative to 1307 cm* band (C-S)
or near complete dimming of the of 1307 cm™* band (N-O), Figure
S3. At the same time, no shift in the N-O vibrational lineshape was
observed.

One can envision that the formation of 4ANBT anion from 4NBT on
the Au surface is energetically unfavorable. It would require
breaking the Au-S bond, which could occur either as a result of
thermal desorption or via hot carrier injection. In order to shed
some light on this possibility, we calculated the energetics of the
Au-S bond in the 4NBT-Au complex and the required temperature
for its breakage. The absorption model, [(CeH4sNO,S)-(Au1z)], was
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constructed by placing the deprotonated 4NBT (C¢H4NO2SH) on
a single layer of Au(111) with 12 atoms (Figure 4d). The Au-Au
distance was set to 2.915 A, obtained by optimization of a fcc lat-
tice of bulk Au at PBE/TZ2P level of theory.? The Au lattice was
optimized using ADFBAND2018 program suite. The optimization
for the model complex was then performed at PBEO/Def2-TZVP
level of theory with constrained Au(111) surface. The “resolution-
of-identity” (RI)B! approximation to Coulomb term and the auxil-
iary basis set for Coulomb fitting was used to speed up integration
of electronic density.[%¢
Based on the computed geometry, the Gibbs free energy ranging
from 290 to 1000 K was then calculated at the same level of the-
ory. All results were obtained with help of ORCA 4.0.0 program.
We considered the heterolytic dissociation of Au-S bond to eval-
uate the stability of the absorption model:

AGapsorption model = G(C¢H4NO,AUy,) — G(CcH4NO, ™) —
G(Au") (1)

On the other hand, one can also inspect the energy barrier of the
Au-S bond breaking, thus providing information about its kinetic
stability. For the sake of comparison, we followed the same ex-
pression to evaluate the relative energy of the transition state to
reveal the influence of temperature:

AE, = G(TS) — G(CcH,NO,AU;,)  (2)

Calculations of the Gibbs free energy showed a linear correlation

between the temperature and the relative energy. One can easily

notice that, as the temperature increases, the stability of absorp-

tion model decreases, which follows a linear equation:
AGapsorption model = 0.05-T —107.15, (3)

where T is the temperature in kelvin. Such ambiguous reduction
in stability indicated the decomposition of absorption model is
more favored at high temperature. When the temperature is
higher than ~2100 K, the complex turns out to be thermodynami-
cally unstable (AG > 0). These findings indicate that thermal de-
sorption of ANBT from the Au surface, which would result in break-
ing of the Au-S bond, could occur at ~2100 K.

It is highly unlikely that such high temperatures can be reached at
the tip-substrate junction under our experimental conditions. We
nonetheless use finite-difference time-domain (FDTD)E" and fi-
nite element method (FEM)®®! to calculate the optical and photo-
thermal properties of our TERS system. In order to estimate the
plasmonic heating effects, we begin by finding the heat power (or
absorbed power), which is defined by:

Q= oasl, (4)

where g, is the absorption cross-section of the system and I is
the irradiance of the optical excitation (power per unit surface). Q
acts as a heat source which induces an increase in the local tem-
perature:

AT(r) = -——, (5)

4T ikoReip+7
where x; is defined as the thermal conductivity of the surrounding
medium, Ry, is the tip radius, and r is the distance from the metal
surface. Though this model gives us a good approximation to
what should be expected in the system, it is better to solve the
heat transfer equation using FEM:
(), () 52 — VI (r)VT (xr, )] = q (1), (6)

where p is the mass density, ¢, is the specific heat, and k is the
thermal conductivity. The function g(r) is the applied heat energy
transfer rate (or heat power density) inside the metal such that
Q= fV q(r)d3r, where the integral runs over the volume V of the




plasmonic system. It represents a heat source coming from the
dissipation of the optical energy through Joule effect. Given that
the calculations are performed in the steady state (‘;—: =0), the
equation is reduced to a Poisson’s equation:

VKMV (x,6)] = —q(r) (7)

The establishment of the steady-state temperature profile is usu-
ally very fast when working with nanoscale systems. Under con-
tinuous wave illumination, the typical duration 7. of the transient
regime is not dependent on the temperature increase but on the
characteristic size of the system. For a micron-scale metallic tip
Ty IS Of the order of microseconds.

Our modeled TERS systems are comprised of a gold tip and a
semi-infinite gold substrate with the distance between the tip and
substrate varying from 1 to 10 nm. We first investigate the LSPR
of each system in order to quantify the optical properties. In order
to determine the LSPR of the TERS system, we calculate the
absorption cross-section, a,,s, Using FDTD (Figure 4). We use
the absorption to calculate the heat power (eq. 4), which is then
used as the heat source in the FEM calculations (egs. 6-7).
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Figure 4. Absorption cross-sections for the systems with tip-substrate distances
of 1, 2, 5, and 10 nm. The LSPR of each system is located at ~530 nm. Inset:
Absorption cross-section at 671 nm as function of the tip-substrate distance.

Looking at the spectra, we do not see any defined shift in the
LSPR when comparing all the TERS systems at 1, 2, 5, and 10
nm. The LSPR is located at a wavelength of ~530 nm for each
individual system. The excitation wavelength (671 nm) is off res-
onance with respect to the LSPR of each of the TERS system
(Figure 4). Because of the off-resonance excitation, we expect
drastically lower temperatures than at the LSPR. Also looking at
the absorption spectra, we expect the magnitude of the tempera-
ture change at 671 nm to be similar for tip-junction distances in
the range 1-10 nm.

Temperature profiles are calculated using FEM for different TERS
systems excited at 671 nm at varying tip-substrate distances of 1,
2,5, and 10 nm and an input power of 60 uW, corresponding to
an irradiance 1=0.375 mW/um?. Figure 5a shows the change in
temperature in the range 36-52 mK at the surface of the substrate.
It shows that, as the tip gets further away from the substrate, the
maximum local temperature increase AT is lower, in agreement
with eq. 5. Figure 5b shows the temperature profiles of the tip-
substrate junction for various tip-distances. The gap-dependence
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of the calculated temperature increase once again follows eq. 5.
Here, we see that the tip is the hottest part of the system and the
changes in temperature are 100 times greater on the tip (3.9-5.0
K) than on the substrate (36-52 mK) (Figure 5).
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Figure 5. Temperature profiles calculated for an optical excitation of 671 nm (a)
on the substrate and (b) at the tip-substrate junction for tip-substrate distances
of 1, 2, 5, and 10 nm.
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Figure 6. Tip surface temperature dependency on the optical power for tip-
substrate distances of 1, 2, 5, and 10 nm. The black dashed line indicates the
experimental excitation of 60 uW (see Figure 6).

We also note that this maximum temperature is found in the
system with the smallest tip substrate distance of 1 nm. This is
due to the metallic nature of both the tip and the substrate. Indeed,
as the tip-substrate distance deceases, the electromagnetic
interactions increase within the tip-substrate junction as shown
through the increase in the absorption cross-section (inset, Figure
4). Additionally, we performed FDTD-FEM simulations for
increasing incident optical power to estimate the range of
temperature increase. We used input powers ranging from 10 to
500 uW on the TERS system with tip-substrate distances varying
from 1 to 10 nm (Figure 6). The maximum local temperature,
observed at the tip surface, scales linearly with the input power,
in agreement with egs. 4-5. The 1 nm tip-substrate distance



exhibits the largest change in surface temperature across all input
powers when compared to the other systems (43 K at P = 0.5
mW). With the calculations of the Gibbs free energy, one can see
that the system becomes thermodynamically unstable at higher
temperatures (~2100 K). We see that none of the systems we
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have modelled achieve temperatures higher than ~305 K at 60
uW; and up to 343 K at 0.5 mW. Temperatures around this
magnitude are not enough to be responsible for the
decomposition reaction of 4ANBT on the gold surface.
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Figure 7. TER spectra of 4ANBT on Au surface collected by two different probes (top and bottom rows).

Therefore, these results suggest that the formation of 4ANBT ani-
ons observed in the TERS experiments is a plasmon-driven pro-
cess, which takes place upon injection of hot carriers in the Au-S
bond.

We collected 2500 TER spectra across the monolayer of 4ANBT
on the Au surface to understand the relative abundance of the
anionic species in the TERS geometry. The integrated time of
each spectrum and the excitation power was 0.5 s (60 pW). It
should be pointed out that the TERS tip experienced a full round
of contacting and retracting for each spectral acquisition, which is

very effective in avoiding tip contamination or tip-induced photo-
catalysis. We have found that the fraction of the 1305 cm™ peak
was less than 1% of the total spectra for all of these two TERS
probes, which means that these thiolate species were very rare.
Interestingly, we can observe the gradual increase and disap-
pearance process of the 1305 cm™ peak in some consecutive
spectra imaged by TERS probe (Figures 7 and S4, Supporting
Information). In some cases, there was a notable 1540 cm peak
appearing along with the rising of the 1305 cm™ peak, like spectra
no. 2153-2155 in Figure 7a.



This work confirmed the previously proposed possibility for
photon-mediated desorption reactions that could take place on
metallic surfaces together with well-studied photochemical
reactions.2 However, the observed reation is not a pure photon-
driven physidesorption process, which was previously observed
for carbon monoxide.2d The 4NBT photo-desorption (Figure 8a)
is determined by reduction of the Au-S bond and one can envision
that such hot-carrier-driven reduction can be induced by the
indirect hot electron transfer mechanism (Figure 8c) and the direct
intramolecular excitation mechanism (Figure 8d).B2 Additional
studies are required to elucidate the detailed mechanism of the
chemical reaction reported herein.

(a) (b)
¥ @€ -
\:/ ,k' @ \\: @ 1\. (@
¢ e
(c) Y LUMO State

Transient Negative
Ion State

Localized Surface \
Plasmon

Potential Energy
Potential Energy

Ground State Ground State

Reaction Coordinate Reaction Coordinate

Figure 8. Schematic diagrams of photon-driven desorption (a) and
photochemistry (b) on the metallic surfaces and two possible mechanisms, the
indirect hot-electron transfer mechanism (c) and the direct intramolecular
excitation mechanism (d), of Au-S bond reduction.

Conclusion

We performed careful spectroscopic investigation to detect hot-
carrier-driven processes in TERS. Using TERS, we analyzed a
monolayer of 4ANBT on Au nanoplates. We found that a small
fraction of the spectra (less than 1%) exhibited vibrational bands
that could be assigned to 4NBT thiolate. The formation of this
anionic species could occur either as a result of its thermal
desorption from the Au surface or as a result of hot carrier
injection into the LUMO of 4NBT. DFT calculations indicate that
thermal desorption of 4NBT could occur only at temperatures
above 2100 K. Combined FDTD-FEM calculations demonstrated
that our experimental conditions (A = 671 nm, P = 60 yW) induce
a modest temperature increase in the tip-sample junction which
does not exceed 305 K. These results exclude the possibility of
thermal desorption of 4NBT from the Au surface strongly
suggesting that observed thiolate formation occurred via
plasmon-induced hot-carrier-driven processes.
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We investigate the formation of 4-nitrobenzenethiolate throughout the course of TER imaging of a 4-nitrobenzenethiol (4ANBT) mono-

layer on Au(111). Using DFT, FDTD, and FEM calculations, we confirm that the chemical transformation is not driven by plasmonic
photothermal heating, but rather by plasmon-induced hot carriers.



