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ABSTRACT: Photochemistry that can be driven at low incident
photon flux on optically excited plasmonic nanoparticles is
attracting increasing research interest because of the fundamental
need to combine surface reaction and in situ spectroscopy as well
as the opportunity that plasmon-driven reactions may offer a path-
way for efficient conversion of solar energy into fuel. In mechanistic
studies of plasmon-driven reactions to date, a great deal of emphasis
is given to hot electron transfer. The results summarized in this
Feature Article indicate that photochemistry on plasmonic nano-
particles can be induced by hot electron transfer from the nano-

particle to an unoccupied orbital of the adsorbate and/or by

plasmon-pumped electron transition from an occupied molecular
orbital to an unoccupied molecular orbital of the adsorbate. The
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branching photochemical reaction of para-aminothiophenol on the plasmonic gold surface depending on the presence of
a cetyltrimethylammonium bromide surface ligand that influences the hot electron concentration is used to highlight
reactions driven by hot carriers. The importance of plasmon-pumped electronic excitation of adsorbates in initiating surface
photochemistry is demonstrated based on the N-demethylation of methylene blue (MB) on gold nanostructures depending on
excitation wavelengths. At excitation wavelength that overlaps with the resonances of MB and the gold nanoparticles, conversion
of MB to thionine is observed in the presence of oxygen in the atmosphere and water in the surface—molecule complex.
Considering that MB is a well-known photosensitizer, this observation suggests that the photochemical N-demethylation
reaction involves singlet oxygen that can be generated via energy transfer from the MB triplet excited state to the O, triplet

ground state.

1. INTRODUCTION

Optical excitation of localized surface plasmon resonances
(collective oscillation of conduction electrons) of metal (gold,
silver, copper, etc.) nanoparticles creates an enhanced surface
field confined to nanoscale volume that is defined by the size of
the nanoparticles as well as by the gaps between the nano-
particles. ~* The magnitude of the local field can be several
orders larger than that of the incident excitation field.”~" As a
result, for molecules adsorbed on the surface of the plasmonic
nanoparticles, their spectroscopic signal can be enhanced enor-
mously by the plasmon near field, an evanescent wave that decays
exponentially with distance from the surface. The near-field effect
has led to the development of highly sensitive spectroscopy,
notably surface-enhanced Raman scattering (SERS) spectrosco-
py,”” to the extent that Raman scattering signal due to a single
molecule can be detected.'”'" In addition to enhancing spec-
troscopic signals, optical excitation of plasmon resonances can
drive surface photochemistry of adsorbates."”'® These dual
plasmonic effects inherently combine surface reactions and in
situ detection of reactant and product species, providing a con-
venient platform for mechanistic investigation of heterogeneous
catalysis. While plasmon-enhanced slpectroscopy such as SERS
is relatively well established,'”™>" plasmon-driven photo-
chemical reaction is a growing area of research.
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The mechanism of plasmon-driven surface photochemical
reactions has mainly been discussed in terms of hot charge
carriers that result from the nonradiative decay of plasmon
resonances.””~>* This mechanism involves transfer of the ener-
getic electrons to the adsorbed chemical species and is expected
to depend on the surface—molecule adsorption geometry and
orbital hybridization with the surface. Examples of plasmon-
driven reactions that are believed to be initiated by hot electron
transfer to an unoccupied orbital of adsorbate include H, disso-
ciation.”” Recent theoretical modeling shows that the antibonding
molecular orbital of the H, that hybridizes with a gold nano-
particle lies about 1.5 eV above the Fermi energy of the metal,
indicating the feasibility of particle—molecule charge transfer.*®
Since the potential energy surface of the antibonding orbital
is repulsive, the charge transfer can lead to dissociation of the
molecule. Other examples of plasmon-driven chemical reactions
that may involve hot electron transfer include ethylene epoxida-
tion,”” azo-coupling of self-assembled pam—aminothioghenol
(PATP)**** and para-nitrothiophenol (PNTP),>*~* con-

version of PNTP to PATP*' and vice versa,™ esterification of
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aldehydes,*’ and CO, reduction.*”** Except the H, dissociation
and CO, reduction, the other reactions are believed to involve
oxygen that can be activated by the energetic plasmon elec-
trons.””**** That is, for the most part, the hot electron transfer
mechanism may result in the formation of surface-bound tran-
sient anionic species such as H™, O,7, or CO,". Interestingly,
the formation of these species is well-known from gas-phase
studies.**™*’ In the gas phase, metastable anions can be stabi-
lized through solvation,**~>* while interaction with the nanoparticle
surface and coadsorbates such as water and oxygen molecules
can have a similar stabilizing effect.

Vibrational signatures of anionic radicals resulting from
plasmon electron transfer to bipyridine have also been observed
recently.53 Furthermore, cis—trans isomerization of 1,2-bis(4-
pyridyl)ethylene on gold nanosphere oligomers has been
attributed to hot-electron-driven photochemistry.”* In another
study, plasmon-driven cross-linking and carbonaceous reaction
of self-assembled organic molecules have been shown to have
similarity with surface chemistry induced by secondary electrons
of high-energy electron-beam and X-ray radiation.”> There are
also a large number of notable earlier examples of plasmon-
driven photochemical reactions’®~®* reported following the
discovery of SERS.%*

Photochemistry on resonantly excited plasmonic nanostruc-
tures can also be initiated via plasmon-pumped electronic
excitation of adsorbed molecules provided that the pumping rate
competes with the rate of energy transfer back to the metal
surface.”>° It has been suggested that intersystem crossing to
triplet states that have relatively long lifetime can reduce the
competition of nonradiative processes.’”” Recently, the photo-
chemical conversion of methylene blue (MB) to thionine on
plasmonic gold nanoparticles has been shown to depend on
excitation wavelength, indicating the importance of plasmon-
pumped electronic excitation of the MB adsorbate.”®®” Similarly,
the photodissociation of (CH,S), on Ag(111) and Cu(111)
surfaces is believed to be initiated by near-field enhanced direct
electronic excitation of the reactant.”””" It may also be difficult
to rule out the role of plasmon-pumped electronic excitation of
reactants in other interesting wavelength-dependent plasmon-
driven photochemical transformations’”> considering that
electronic transition energy shift and spectral broadening’>~"
can create uncertainty to determine the overlap of the reactant
absorption band with the plasmon resonance at the excitation
wavelength.

In addition to localized energy and hot electrons, the dephasing
of surface plasmons generates a local heating effect’®™®" that can
assist the surface photochemistry. In general, all the effects of
plasmon excitation (near-field, hot carriers, and thermal) need to
be considered in mechanistic investigation of photochemistry on
resonantly photoexcited plasmonic metal nanoparticles. While
there is significant effort in quantifying hot carriers and thermal
contributions to plasmon-driven photochemical reactions, experi-
mental results that demonstrate the importance of plasmon-
pumped (near-field enhanced) electronic excitation of adsorbates
remain scarce. The importance of charge transfer versus energy
transfer is expected to depend on the surface molecule adsorption
geometry and the overlap of the excitation wavelength with the
resonances of the nanoparticle and the molecule adsorbed on
the nanoparticle.

In this article, the relevance of hot electron transfer and
plasmon-pumped adsorbate excitation in plasmon-driven reac-
tion mechanisms is discussed based on the photochemistry
of PATP** and MB.®** The article is organized as follows.
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In Section 2, the branching of PATP photochemical trans-
formation depending on the presence of cetyltrimethylammo-
nium bromide (CTAB) surface ligand that facilitates hot carrier
separation will be discussed. In Section 3, plasmon-enhanced
N-demethylation of MB will be presented to demonstrate the
importance of resonant excitation of adsorbate states as well as
atmospheric and adsorption conditions. The conclusion and
future outlook are provided in Section 4.

2. LIGAND-MEDIATED HOT-ELECTRON-INDUCED
BRANCHING REACTION

In a conventional sense of heterogeneous catalysis, surface
ligands are expected to reduce the reactivity of the catalyst by
blocking the active sites.*”™*” The role of surface ligands in
plasmon-driven surface photochemistry can depend on the inter-
action of the surface ligand with the charge carriers. In particular,
surface-bound halides that interact with the positive charge are
expected to enhance the interaction of the hot electrons with the
reactant of interest.””

We have studied the surface ligand effect by comparing the
photochemistry of PATP adsorbed in three different interfaces
as displayed in the schematics in Figure la—c.*” In Figure 1a, the
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Figure 1. Effect of surface ligand. (a, d) When the PATP molecules are
self-assembled on gold film and AuNRs with a citrate surface ligand are
placed on top (a), vibrational frequencies characteristic of DMAB are
observed (d). (b, ) When AuNRs with CTAB surface ligand are used
(b), a strong vibration peak (due to N—O stretch) is observed at
1328 cm™ (e). (¢, f) The N—O peak is absent when the PATP
molecules are self-assembled on the AuNRs replacing CTAB. Adapted
with permission from ref 42. Copyright (2017) American Chemical
Society.

PATP molecules are self-assembled on gold film and gold nano-
rods (AuNRs) with citrate surface ligands placed on top. The
vibrational bands observed in the SERS spectrum (Figure 1d)
for this sample are consistent with reported spectra obtained on
roughened silver surfaces”® and on citrate-coated silver and gold
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nanoparticles.wﬁ1’32’89_91 The vibrational bands at 1143, 1392,
and 1437 cm™' are characteristic of the p,p’-dimercaptoazo-
benzene (DMAB) product”**””* formed via an oxidative coupling
reaction of self-assembled PATP molecules,”>** while the peaks at
1080 and 1580 cm ™ can be due to both PATP and DMAB.****"*
When the surface ligand is changed to CTAB for nominally the
same size of AuNRs (40 nm diameter and 80 nm length), a
new prominent peak is observed at 1328 cm™" in addition to the
vibrational signatures of DMAB, as shown in Figure le. The
peak at 1328 cm™' can be assigned to N—O vibration, and it
indicates the oxidation of PATP to PNTP. In contrast, when
the PATP molecules are directly adsorbed on the AuNRs by
replacing the CTAB surface ligands, the N—O Vlbratlonal band
has completely disappeared as shown in Figure 1f.**

CTAB bound to gold nanoparticles has a characteristic
Raman scattering peak at ~180 cm™' due to Au—Br stretching
vibration frequency,””~”> which can be used to confirm the
correlation between CTAB content and PNTP product signal.
As shown in Figure 24, strong relative intensity of the N—O peak
at 1328 cm ™" is accompanied by a strong Au—Br peak at 180 cm ™
On the other hand, as seen in Figure 2b, when the PATP molecules
are directly adsorbed on the AuNRs by replacing CTAB, the N—O
peak is completely absent, which is consistent with the absence
of the Au—Br peak at 180 cm™". The 1328 cm ™" peak frequency,
assigned to N—O stretching frequency, is in very good agreement
with the N—O vibrational frequency of solid PNTP as can be seen
comparing Figures 2a and 2c. Clearly, the strong correlation
between the Au—Br and the N—O vibrational bands underscores
the role of CTAB in converting PATP to PNTP.

The mechanism of plasmon-driven oxidation of PATP to
PNTP in the presence of CTAB may be similar to the mech-
anism of the reverse reaction (reduction of PNTP to PATP) on
silver nanoparticles in acidic solution in the presence of halide
counterions (CI~, Br~, and I").*® In both cases, the photo-
chemical reactions are likely initiated by hot electron transfer to
chemisorbed species. That is, the reaction can be initiated by
electron transfer to O, in the case of PATP oxidation®”** and
electron transfer to H* in the case of PNTP reduction.”® After
the electron is transferred to the adsorbed species, the halide
anions can react with the positive charge on the metal surface,
thereby minimizing the rate of electron return to the surface and
increasing the number of hot electrons available to activate
oxygen molecules.””*>*" Electron transfer to molecular oxygen
can produce O, superoxide that is strongly adsorbed to the
surface of the nanoparticles.*””® The conversion of PATP to
DMAB and PNTP possibly involves the same initial step, that is,
reaction of the superoxide with the NH, group of PATP.*>
In the photocatalytic oxidation of aniline on Pt nanoparticles
supported on TiO,, nitrosobenzene and azobenzene have
been detected.”® According to the mechanism proposed by
Konaka et al,”” the formation of the azobenzene should
involve a reaction between the nitrosobenzene product and
unreacted aniline that may be at very low number density
depending on the concentration of charge carriers. The
mechanism of plasmon-driven oxidation of PATP should be
similar, and high concentration of hot electrons preferentially
leads to the formation of PNTP as opposed to DMAB. As a
result, branching photochemical reactions can take place as
shown by Scheme 1.

In summary, the transformation of PATP on AuNRs exclu-
sively to DMAB in the absence of CTAB on the AuNRs and to a
mixture of DMAB and PNTP in the presence of CTAB indicates
hot-electron-driven reaction mechanism. It is important to note
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Figure 2. Correlation between CTAB content on the AuNRs and the
N—O signal. (a) Strong Au—Br vibration band at 180 cm™ correlates with
strong intensity of the N—Q vibration band at 1328 cm™" for CTAB-coated
AuNRs placed on PATP self-assembled on gold film (AuF). (b) The
PATP is assembled on the AuNRs replacing CTAB resulting in the absence
of Au—Br and N—O vibration bands. (c) Regular Raman spectrum of solid
PNTP. All the results are obtained at A = 633 nm. Adapted with permission
from ref 42. Copyright (2017) American Chemical Society.

Scheme 1. Branching Reaction Pathways for Plasmon-Driven
Oxidation of PATP
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that changing surface ligands can change a number of variables in
the reaction including the distance between the plasmonic
surfaces, counterion concentration, surface charge, and carrier
lifetime.”®”” For the specific reaction of PATP to PNTP oxida-
tion, the distance effect may be ruled out based on the comparison
of the results in Figures 1a and 1b assuming that citrate and CTAB
surface ligands provide approximately similar separations. The
influence of CTAB can be explained in terms of counterion and
surface charge that appears to increase the lifetime of the hot
electron for the reaction.

3. PLASMON-PUMPED ADSORBATE EXCITATION
AND PHOTOCHEMISTRY

When particle plasmon resonances spectrally overlap with the
electronic transition energy of molecules adsorbed on the

DOI: 10.1021/acs.jpcc.8b12054
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Figure 3. Spectral overlap of the molecular and plasmon resonances.
The absorption spectra of MB, azure B, azure A, and thionine in water
and the plasmon scattering spectrum of AuNRs (Diameter 40 nm and
length 90 nm) as aggregated on coverslip glass.

nanoparticles, the adsorbate experiences enhanced rate of
electron transition from its highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO)
due to the high mode density of the plasmon surface field.'*°~'*

This plasmon-pumped electronic excitation of adsorbates can
initiate important photochemistry at photon flux comparable to
that of the solar radiation. Here, we highlight this mechanism
using plasmon-enhanced N-demethylation of methylene blue
(PEND-MB) on plasmonic gold nanoparticles as model reac-
tions in which MB is converted to thionine and other partial
N-demethylation products (azures A, B, C).°**” As shown in
Figure 3, the absorption bands of aqueous solutions of MB and
its N-demethylated derivatives appear in the visible spectral
region. The scattering spectrum shown by the brown line in
Figure 3 shows that the plasmon resonances of AuNRs (~40 nm
diameter and ~90 nm length) aggregated on glass overlap with
the absorption bands of MB and its derivatives. Adsorption of
molecules on metal surfaces is expected to induce peak energy
shift and line width broadening to an extent that depends on the
nature of the surface—molecule interaction.”*~"

For MB and its N-demethylated derivatives on the gold
surface, the surface—molecule interaction is dominated by weak
dispersion forces as recent theoretical calculations indicate.'**
Consistent with the physisorption nature of the interaction, the
peak positions in the SERS spectra agree very closely with the
corresponding peak positions in the regular Raman spectra of
the solid powders as shown in Figure 4. The spectra presented in
Figure 4 are obtained at 633 nm excitation wavelength, and the
SERS signals for MB and its derivatives (azure B, azure A, and
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Figure 4. Normal Raman spectra of solid powders (blue lines) and SERS spectra (red lines) of methylene blue, azure B, azure A, and thionine as

labeled.
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Figure S. Temporal evolution of SERS spectra demonstrating PEND-MB. (a) Representative SERS spectra recorded in ambient atmosphere at the
beginning (black line) and after 200 s of illumination using 633 nm excitation wavelength. (b) Intensity map representing 400 spectra acquired
sequentially during illumination for about 207 s. The zoom-in intensity maps at the bottom show the important spectral changes with time. Each
spectrum is recorded with 0.5 s acquisition time at 0.4 mW incident power focused with 0.7 NA objective.

thionine) are comparably strong suggesting similar contribution
of molecular resonance effects as the spectral broadening upon
adsorption can lead to the overlap of the excitation wavelength
with the absorption bands for all the adsorbates. As a result,
the reactant and product species can be monitored with high
sensitivity by taking advantage of the large SERS cross-section
that results from resonance Raman and electromagnetic enhance-
ment effects. ">~

In the discussion of PEND-MB photochemical reaction, the
spectra presented in Figure 4 will be used as reference. The
prominent peaks at 479 and 804 cm™" in the thionine spectrum
can be used to quantify the conversion of MB to thionine.
Similarly, the downshift of the 1435 cm™" peak will be used to
ascertain partial N-demethylation of MB.

The temporal evolution of the MB SERS spectra obtained
under continuous illumination at 633 nm excitation wavelength
in ambient atmosphere is shown in Figure S. The prominent
changes can be observed by comparing the spectra recorded at
0.5 and 200 s exposure times as shown in Figure 5a. The intensity
map (Figure Sb) that represents 400 spectra acquired sequentially
shows the appearance of new vibrational bands as a function of
exposure time. Referring to the spectra presented in Figure 4, the
spectral changes can be interpreted as follows.”*” (1) The new
peak that appears at 479 cm™ can be assigned to the skeletal
deformation mode of thionine product. (2) The new peak at
804 cm™" can be assigned to the NH, rocking vibration that requires
complete N-demethylation at least at one of the N-terminals.
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(3) The red-shift from the 1435 cm™" initial peak position can
be attributed to partial N-demethylation products that include
azure B, azure A, and azure C. We note that the prominent
vibrational bands at 479 and 804 cm™" are completely absent in
the MB spectrum (see Figure 4), providing high contrast of
reactant and product signals.

Insight into the mechanism of the PEND-MB can be obtained
by performing the experiment under different excitation, atmo-
spheric, and adsorption conditions as summarized next.

3.1. Excitation Wavelength Dependence. Our hypoth-
esis that the photochemical conversion of MB to thionine on
gold nanostructures is driven by plasmon-pumped electronic
excitation can be tested by detuning the plasmon resonance and
excitation energy away from the HOMO—LUMO transition
energy of MB. To this end, the SERS spectra obtained at 633 nm
excitation wavelength have been compared to that obtained at
532 and 808 nm excitation wavelengths such that the excitation
energy overlaps with the plasmon resonances but not with the
electronic transition energy of MB.%®In Figure 6a, the dark-field
scattering spectra of gold nanospheres (AuNSs, 40 nm diameter)
and AuNRs (40 nm width and 148 nm length) incubated in
MB solution and aggregated on oxide-coated silicon wafer are
presented. The plasmon resonance of aggregates of AuNSs are
excited more efficiently with the 532 nm laser than with the 633 nm
due to more significant spectral overlap with the former. Similarly,
the plasmon resonances of the AuNRs are excited more appreciably
with the 808 nm laser than with the 633 nm. The data presented in

DOI: 10.1021/acs.jpcc.8b12054
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Figure 6. Excitation wavelength and plasmon resonance effects.
(a) Dark-field scattering spectra of aggregates of gold nanospheres
(AuNSs, diameter 40 nm) (blue line) and gold nanorods (AuNRs,
40 nm X 148 nm) (red line) functionalized with MB and deposited on a
silica surface. (b) SERS spectra of MB adsorbed on the AuNSs and
AuNRs recorded 30 s after continuous exposure to the excitation lasers.
The peak at 520 cm™" is due to silicon. Adapted with permission from
ref 68. Copyright (2017) American Chemical Society.

Figure 6b show that PEND-MB occurs when a 633 nm
excitation source is used for both plasmonic systems as indicated
by the appearance of the prominent vibrational signatures
of thionine (the peaks at 479 and 804 cm™). In contrast, no
N-demethylation reaction is observed when 532 and 808 nm
lasers are used regardless of the more eflicient excitation of the
plasmon resonances than at 633 nm. It is important to note that
if the dominant reaction mechanism involves hot electron tran-
sfer the N-demethylation reaction would have been observed at
532 nm and/or 808 nm lasers which are expected to give more
efficient excitation of the plasmon resonances.

In addition to the appearance or absence of the peaks at 479
and 804 cm ™' depending on the excitation wavelengths, notable
differences can be observed in the 1360—1560 cm™ region com-
paring the SERS spectra obtained at 532 and 633 nm excitation
wavelengths as can be seen in Figure 6b. At 532 nm, the intensity
at 1435 cm™" is much higher than the intensity at 1392 cm™,
whereas the opposite trend is observed at 633 nm excitation.
The spectral pattern at 633 nm can be attributed to partial
N-demethylation (referring to Figure 4), while understanding
the relative intensity pattern observed at 532 nm requires further
investigations.

Although they have been wrongly assigned to methylene blue,
vibrational signatures of thionine are evident in some published
SERS spectra of MB adsorbed on silver surface at 532 nm
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excitation wavelengths.'””~""" The discrepancy on gold versus

silver surfaces may originate from the different adsorption prop-
erties of MB on gold and silver surfaces.'"”* Depending on the
nature of the surface—molecule interactions on different surfaces,
the absorption band of the adsorbate can shift, resulting in different
degrees of spectral overlap with the excitation wavelength on
gold and silver surfaces. Surface ligands, counterions, and solvent
molecules can also influence the adsorption properties as well as
charge-transfer processes.

3.2. Excitation of Adsorbate on Nonplasmonic Sur-
face. Excitation of MB adsorbed on nonplasmonic surfaces
using 633 nm excitation laser line that overlaps with the elec-
tronic transition energy of MB does not lead to N-demeth-
ylation.”® An example is shown in Figure 7, where the Raman

T T T T T T T T T T T T

30s
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T T T T T T T T T T T T
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Figure 7. Raman spectra of MB adsorbed on gold film in the absence of
plasmonic nanoparticles. The gold substrate was kept inside 1.5 X 1075 M
MB in ethanol solution overnight, and the substrate was not washed as it
was pulled out of the solution so that thicker than a monolayer of MB
sample was obtained to improve the signal-to-noise ratio. The spectra
were recorded with acquisition time of 1 s at the 633 nm excitation
wavelength with excitation intensity of ~100 kW/cm?. Adapted with
permission from ref 68. Copyright (2017) American Chemical
Society.

spectra of MB adsorbed on bulk gold film (~50 thick) remain
essentially the same upon continuous illumination regardless of
the incident excitation intensity. The spectra in Figure 7 were
acquired at irradiation intensity of ~100 000 W/cm? at which no
N-demethylation of MB was observed. In contrast, on optically
excited plasmonic gold nanostructures, the photochemical reac-
tion is observed at incident laser intensity as low as 100 W/cm?.
This observation underscores the importance of the intense
local field to pump the electronic excitation of the adsorbate at
very low incident photon flux. The observations in Figures 6 and
7 indicate that excitation of both the molecular and the plasmon
resonances are important to induce the N-demethylation of
methylene blue on the gold surface.

3.3. Atmospheric Conditions. The results on the PEND-
MB discussed so far are obtained at ambient conditions.
Mechanistic understanding of the reaction requires determining
all the reactants that include gaseous species such as oxygen.
To this end, the photochemical reaction has been carried out
under controlled atmospheric conditions.”” The temporal evolu-
tions of the spectra obtained at different atmospheric conditions
are compared in Figure 8. Under ambient air and oxygen

DOI: 10.1021/acs.jpcc.8b12054
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Figure 8. Temporal evolution of the SERS signal of MB adsorbed on AuNRs and illuminated with 0.4 mW of 633 nm CW laser (focused with 0.7 NA
objective) in air (a, d), oxygen (b, ¢), and nitrogen (c, f) atmospheres. The SERS spectra are acquired continuously with 0.5 s acquisition time for over
200 s of continuous illumination, and the black, green, red, and blue lines in (a)—(c) represent average spectra of at least 10 different spots on the same
sample at different exposure times, as labeled. (d)—(f) Integrated intensities of representative vibrational bands plotted as a function of exposure time.
Adapted with permission from ref 69. Copyright (2018) American Chemical Society.

atmosphere, continuous exposure of the sample results in the
appearance and growth of the vibrational bands at 479 and
804 cm ™" (Figures 8a and 8b). In contrast, in a nitrogen atmo-
sphere, the intensities at the corresponding peak positions are
within the background level as can be seen in Figure 8c. These
observations indicate that oxygen is involved in the PEND-MB
reaction. The integrated intensities of representative vibrational
bands are plotted as a function of exposure time as shown in
Figures 8d—f. As can be seen in Figures 8d,e, the intensity of
thionine product signal increases with time and becomes higher
than that of the 1392 cm™ band, which is used as a reference
because of its comparable intensity in both MB and thionine
spectra, after about 40 s in the reactive atmospheres. In the inert
(nitrogen) atmosphere, the relative intensity at the 479 cm™!
band remains within the background level during the contin-
uous illumination of the sample (Figure 8f), confirming that
conversion of MB to thionine is negligible in the absence of
oxygen.

In addition to the appearance of prominent new peaks at
479 and 804 cm™, the vibrational mode that initially peaks at
1435 cm ™! red-shifts with increasing exposure time, and the shift
is accompanied by a relative intensity increase depending on the
atmospheric condition. This vibrational mode has been assigned
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to the in-plane NCH bending vibration of MB'"? and, there-

fore, should disappear upon complete N-demethylation of MB
(thionine formation) as can be seen in Figure 4. Hence, the
frequency red-shift and intensity rise with exposure time can
be attributed to partial N-demethylation products that include
azure B, azure A, and azure C, which is consistent with the refer-
ence spectra shown in Figure 4.

For more quantitative analysis of the partial N-demethylation,
the integrated intensities and frequency shifts of the represen-
tative bands are plotted in Figure 9. In air and oxygen atmo-
spheres, the relative intensity of the 1435 cm™ band increases
with exposure time, while that of the other bands remains nearly
constant in air and decreases slightly in oxygen as shown in
Figures 9a,b. For the band that initially peaks at ~1435 cm™,
the intensity rise is accompanied by significant frequency red-
shift depending on the atmospheric conditions as shown in
Figure 9d—f. Within 120 s exposure time, red-shifts of about
5 and 3 cm™ are observed in reactive and inert atmospheres,
respectively. Again, based on the reference spectra presented
in Figure 4, the frequency shift is attributed to partial
N-demethylation of MB. The shift in the nitrogen atmosphere
indicates non-negligible reaction possibly due to the presence of
trace amounts of oxygen as adsorbates.
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Figure 9. (a)—(c) Integrated and normalized relative intensities of representative vibrational bands plotted as a function of irradiation time in (a) air,
(b) oxygen, and (c) nitrogen atmospheres. (d)—(f) Vibrational frequency shift of the different bands as labeled based on the initial peak frequencies.
The vibrational frequencies are determined by fitting a Gaussian function to the spectra. The integrated intensities and frequencies are extracted from
1000 spectra each recorded with 0.1 s acquisition time within 120 s of continuous irradiation time using 0.2 mW of 633 nm CW laser that is focused
with a 0.7 NA objective. Adapted with permission from ref 69. Copyright (2018) American Chemical Society.

3.4. Surface—Molecule Proximity. Comparing the spectra
shown by the black and green lines in Figure 6b (obtained
using the same excitation wavelength), it can be seen that the
1424 cm™ to 1392 cm™' peak intensity ratio is higher for MB
adsorbed on gold spheres with citrate surface ligand (black lines)
than that on AuNRs with CTAB surface ligand (green line). This
observation suggests that the adsorption on gold spheres favors
partial N-demethylation as can be inferred based on the patterns in
reference spectra provided in Figure 4. To obtain further evidence,
the SERS properties of MB adsorbed directly on the bare gold
surface prepared using electron-beam evaporation (MB-Au) are
compared with that obtained by adsorbing on similarly prepared
gold nanostructures coated with a monolayer of poly(sodium
4-styrenesulfonate) (MB-PSS-Au) as shown in Figure 10. For the
MB-Au sample, two peaks at 1421 and 1435 cm ™" are observed, and
the relative intensity of the former increases with exposure time.
For the MB-PSS-Au sample, the 1421 cm™' peak has shifted to
~1426 cm™, and its relative intensity increases with exposure time.
Based on the results presented in Figure 4, the 1426 cm™ peak
position can be assigned to azure B or C, and the red shift to
1421 cm™ for the MB-Au sample can be attributed to surface—
molecule interaction because of direct coupling to the gold surface.

As shown in Figure 10b, the intensity ratio of the 1421 cm™ to
1392 cm ™" peaks for the MB-Au sample (open circles) is higher
than the corresponding peak intensity ratio for the MB-PSS-Au
sample (solid circles). On the other hand, the intensity ratio of
479 cm™" to 446 cm ™! peaks is higher for the MB-PSS-Au sample
(solid triangles) than for the MB-Au sample (open triangles),
indicating that the conversion of MB to thionine is favored in the
presence of PSS. The observation of stronger thionine product
signal in the presence of PSS may indicate optimal surface—
molecule proximity to minimize competing radiative and non-
radiative processes as predicted by Nitzan and Brus.® In other
words, it can be argued that the trend observed in Figure 10
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supports our proposed mechanism that involves plasmon-pumped
HOMO-LUMO electronic transition. However, the PSS may
also influence the charge carrier separation and their lifetimes.

3.5. Hydration Effect: “Wet” Versus “Dry” Adsorbate.
When aqueous solution of MB and gold nanoparticles is drop-
casted and dried, MB is likely adsorbed in its hydrated form,""*~"*
and the water molecules can be involved in the photochemical
N-demethylation. Indeed, when the water content is reduced
by suspending the molecules and the nanoparticles in ethanol
solvent, PEND-MB is drastically reduced as summarized in
Figure 11. Comparing the relative intensity of the bands at 479
and 804 cm™" in Figure 11a (obtained under a flow of oxygen
over dehydrated surface—molecule complex) to the correspond-
ing intensities in Figure 8b (obtained under the flow of oxygen
over hydrated surface—molecule complex), it can be seen that
the PEND-MB reaction is suppressed when the surface—molecule
complex is dehydrated. When the experiment is repeated after
introducing water molecules in the gas phase by expanding
oxygen gas through a water bubbler, the vibrational signatures of
thionine still remain weak as shown in Figure 11b. The peak
intensities plotted in Figure 11¢,d show that the relative intensity
of the 479 cm™! band remains significantly lower than the inten-
sity of the 1392 cm™" band throughout the exposure time. This
trend is in contrast to that observed in Figures 8d and e, where
the relative intensity of the 479 cm™" band becomes larger than
that of the 1392 cm ™" band with increasing time. In addition, the
frequency shift for the mode that peaks at 1435 cm™" is negligible,
suggesting that partial N-demethylation is also suppressed in the
absence of water. The fact that the vibrational signatures of
N-demethylation remain weak even in the presence of water
molecules in the gas phase suggests that it is hydrated MB that
undergoes N-demethylation reaction. In hydrated MB, water
molecules can be the source of hydrogen atoms that replaces the
methyl groups.
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Figure 10. Spacer layer effect. (a) Representative spectra showing
the relative intensities of the peaks labeled p;—p, at the beginning
(black line) and end (red line) of illumination at 633 nm for 207 s in
the presence (upper two spectra) and absence (lower two spectra) of
poly(sodium 4-styrenesulfonate) (PSS) coating on e-beam evapo-
rated gold nanostructures as labeled. Each spectrum represents an
average of at least 10 different spots on the same sample. (b) Peak
intensity ratios as a function of exposure time. Adapted with
permission from ref 69. Copyright (2018) American Chemical
Society.

3.6. Singlet Oxygen. It is well-known that singlet oxygen
('0,) reacts with organic molecules, resulting in oxidative trans-
formation and degradation.''®""” Thermally or photon-induced
generation of singlet oxy §en is used to initiate oxidative
N-dealkylation reactions.' """ Selective biocatalytic oxidative
N-demethylation reactions are known to play a crucial role in
nucleic acid regulation and synthesis.'**~'*> More recently, highly
selective biomimetic riboflavin-catalyzed oxidative demethylation
of N-methyl adenine and related compounds using blue light has
been reported by Xie and coauthors.'** Photoexcited adsorbed
molecular oxygen via hot electron transfer is proposed to initiate
the oxidation of dyes and simple organic molecules such as form-
aldehyde, ethylene, and methanol under ambient conditions.'*®
In this mechanism, hot electrons are injected into the antibonding
molecular orbital of adsorbed O, to form electronically excited
adsorbed O,”. The superoxide relaxes quickly to the ground
electronic but vibrationally excited state of neutral O, by releasing
electrons back into the metal. The activated neutral oxygen
undergoes fast reaction to yield selective oxidation of organic
molecules that are very close to the surface of the metal nano-
particles. Alternatively, adsorbed O, captures hot electron to
form very reactive anionic oxygen that readily extracts protons
from the organic molecules or water to generate more reactive
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. . — - 118,119
free radical species to initiate the oxidation reaction.”

Furthermore, recent experimental observations indicate that
plasmonic nanoparticles enhance the efﬁaency of photosensi-
tizers to generate singlet oxy en 126-12 Con51der1ng that MB is
a well-known photosensitizer, > the photochemical N-demethyla-
tion is likely to involve singlet oxygen. In fact, it has been shown
that singlet oxygen drives N-demethylation of different organic
molecules." "

The interaction of MB with visible light can induce electronic
transition from the singlet ground state (S,) to the singlet
excited state (S,) that can be followed by intersystem crossing to
the excited triplet state (T,) as illustrated in Figure 12. The
energy transfer from MB (T,) to oxygen in its triplet ground
state (°0,) can generate the reactive singlet oxygen ('O,). That
is, the plasmon field drives the photochemical N-demethylation
by pumping the S, — S, electronic excitation of the MB
adsorbate that leads to enhanced generation of 'O,.

Singlet oxygen can interact with MB to form a charge-transfer
complex (exciplex).'**'** Similar to the solution-phase mech-
anism,”*' H atom transfer within the complex can lead to
formation of a radical species, which in the presence of water
results in N-demethylation as shown in Scheme 2,° in which
only one of the methyl groups is shown for simplicity, where Z*
represents the rest of the cationic structural constituents of MB
including the fused ring system and the two methyl groups
attached to the N atom on the other end of the molecule.

3.7. Transfer and Solvation of Hot Electron. The
discussion so far, particularly the dependence on excitation
wavelength (Section 3.1), strongly supports that photochemical
conversion of MB to thionine on gold nanoparticles is initiated
by plasmon-pumped electronic excitation of the adsorbate. How-
ever, based on these observations, we cannot rule out the involve-
ment of hot electron transfer in the reaction. Signatures of light-
induced surface molecule interaction and partial charge transfer
processes can be revealed by analyzing the frequencies of the
vibrational modes that may be sensitive to charge redistribution
in the surface—molecule complex. In the oxygen atmosphere, the
frequency shift due to surface—molecule interaction and charge
transfer can be overwhelmed by chemical transformation. How-
ever, the charging effect can be discovered in N, atmosphere, in
which the photochemical reaction is suppressed.

As shown in Figure 9f, in N, atmosphere, the 1392 and 1620 cm™!
vibration modes shift in opposite direction, indicating the
importance of light-induced surface—molecule interaction and
charge-transfer effects. The surface—molecule interaction may
cause delocalization of the m-electron density of the fused
aromatic ring. This charge delocalization can strengthen the
1392 cm™! vibration mode, which is due to the stretching vibra-
tion of the C—N attached to the methyl groups coupled to the
stretching vibration of the fused aromatic ring. In contrast, the
1620 cm ™' ring vibration mode can be softened as the electron
density is pulled from the aromatic system.'*

We note that the blue-shifting of the 1392 cm™ vibration
frequency in inert atmosphere (Figure 9f) is in contrast to the
red-shifting in the reactive atmospheres (Figures 9d and 9e),
which suggests that the charge transfer and the N-demethylation
reaction shift the vibration frequency in opposite direction. On
the other hand, from the shifting of the vibrational frequency
that initially appears at 1435 cm™, it is clear that the photo-
chemical N-demethylation is not completely absent. These
observations suggest that if the photochemical transformation
could be suppressed completely, the shifts induced by the
surface—molecule interaction and charge transfer for the bands
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Figure 11. Temporal evolution of the SERS signal for the dehydrated MB—AuNR complex. The amount of adsorbed water is minimized by using
ethanol solution of MB and AuNRs during the sample preparation. Representative spectra acquired under the flow of (a) dry O, gas and (b) O,/H,0
gas formed by passing the O, gas through a water bubbler. (c, d) Relative peak intensities extracted from the spectra acquired under the flow of (c) dry
O, gas and (d) O,/H,0 gas. Adapted with permission from ref 69. Copyright (2018) American Chemical Society.
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Figure 12. Schematic showing possible photophysical processes for MB
on gold nanoparticles when the excitation energy is in resonance with
the particle plasmon resonance and MB adsorbate electronic transition.
The plasmon near field of the particle pumps the Sy — S, electronic
transition of the MB adsorbate (blue lines). S; to T, intersystem
crossing (purple arrow) can populate the MB T, state, from which
energy transfer (green arrows) can promote oxygen from its triplet
ground state (°0,) to singlet excited state ('O,). The black arrows
indicate energy transfer to the metal surface, and red arrows indicate hot
electron transfer to the unoccupied adsorbate states. Adapted with
permission from ref 69. Copyright (2018) American Chemical
Society.

that initially peak at 1392 and 1620 cm™' might be more
significant than observed in Figure 9f. More insight into the
charge transfer effect may be obtained by performing the SERS
experiment at excitation wavelengths that do not induce
photochemical transformation (see Section 3.1). In fact, hot
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Scheme 2. Proposed Reaction Pathway of PEND-MB
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electron transfer to the unoccupied orbital of MB adsorbed
on silver nanocubes has been proposed based on the unusually
large anti-Stokes to Stokes Raman intensity ratio at 785 nm
excitation wavelength at which no N-demethylation has been
observed.''>'"!

Charge transfer to MB adsorbate and local heating due to
dissipation of energy from the resonant excitation of the mole-
cule and particle resonances may assist the photochemical
reactions by activating the surface—molecule complex to readily
undergo chemical transformation. In addition, the hot electron
can assist the reaction by activating molecular oxygen.27’32’34
The formation of singlet oxygen and hot electron transfer can
take place in concert. Considering the involvement of water in
the reaction, it may be appropriate to think in terms of solvated
hot electron, where a metastable [MB(O,),,(H,0),]™ cluster
anion is adsorbed on the gold surface. This charge transfer process
can modify the mechanism in Scheme 2 according to the path-
ways proposed for photochemical N-demethylation of ruflox-
acin."”® Tt is also important to note that the photochemical
transformation of MB to thionine involves multistep reactions
to replace four methyl groups with hydrogen. As a result, con-
firming whether the excited-state processes are important at
each step requires future systematic experimental studies.
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4. SUMMARY AND FUTURE OUTLOOK

The experimental results summarized in this article indicate that
photochemistry can be induced on optically excited plasmonic
nanostructures by hot plasmon electron transfer to an unoccupied
orbital of the adsorbate and/or by plasmon-pumped HOMO—
LUMO electron transition of the adsorbate. The importance of
hot electron transfer and plasmon-pumped adsorbate excitation
is expected to vary depending on many factors that include
adsorption geometry, surface-molecule energy—level alignment,
and spectral overlap between the resonances of the nanoparticle
and the adsorbate, surface ligands and coadsorbed solvent
molecules, and ionic species. The fact that plasmon excitation
drives chemical reaction and enhances spectroscopic signals
simultaneously can be exploited to improve our understanding
of heterogeneous catalysis in general. Currently, mechanistic
understanding of plasmon-driven surface reaction is at its
infancy. Concerted experimental and theoretical efforts are
needed. Recent experimental advances indicate windows of
opportunity to tackle the problem. SERS can be used to detect
reactant and product species.”**” Tip-based near-field optical
microscopy can map near-field distribution™'*”"** and Raman
scattering’”'**~"*" in real space with high spatial resolution.
These super-resolution capabilities can be combined to correlate
plasmon-field localization with reactivity because with continual
improvements of the tip-based microscopy it may be possible to
resolve the distribution of the reactant and product species
adsorbed on individual plasmonic nanoparticles. For example,
a recent report by Apkarian and co-workers demonstrates
the possibility of imaging electrostatic fields with submolecular
spatial resolution using tip-enhanced Raman scattering for
imaging charge density distribution on single metalloporphyrins
adsorbed on Au(111)."** Similarly, scanning tunneling micros-
copy can be used to visualize reaction and charge density on
surfaces.” " **'** Technical advances for probing thermal effects
are also improving.”*’”*""'*> The electronic absorption band
of molecules adsorbed on metal surfaces is largely unknown
despite its critical importance for understanding the role of
plasmon-pumped electronic excitation in plasmon-driven photo-
chemistry. Plasmon-enhanced electronic excitation of organic
adsorbates can lead to generation of singlet oxygen. Keeping in
mind that most examples of plasmon-driven photochemistry are
carried out in oxygen atmosphere, the role of singlet oxygen can
be more prevalent than currently thought. The generation of
singlet oxygen is likely accompanied by immediate hot plasmon
electron transfer and formation of cluster anion considering the
reactivity of singlet oxygen. Formation of adsorbed transient
cluster anions can increase the lifetime of hot electrons, making
them available for driving chemical reactions.
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