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ABSTRACT: Plasmonic nanoparticles can drive chemical reactions
powered by sunlight. These processes involve the excitation of surface
plasmon resonances (SPR) and the subsequent charge transfer to
adsorbed molecular orbitals. Nonetheless, controlling the flow of energy
and charge from SPR to adsorbed molecules is still difficult to predict or
tune. Here, we show the crucial role of halide ions in modifying the
energy landscape of a plasmon-driven chemical reaction by carefully
engineering the nanoparticle−molecule interface. By doing so, the
selectivity of plasmon-driven chemical reactions can be controlled, either
enhancing or inhibiting the metal−molecule charge and energy transfer or by regulating the vibrational pumping rate. These
results provide an elegant method for controlling the energy flow from plasmonic nanoparticles to adsorbed molecules, in situ,
and selectively targeting chemical bonds by changing the chemical nature of the metal−molecule interface.
KEYWORDS: plasmonic chemistry, halide ions, vibrational pumping, energy transfer, anti-Stokes SERS, methylene blue

INTRODUCTION
Plasmonic nanoparticles have enabled alternative solutions for
solar technologies1 in the past decades. Their ability to capture
resonantly visible light and concentrate it to the nanoscale,
below the diffraction limit, mesmerized scientists and could
prove useful for many critical technologies such as solar-to-
chemical2−5 and solar-to-electrical6−8 energy conversion,
(bio)sensing,9−13 and targeted cancer treatment or imaging.14

The fascinating properties of plasmonic nanoparticles result
from the excitation of surface plasmon resonances (SPR)�the
coherent oscillation of the free metal electron plasma, which
couples to light and yields mixed light−matter states
(plasmons) at the metal−dielectric interface.
While some applications, such as sensing, aim to design

plasmonic nanostructures with minimum losses (as energetic
charge carriers15 and eventually heat) and thus maximize the
plasmonic near-field enhancement (or the Q factor), other
applications, like solar-to-chemical or solar-to-thermal energy
conversion, exploit the losses of plasmonic nanostructures (i.e.,
energetic charge carriers). A fraction of the SPR energy is lost
within a few fs by forming nonthermal electron−hole pairs
(i.e., charge carriers with energy higher than the thermal
energy, kT) which cause the decoherence of the plasmon
resonances. After a few hundred fs, the hot carriers start to lose
their energy through electron−electron collisions, forming a
Fermi−Dirac distribution at an elevated temperature. After a
few ps, the hot carriers lose further their energy through
collisions with the phonon lattice.3,4,16 These energetic charge

carriers (hot carriers) can however be transferred to adsorbed
molecular orbitals or semiconductors before they are
thermalized, and drive chemical reactions. In recent years,
the picture of hot carrier transfer to adsorbed molecules (i.e.,
plasmonic chemistry) has evolved significantly. While in the
infancy of plasmonic chemistry the mechanisms and theories
were mainly adapted from surface science and bulk metals, the
paradigm of plasmonic chemistry has shifted toward alternative
nanoscale mechanisms. The process of Landau damping,
whereby a small fraction of energetic hot carriers are scattered
at the nanoparticle surface and get transferred to adsorbed
molecular orbitals,17,18 has been reformulated as chemical
interface damping (CID) through the seminal work of Linic et
al.19,20 and others.21,22 As opposed to Landau damping, which
is inefficient because only a small fraction of hot carriers arrives
at the surface of nanostructures, in CID the hot carriers are
transferred directly to adsorbed molecules, circumventing the
competing electron−electron and electron−phonon path-
ways.18,23,24 This mechanism was also postulated to explain
the enhancement factor in surface enhanced Raman scattering
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(SERS) which is not entirely accounted for with the classical
electromagnetic (EM) model.25,26

The dynamics of molecules at the surface of plasmonic
nanoparticles and the chemical nature of the metal−molecule
interface have been mostly overlooked in plasmonic chemistry
(and not only), despite being of upmost importance in
controlling the selectivity of the plasmon-driven reaction. More
often than not, the energy levels and the conformation of a
molecule adsorbed on plasmonic nanostructures are assumed
to be the same as that of the free molecule, which is not always
the case and can lead to erroneous interpretations of the
experimental results. For example, the HOMO−LUMO energy
gap of adsorbed molecules can shift significantly compared to
the free molecule,27 or the adsorption energy of the molecules
to the metal surface can vary substantially depending on the
coadsorbed species.28−31 Moreover, the chemical nature of the
metal−molecule interface (dictated by coadsorbed ions or
ligands) can influence the relaxation pathways of adsorbed
excited molecules and their radiative emission rates.32 Here, by
chemical nature of the metal−molecule interface, we refer to
the local structure (morphological or energetic) of the metal
surface at the sites where the molecule is adsorbed. On silver
nanoparticles (AgNPs) for example, the local structure can be
changed by coadsorbed halide ions which, owing to their
strong adsorption on silver, forms surface atomic-sized AgX
complexes.32−35 Likewise, the light itself can be used to steer
the selectivity of plasmon-driven chemical reactions.36 To
illustrate our current lack of understanding of molecular
dynamics and interfacial effects, consider the Hofmeister
effect.37 This effect, discovered in 1888, classifies the ability of
different ions to salt out or salt in proteins. Despite being
observed later in other fields,38 such as in the adsorption of
ions on surfaces and electrochemical electrodes, Hofmeister
series are empirical, and no satisfactory mechanism has been
discovered yet.39,40

In this contribution we aim to further our understanding of
the impact of the conformation of adsorbed molecules and of
the chemical nature of the metal−molecule interface in
plasmonic chemistry. Specifically, we investigate how coad-
sorbed halide ions at the AgNPs−methylene blue (MB)
interface change the selectivity of plasmon-driven methylene
blue N-demethylation to thionine. We investigate experimen-
tally the AgNPs−MB system in two different regimes: (i) when
the laser wavelength (632.8 nm) is resonantly exciting the MB
molecules and (ii) when the laser wavelength (785 nm) is
resonantly exciting the metal−molecule direct charge transfer
(i.e., CID regime). In both cases, we find that coadsorbed
halide ions (namely, AgNPs@Cl, AgNPs@Br, and AgNPs@I)
dictate the flow of energy and charge from the plasmonic
nanoparticles to adsorbed molecules. We demonstrate that
coadsorbed Cl− leads to the adsorption of MB in dimeric form,
even at submonolayer MB concentrations, whereas coadsorbed
I− leads to the adsorption of MB in monomeric form. This
difference in conformation, in turn, controls whether the MB
will undergo a demethylation reaction, in the case of dimeric
MB, or will be excited to the triplet state and form singlet
oxygen, in the case of monomeric MB (see Figure 1). In the
CID regime, we show through anti-Stokes SERS spectroscopy
that I− ions tune the metal−molecule direct charge transfer
energy by upshifting the Fermi level energy of AgNPs and
increase the charge transfer rate.

RESULTS
Molecular Resonance Regime (632.8 nm). First, we

focus on the molecular resonance regime, when the laser
wavelength falls in the absorbance band of MB. Even in the
absence of plasmonic nanoparticles, the resonant MB
excitation leads to photochemical reactions and the production
of singlet oxygen molecules. Due to the high yield of singlet
oxygen (1O2) production (∼0.5), MB is a commonly used in
vitro photosensitizer.41 Photodynamic therapy for example by
MB involves direct oxidation mechanisms as well as oxidation
mediated by 1O2, which is mainly formed through energy
transfer from MB triplets to molecular oxygen.42 Figure 1
shows the reaction pathways for resonantly photoexcited MB
in the absence of plasmonic NPs (black). In addition,
alternative pathways are shown for the cases where the NPs
have coadsorbed halide ions such as Cl (blue) or I (red).
However, this is only a simplified view, and the photoinduced
effects of MB in vivo are somewhat erratic. Depending on the
local environment, a cascade of chemical reactions can take
place, leading to less-obvious reaction pathways and reaction
products. Two major photochemical pathways are usually
observed:41,43−45 type II, where the triplet MB energy is
transferred to oxygen, forming 1O2, and type I where reducing
agents donate an electron to MB triplets, forming the
semireduced radical (MB·). In certain conditions, ground
state MB itself can act as a reducing agent through the D−3D*
mechanism.44 The decay of the MB· to ground state MB
through O2 in type I reactions is the most favorable way of de-
excitation; however, in the absence of O2 (for example in an N2
atmosphere) the decay of MB· radicals can take place through
less efficient pathways, leading to longer lifetimes of the MB·
radicals.41 Based on the conformation of MB (i.e., dimer or
monomer), either the type I or type II photoreactions are
favored. For example, in the micelle pseudophase (SDS
solution), MB dimers form, which shifts the reaction pathways
from a type II to a type I reaction, inhibiting the production of
1O2.

41

Figure 1 already suggests that controlling the adsorption
conformation of MB (i.e., monomer or dimer) has an
important outcome in the MB chemical reaction pathway.
Until recently, monitoring the conformation of adsorbed
molecules on the surface of plasmonic nanoparticles was next
to impossible. The high extinction of plasmonic nanoparticles
in the same EM range as the optical absorption of molecules
makes it very difficult to detect the optical absorption of

Figure 1. Pathways for methylene blue (MB) resonant photo-
chemical reactions. For AgNPs@I (red), MB adsorbs in the
monomeric form, which leads to the formation of triplet state MB
(*MB3), from which it can relax to the ground state through the
production of singlet oxygen (type II mechanism). For AgNPs@Cl
(blue), MB adsorbs as dimers, which leads to the N-demethylation
of MB and formation of thionine (type I mechanism).
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adsorbed molecules. Surface-sensitive spectroscopy techniques,
such as SERS, may provide some information, but the spectral
changes are difficult to interpret and assign unambiguously to
different molecular conformations. Because of this, the
adsorption configuration of molecules was not considered in
previous MB studies, with the implicit assumption that
adsorbed MB retains the same configuration on the metal
surface as in solution.
In Figure 2, we demonstrate that this assumption is not

correct. We find that the adsorption of MB as monomers or

dimers can in fact be controlled through Cl− and I− ions
coadsorbed on the Ag surface. We measured the optical
absorption of adsorbed MB molecules on AgNPs@Cl,
AgNPs@Br, and AgNPs@I, by using an integrating sphere
spectrometer which can eliminate the strong scattering of
AgNP colloids (Figure 2).27 Cl− ions lead to the formation of
MB dimers on the AgNPs surface, with a characteristic optical
absorption at ∼600 nm, whereas I− ions favor the adsorption
of MB monomers, with the optical absorption peak at ∼660
nm (Figure 2A).46 On AgNPs@Br, both forms are present on
the surface. It is important to note that this is a surface effect
which does not take place in the bulk solution (i.e., MB
solution without AgNPs). The broadening of the absorbance
peak in the case of MB on AgNPs@I and AgNPs@Br can be
explained by the inhomogeneous broadening due to varying
molecule−surface interactions from one molecule to the
next.27 In the bulk MB solution, at the concentrations used
in the SERS measurements (i.e., 1 μM MB and 1 mM NaCl or
NaI), Cl− and I− ions do not lead to any change in the optical
absorption of MB (Figure 2B). Thus, the halide ions change
the ground state energy of MB dimerization on the AgNPs
surface, favoring the adsorption of the monomer or dimer
form. By comparison the absorption spectrum of MB at much
higher concentrations in an SDS solution (Figure 2B, black
spectrum) favoring the dimeric MB form shows the same
features as the differential absorption spectrum of MB

adsorbed on AgNPs@Cl: the peak at 600 nm is dominating
the peak from monomeric MB at 660 nm. Interestingly, on as-
synthesized AgNPs, capped with citrate (AgNPs@citrate) the
differential MB absorption spectrum looks like the absorption
spectrum of free MB in aqueous solution (Supporting
Information, Figure S3), with the majority of MB in
monomeric form (660 nm peak) and a small MB population
in the dimeric form (600 nm shoulder). This suggests that MB
does not interact with the Ag surface in the absence of halide
ions, in accordance with previous studies.30,34

It is interesting to dwell for a moment on the significance of
the results in Figure 2A. The role of charged interfaces in dye
aggregation is well-known.47 When a charged surface interacts
with a dye of opposite charge, the noncovalent binding of the
dye due to Coulombic forces increases the local concentration
of the dye, favoring dimerization. However, in our case the
results in Figure 2A are obtained for submonolayer concen-
trations of MB. This means that the formation of MB dimers or
monomers on the surface of AgNPs@Cl and AgNPs@I,
respectively, is not solely due to the local concentration of MB
on the Ag surface. For the concentrations used in Figure 2A
(see Methods), there are approximately 0.5 MB molecules/
nm2; for such intermolecular distances on the Ag surface, we
would not expect a dimerization of MB molecules. Moreover, if
the Coulomb attraction between MB and the negatively
charged surface of AgNPs@Cl were to drive the dimerization
of MB, the same should happen for AgNPs@Br and AgNPs@I,
which are also negatively charged. Instead, we hypothesize that
the adsorbed halide ions on the Ag surface interact specifically
with MB molecules and change their dimerization constant.
For example, the Br− and I− ions could interact more strongly
with MB molecules and thus restrict the formation of MB
dimers, whereas Cl− ions interact more weakly with the MB
molecules, allowing them to diffuse on the Ag surface and form
dimers. Although Cl ions have a higher charge density than Br
and I (equal charge but lower radius), upon adsorption of the
halide ions to the metal surface a partial charge transfer drives
the reconfiguration of the surface charge density and dipole
moment of the adsorbed halide ions. For example, on Pt, the
adsorption of halide ions leads to a charge density build-up
near the surface in the sequence Cl < Br < I. This is
complemented by a change of the dipole moment of the
adsorbed halide in the same sequence.48

The difference in the MB conformation with different
coadsorbed halide ions has profound implications for plasmon-
assisted chemical reactions. We illustrate this next, contrasting
the two extreme cases of AgNPs@Cl (i.e., adsorbed dimer
MB) and AgNPs@I (i.e., adsorbed monomer MB). In Figure
3, we show through SERS that upon resonant excitation of
dimer MB adsorbed on AgNPs@Cl, thionine forms through
the N-demethylation of MB (Figure 3A,B). In this case, the
plasmon resonances enhance the optical absorption of the MB
dimer via the local field intensity enhancement factor |ELoc/
E0|2. On the other hand, on AgNPs@I, no thionine was
detected (Figure 3C,D), which we attribute to the MB being
adsorbed in the monomer form. Instead, excited state MB is
formed, which can decay back to the ground state MB or to the
triplet state of MB (*MB3), which decays to the ground state
MB through singlet oxygen formation (see Figure 1). The
slight variation in the 480/450 cm−1 relative intensity in the
case of AgNPs@I is due to the change in the background
intensity, not to the appearance of the SERS peak at 480 cm−1,
specific to thionine (Figure 3C). Note that the excitation

Figure 2. Absorption spectra of free and adsorbed methylene blue
(MB). (A) Differential absorption spectra of MB adsorbed on as-
synthesized AgNPs (capped by citrate), AgNPs@Cl, AgNPs@Br,
and AgNPs@I at submonolayer concentration (500 nM, corre-
sponding to approximately 0.5 MB molecules/nm2). (B) Optical
absorption of free MB with Cl−, I− (the same concentration as in
the SERS measurements, 1 μM) and sodium dodecyl sulfate (SDS)
(/15) at a MB concentration of 50 μM. The higher MB
concentration was used for SDS to favor the formation of dimeric
MB and thus to allow a direct comparison with the dimeric MB
differential absorption spectrum on AgNPs@Cl.
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wavelength, 632.8 nm, is resonant with both the optical
absorption of monomer and dimer MB molecules. Supporting
Information Figures S4 and S5 show the calculated Raman
spectra of thionine and MB dimers, respectively, proving that
the 480 cm−1 SERS peak is indeed from thionine. The
coadsorption of Cl− and I− ions on the surface of AgNPs was
monitored, in situ, through their specific SERS peaks at 240
and 130 cm−1, respectively (Supporting Information, Figure
S6).
One interesting note is that by using a higher NA (0.8), we

also observed sporadic SERS peaks from the semireduced MB

radical, MB·, at 1130, 1320, and 1414 cm−1 besides the
thionine SERS peaks (Supporting Information, Figure S7).
The formation of the semireduced MB radical has been linked
with the metal−MB charge transfer rather than the enhanced
plasmonic near-fields.49,50 In this case, we think that the higher
excitation irradiance (of 8 × 106 W/cm2), due to the higher
NA, can drive sporadic metal−molecule charge transfer (i.e.,
metal−molecule charge transfer with a relatively low rate).
To gain more information on the plasmon-assisted N-

demethylation of MB on AgNPs, we repeated the experiments
at a power density of 3 × 106 W/cm2, under continuous N2

Figure 3. Interface dependent methylene blue (MB) N-demethylation to thionine. (A) Representative initial and final (after 60 s irradiation)
SERS spectra of MB on AgNPs@Cl at two laser powers, showing the formation of thionine. (B) Reaction rate of N-demethylation of MB,
monitored through the 480/450 cm−1 intensity ratio at two laser power densities, on AgNPs@Cl. (C) Representative initial and final (after
60 s irradiation) SERS spectra of MB on AgNPs@I, showing no thionine formation for both laser powers tested. (D) Reaction rate of N-
demethylation of MB on AgNPs@I. The small increase of the reaction rate is due to the change in the background, not the formation of
thionine. The y-axis scale is identical in (B) and (D) to allow for an easier comparison.

Figure 4. Photobleaching rate of MB determined through the change of the 1620 cm−1 SERS peak intensity, excited resonantly at 633 nm, on
AgNPs@Cl (A) and AgNPs@I (B), in air and N2. The photobleaching proceeds predominantly on monomer MB, on AgNPs@I, whereas on
AgNPs@Cl the plasmonic near-fields drive the MB N-demethylation. The y-scale axis is identical in (A) and (B).
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flow. In this case, we did not observe any significant variation
in the reaction rate, suggesting that the plasmon-assisted N-
demethylation of MB on AgNPs does not require the presence
of oxygen. This agrees with the type I photochemical reaction
of MB in the absence of AgNPs, i.e., the formation of the
semireduced radical, MB·, which does not require oxygen but
whose lifetime is limited by collisions with oxygen.41

The photobleaching rate of adsorbed MB on AgNPs@Cl
and AgNPs@I, quantified through the change in the 1620
cm−1 SERS band intensity, further confirms the proposed
mechanism. The significant decrease of the SERS intensity of
MB on AgNPs@I compared to AgNPs@Cl (Figure 4)
confirms that in the presence of coadsorbed I−, the less
radiative triplet MB forms (i.e., photobleaching) through
intersystem crossing. Interestingly, on AgNPs@Cl, the
decrease of the SERS intensity is insignificant at both laser
powers tested, both in air and in N2. This suggests that indeed
dimer MB adsorbs on the AgNPs@Cl surface, which does not
allow the formation of triplet state MB; instead the MB N-
demethylation to thionine takes place.41,42 On AgNPs@I on
the other hand, the decrease of the SERS intensity of MB is
stronger for higher excitation irradiances (Figure 4B),
suggesting that with the increase in the excitation irradiance,
increasingly more *MB3 forms (i.e., photobleaching).51 To
further confirm this mechanism, we repeated the SERS time-
series measurements under continuous flow of N2 at the same
laser power density as in air (3 × 106 W/cm2). Under
continuous N2 flow, we found a decrease in the photobleaching
rate on AgNPs@I, consistent with previous studies on the
photobleaching rate of MB.42 Although the mechanism of MB
photobleaching is still debated, it has been suggested that once
the excited MB goes to the triplet form through intersystem
crossing, molecular oxygen could form a complex with *MB3

which speeds up the photobleaching rate. In the absence of
oxygen, the lifetime of the triplet MB state is longer, and light
induced electron transfer between two MB molecules might
promote loss of chromophore.
Chemical Interface Damping Regime (785 nm). Next,

we turn our attention to the role of halide ions in controlling
the dynamic (transient) AgNP−MB charge transfer at 785 nm
excitation. At 785 nm excitation, the metal electrons at the
Fermi level energy can be resonantly transferred to unoccupied
energy states in adsorbed MB molecules. This charge transfer
is not permanent, the electron being transferred back to the
metal (i.e., chemical interface damping); however, this metal−
molecule charge transfer can leave the MB molecules excited
vibrationally, resulting in a higher anti-Stokes/Stokes SERS
intensity (vibrational pumping). Vibrational pumping is
physically linked to the phonon population dynamics. The
Stokes process “creates” a phonon (i.e., excites vibrationally the
molecule), whereas the anti-Stokes process can be viewed as
the annihilation of a phonon. In most cases, the phonon
population is dominated by thermal excitations. However, in
cases where the laser intensity or the Stokes cross-section is
enhanced (by plasmon resonances, for example), the phonons
are excited at a faster rate than they relax, leading to an
anomalous anti-Stokes/Stokes ratio.52 Alternatively, phonons
can be created in the adsorbed molecules through resonant
metal−molecule charge transfer to the unoccupied molecular
orbital (i.e., CID). We show here that by controlling the
chemical nature of the metal−MB interface through halide
ions, we can tune the CID rate and thus increase the
vibrational pumping rate of MB molecules.

We show through anti-Stokes/Stokes SERS that the rate of
vibrational pumping of MB almost doubles in AgNPs@I
compared to AgNPs@Cl (Figure 5A,B). We believe that the

upshift of the Fermi level of the AgNPs due to adsorbed I−
ions is the main reason for the higher rate of direct metal−
molecule charge transfer (i.e., CID) on AgNPs@I, which in
turn yields a higher rate of vibrational pumping and anti-
Stokes/Stokes ratio (Figure 5C). Surface-induced adsorbate
states (as defined in the Newns−Anderson formalism53) can
have a width of ∼1 eV (for example, the 2π* resonance state of
CO on silver24). Thus, on AgNPs@Cl, the metal−MB direct
charge transfer at 785 nm is “preresonant”, where the tail of the

Figure 5. Shift of the AgNPs−MB energy levels dictates the direct
charge transfer rate. (A) Anti-Stokes/Stokes SERS spectra of MB
adsorbed on AgNPs@Cl and AgNPs@I. The gray area represents
the range of the notch filter. (B) Anti-Stokes/Stokes ratio for the
770 and 1395 cm−1 vibrational modes of MB, showing an
increased vibrational pumping rate of both modes on AgNPs@I
compared to AgNPs@Cl. (C) Schematic representation of the
energy levels of the AgNPs@Cl-MB and AgNPs@I-MB complexes.
The upshift of Fermi level of AgNPs with coadsorbed I− ions tunes
the direct resonant metal−molecule charge transfer.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c12116
ACS Nano 2023, 17, 3119−3127

3123

https://pubs.acs.org/doi/10.1021/acsnano.2c12116?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12116?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12116?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12116?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


molecular acceptor state, with a low density of states, is
involved in the charge transfer. By upshifting the AgNPs Fermi
level through I− ions by ∼0.3 eV, the center of the molecular
acceptor state of MB is involved in the metal−molecule direct
charge transfer, with a higher density of states (Figure 5C).
Consequently, the rate of vibrational pumping and the anti-
Stokes/Stokes ratio increase by almost two times (Figure 5B).
Of course, the decrease of the HOMO−LUMO energy gap of
monomer MB (on AgNPs@I) compared to dimer MB (on
AgNPs@Cl), from 2 to 1.87 eV, could also change the
acceptor energy state of adsorbed MB. However, this energy
shift of ∼0.18 is smaller compared to the shift of the Fermi
level energy of AgNPs@I compared to AgNPs@Cl of ∼0.3
eV.33 Because of this, we assume that the Fermi level energy
shift is the main reason for the increased vibrational pumping
rate of MB on AgNPs@I.
To eliminate any influence due to differences in the plasmon

resonance spectrum on the silver nanowires with iodide or
chloride, we acquired the anti-Stokes/Stokes SERS spectra
from different locations on the silver nanowires and averaged
the results. As shown in Figure 5B, the increase of the anti-
Stokes/Stokes ratio is consistent throughout all acquired
spectra. Moreover, all silver nanowires, with iodide or chloride,
have similar plasmon resonances profiles. Thus, we do not
expect that this would cause differences in the anti-Stokes/
Stokes SERS ratio by enhancing more the anti-Stokes side of
the MB emission on AgNPs@I compared to the MB emission
on AgNPs@Cl, for example.

CONCLUSIONS
The results presented in this study highlight the crucial role
played by the plasmonic metal−molecule interface in
controlling the energy flow to adsorbed molecules. Particularly,
for the AgNPs−MB system, coadsorbed halide ions dictate
both the conformation of adsorbed MB (namely, as monomer
or dimer) and the energy levels of the AgNPs−MB complex.
Thus, for the resonant excitation of MB (632.8 nm), the
plasmon-assisted N-demethylation of MB to thionine can
proceed only when Cl− ions are coadsorbed on AgNPs, which
determine the adsorption of MB as dimers. When I− ions are
coadsorbed, MB adsorbs as monomers, and the N-
demethylation reaction does not occur; instead, MB is excited
to the triplet state. Even though for AgNPs@I there is enough
energy provided by the plasmonic near-fields to drive the MB
demethylation reaction (as for AgNPs@Cl), the reaction does
not proceed because of the molecular conformation of
adsorbed MB. In a different excitation regime, at 785 nm, I−
ions upshift the Fermi level energy of AgNPs and favor the
direct charge transfer from the metal AgNPs to adsorbed MB
(i.e., CID). This results in an increased rate of vibrational
pumping of MB molecules and therefore an increased anti-
Stokes/Stokes SERS ratio. These results highlight the crucial
importance of controlling the energy and charge flow from
plasmonic nanostructures to adsorbed molecules. We propose
here that the chemical nature of the plasmonic metal−
molecule interface should receive equal attention as the
processes taking place inside the plasmonic structures (i.e., hot
electron generation rate, light absorption, etc.) to advance our
understanding of (sun)light-to-chemical energy conversion.

METHODS
Silver Nanowires Synthesis. The silver nanowires (AgNWs)

were synthesized by the convective self-assembly method from citrate

capped colloidal silver nanoparticles (AgNPs). AgNPs capped with
citrate anions (cit-AgNPs), synthesized by Lee and Meisel method,54

were used throughout this study. Briefly, the AgNPs were synthesized
as follows: in 98 mL of ultrapure water, 17 mg of AgNO3 was
dissolved. The solution was boiled under constant magnetic stirring.
At boiling, 2 mL of a trisodium citrate solution (1%) was added
dropwise, and the solution was left to boil for another hour.

First, 2 mL of the AgNPs colloidal solution was concentrated by
centrifugation at 7300g, for 15 min. The supernatant was discarded by
pipetting, and the AgNPs were resuspended in 20 μL of ultrapure
water. For all films, regular microscopy cover glasses were used as
substrate, which were placed in a UV−ozone cleaner for 15 min prior
to the deposition of the silver nanowires (AgNWs). The UV−ozone
irradiation has a dual role: first, it cleans the coverglass from all
organic impurities, and second, it turns the glass surface hydrophilic
and decreases the surface tension of the colloidal AgNPs drop so that
it spreads more easily in between the two glass edges. The convective
self-assembly (CSA) coater comprised a motorized translational stage
(Thorlabs Inc.). A cover glass that acted as a blade was fixed in the
near vicinity of the substrate at the desired angle, while the
concentrated AgNPs solution was placed on the substrate, under-
neath, and near the edge of the blade. More details about this
technique can be found in previous reports.55−57 For the deposition of
the AgNW, the motorized table was programmed to move in specific
sequences. First, the motorized table moves for 250 μm, at a speed of
0.05 mm/s; then, it stops for 5 s, during which the colloidal AgNPs
deposit on the coverglass, forming the nanowire. This sequence was
then repeated multiple times to create an optimal number of AgNW.
The resulting AgNW usually had a width of ∼10 μm (see Supporting
Information, Figure S1). The UV−vis extinction of the colloidal
AgNPs and the absorbance of the resulting AgNWs (as calculated
from the reflectance spectrum A = 1 − R) is shown in Supporting
Information, Figure S2.
SERS Measurements. For the SERS measurements on silver

nanowires, the solid substrate was immersed in 2 mL of water solution
containing MB (1 μM) and NaCl, NaBr, or NaI (1 mM) and left
overnight at room temperature so the MB could adsorb to the Ag
surface. Then, the substrate was removed from the solution, rinsed
with ultrapure water, left to dry at room temperature, and placed
under the microscope. SERS spectra were acquired with a Witec
spectrometer, Germany, using a 20× air objective and the 633 nm
wavelength provided by a He−Ne laser, with the power specified in
the figures. The 785 nm wavelength for the anti-Stokes/Stokes spectra
was provided by a diode laser, with a power of 2 mW. The spectra
were acquired using a Nikon eclipse inverted microscope (20× air
objective), coupled to a Pixies 100 BR CCD camera.
Absorption Measurements. The AgNPs, synthesized by the

Lee−Meisel method, were concentrated two times (corresponding to
a final concentration of 80 pM) and resuspended in ultrapure water.
Next, 40 μM NaCl, NaBr, or NaI was added to the colloidal solution
and left for 60 min, so the plasmon resonance stabilizes and there are
no more shifts. 500 nM MB (submonolayer concentration) was added
to the AgNPs@X colloidal solution, and the absorbance spectra were
acquired after 10 min of incubation. The optical absorbance spectra
were measured using the CloudSpec-UV instrument from Marama
Labs (New Zealand). This instrument collects both extinction and
absorption spectra of the sample using xenon flash lamp excitation.
The absorption measurement uses an integrating sphere to remove
any scattering interference from the transmission. The latter is
calibrated to return the absolute absorption, with both extinction and
absorption then given in units of cm−1, i.e., in optical density
normalized to a 1 cm path length. In order to obtain the absorption
spectrum of the adsorbed MB, we subtract the absorption spectrum of
AgNPs@X to that of the same solution with MB. This is called the
differential absorption spectrum.27

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c12116
ACS Nano 2023, 17, 3119−3127

3124

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c12116/suppl_file/nn2c12116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c12116/suppl_file/nn2c12116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c12116/suppl_file/nn2c12116_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c12116/suppl_file/nn2c12116_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.2c12116.

Optical characterization of the silver nanowires
(AgNWs) used for the SERS measurements, DFT
calculations of the Raman spectrum of thionine and
methylene blue dimers, the SERS peaks of Ag−Cl and
Ag−I stretching vibrations, and the experimental SERS
peaks of thionine and semireduced methylene blue
radical (PDF)

AUTHOR INFORMATION

Corresponding Author
Emiliano Cortés − Chair in Hybrid Nanosystems,
Nanoinstitute Munich, Faculty of Physics, Ludwig-
Maximilians-Universität München, 80539 Munich,
Germany; orcid.org/0000-0001-8248-4165;
Email: Emiliano.cortes@lmu.de

Authors
Andrei Stefancu − Chair in Hybrid Nanosystems,
Nanoinstitute Munich, Faculty of Physics, Ludwig-
Maximilians-Universität München, 80539 Munich,
Germany; Faculty of Physics, Babes-̧Bolyai University,
400084 Cluj-Napoca, Romania; orcid.org/0000-0002-
1455-2055

Julian Gargiulo − Chair in Hybrid Nanosystems,
Nanoinstitute Munich, Faculty of Physics, Ludwig-
Maximilians-Universität München, 80539 Munich,
Germany; orcid.org/0000-0002-4524-3423

Geoffry Laufersky − The MacDiarmid Institute for Advanced
Materials and Nanotechnology, School of Chemical and
Physical Sciences, Victoria University of Wellington,
Wellington 6140, New Zealand

Baptiste Auguié − The MacDiarmid Institute for Advanced
Materials and Nanotechnology, School of Chemical and
Physical Sciences, Victoria University of Wellington,
Wellington 6140, New Zealand

Vasile Chis ̧ − Faculty of Physics, Babes-̧Bolyai University,
400084 Cluj-Napoca, Romania

Eric C. Le Ru − The MacDiarmid Institute for Advanced
Materials and Nanotechnology, School of Chemical and
Physical Sciences, Victoria University of Wellington,
Wellington 6140, New Zealand; orcid.org/0000-0002-
3052-9947

Min Liu − Hunan Joint International Research Center for
Carbon Dioxide Resource Utilization, State Key Laboratory
of Powder Metallurgy, School of Physics and Electronics,
Central South University, Changsha 410083, P. R. China;
orcid.org/0000-0002-9007-4817

Nicolae Leopold − Faculty of Physics, Babes-̧Bolyai
University, 400084 Cluj-Napoca, Romania; orcid.org/
0000-0002-2174-8064

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.2c12116

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS
The authors acknowledge funding and support from the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germanys Excellence Strategy − EXC
2089/1-390776260, the Bavarian program Solar Energies Go
Hybrid (SolTech), the Center for NanoScience (CeNS), and
the European Commission through the ERC Starting Grant
CATALIGHT (802989). A.S. and N.L. highly acknowledge
support from the Romanian Ministry of Research and
Innovation, CCCDI-UEFISCDI, Project PN-III-P4-ID-PCE-
2020-1292. J.G. acknowledges the support from the Humboldt
Foundation.

REFERENCES
(1) Atwater, H. A.; Polman, A. Plasmonics for improved photo-
voltaic devices. Nat. Mater. 2010, 9 (3), 205−213.
(2) Lee, J.; Mubeen, S.; Ji, X.; Stucky, G. D.; Moskovits, M.
Plasmonic Photoanodes for Solar Water Splitting with Visible Light.
Nano Lett. 2012, 12 (9), 5014−5019.
(3) Gargiulo, J.; Berté, R.; Li, Y.; Maier, S. A.; Cortés, E. From
Optical to Chemical Hot Spots in Plasmonics. Acc. Chem. Res. 2019,
52 (9), 2525−2535.
(4) Cortés, E.; Besteiro, L. V.; Alabastri, A.; Baldi, A.; Tagliabue, G.;
Demetriadou, A.; Narang, P. Challenges in Plasmonic Catalysis. ACS
Nano 2020, 14 (12), 16202−16219.
(5) Mukherjee, S.; Libisch, F.; Large, N.; Neumann, O.; Brown, L.
V.; Cheng, J.; Lassiter, J. B.; Carter, E. A.; Nordlander, P.; Halas, N. J.
Hot Electrons Do the Impossible: Plasmon-Induced Dissociation of
H2 on Au. Nano Lett. 2013, 13 (1), 240−247.
(6) Leenheer, A. J.; Narang, P.; Lewis, N. S.; Atwater, H. A. Solar
energy conversion via hot electron internal photoemission in metallic
nanostructures: Efficiency estimates. J. Appl. Phys. 2014, 115 (13),
134301.
(7) Mubeen, S.; Lee, J.; Singh, N.; Krämer, S.; Stucky, G. D.;
Moskovits, M. An autonomous photosynthetic device in which all
charge carriers derive from surface plasmons. Nat. Nanotechnol. 2013,
8 (4), 247−251.
(8) Nakayama, K.; Tanabe, K.; Atwater, H. A. Plasmonic
nanoparticle enhanced light absorption in GaAs solar cells. Appl.
Phys. Lett. 2008, 93 (12), 121904.
(9) Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-
Puebla, R. A.; Auguié, B.; Baumberg, J. J.; Bazan, G. C.; Bell, S. E. J.;
Boisen, A.; Brolo, A. G.; Choo, J.; Cialla-May, D.; Deckert, V.; Fabris,
L.; Faulds, K.; García de Abajo, F. J.; Goodacre, R.; Graham, D.; Haes,
A. J.; Haynes, C. L.; Huck, C.; Itoh, T.; Käll, M.; Kneipp, J.; Kotov, N.
A.; Kuang, H.; Le Ru, E. C.; Lee, H. K.; Li, J.-F.; Ling, X. Y.; Maier, S.
A.; Mayerhöfer, T.; Moskovits, M.; Murakoshi, K.; Nam, J.-M.; Nie,
S.; Ozaki, Y.; Pastoriza-Santos, I.; Perez-Juste, J.; Popp, J.; Pucci, A.;
Reich, S.; Ren, B.; Schatz, G. C.; Shegai, T.; Schlücker, S.; Tay, L.-L.;
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