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ABSTRACT: Understanding photocatalytic reaction conditions that selectively
leads to a desired product on metal surfaces is a longstanding research problem in
heterogeneous catalysis. Here, using plasmon-enhanced N-demethylation of
methylene blue (MB) as model reaction, we show that a high degree of product
selectivity can be achieved by switching the mechanism from charge transfer (CT)
to adsorbate electronic excitation (AEE). In the presence of a cetyl trimethyl
ammonium bromide (CTAB) surface ligand on gold nanoparticles, MB is
selectively transformed to thionine at a 633 nm excitation wavelength that overlaps
with the electronic transition of the adsorbate. The AEE mechanism involves near-
field-enhanced intramolecular electronic excitation of the MB adsorbate, and this
mechanism is favored by the presence of CTAB that appears to increase the rate of
adsorbate excitation by orienting the molecular dipole along the driving surface
field and to prolong the lifetime of the excited state by slowing down adsorbate-to-metal energy transfer. On the other hand, when
MB is directly adsorbed on the nanoparticles, the mechanism involves electron transfer that may lead to the formation of an anionic
complex. In situ surface-enhanced Raman scattering spectra suggest that the complex remains stable at long excitation wavelengths
(808 and 785 nm), while at shorter wavelengths (671, 633, and 561 nm), it may undergo nonselective N-demethylation, yielding
partially demethylated derivatives in addition to thionine. These experimental observations underscore the importance of adsorption
condition in determining the mechanism of plasmon-enhanced photocatalytic reactions.

1. INTRODUCTION
The making and breaking of chemical bonds at adsorbate-
metal interfaces using light energy has long been the subject of
extensive fundamental research interest because of its prospect
in important applications including solar energy conversion to
chemical fuels and decontamination of chemical exhausts.1 In
general, the mechanism of photochemistry on metal surfaces is
discussed in terms of electronic excitation of the adsorbate or
adsorbate−metal complex, hot-charge-carrier generation in the
metal and transfer to the adsorbate, and thermal effects that
follow photoexcitations.1 In the proximity of the metal surface,
the electronic structure and bond energies in the adsorbate can
be altered significantly compared to that in the gas phase. The
surface-induced perturbation on the properties of the
adsorbate combined with the possible involvement of charge
carriers and thermal effects in the reaction pose a grand
challenge to clearly understand the mechanism of photo-
chemistry on metal surfaces.
Excitation of localized surface plasmon resonances (collec-

tive oscillation of conductive electrons coupled to light)
provides a dual opportunity to initiate and probe the surface
chemistry in situ and reveal new insights that may not be
obtained from any other techniques.2 Examples of plasmon-
driven chemical reactions include O2 dissociation,3 H2
dissociation,4 azo-coupling of self-assembled para-amino-
thiophenol5−11 and para-nitrothiophenol,12−17 esterification

of aldehydes,18 CO2 hydrogenation,19 N-demethylation of
methylene blue,20,21 dissociation of dimethyl disulfide,22

ammonia dissociation,23 and decomposition of iodonium
salts24 (see recent reviews25−27). Some of the experimental
observations, for example, the conversion of CO2 to CH4,

19

indicate that plasmon-enhanced photocatalysis can be
optimized to achieve product selectivity. However, despite
increasing reports of experimental observations and the
prospect of product selectivity, the mechanism of plasmon-
enhanced photochemistry remains a subject of vigorous
debate, particularly on the importance of hot electron transfer
versus thermal effects.23,27−32 The mechanism is debated
mainly based on the dissociation reactions of small molecules
that include H2, O2, CO2, and NH3. For these molecules, the
molecule-metal interaction is complex that results in strong
perturbation of the electronic structures of the adsorbates with
respect to gas-phase properties.33−35 In these types of
molecule-metal complexes, separating the contribution of
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charge carriers and thermal effects can be difficult.27,29,36 In
addition, the importance of direct electronic excitation of
adsorbates or the adsorbate-metal complex cannot be ruled out
as the interaction can shift and create quantum states such that
electronic transition from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) is accessible even in the visible spectral region.
Clarity into the mechanism of plasmon-driven photo-

chemistry on metal nanoparticles can be obtained using
model molecular systems that show minimal geometrical
distortion up on adsorption. In particular, the fundamental
importance of adsorbate electronic excitation (AEE) in
plasmon-enhanced photochemistry can be demonstrated
unambiguously using organic molecules that interact with the
metal surface through weak van der Waals interactions37,38 as
model systems. Methylene blue (MB), which is a family of
organic dyes with a π-conjugated-fused aromatic ring, has such
characteristics with a known electronic absorption band of the
adsorbate on gold.39 It has been reported that, in the presence
of oxygen and water, MB undergoes plasmon-enhanced N-
demethylation under resonant excitation, that is, when the
excitation energy matches the HOMO−LUMO transition
energy.20,21 On the other hand, elimination of benzyl and ethyl
groups from viologen derivatives has been observed on gold
nanostructures at an excitation wavelength (785 nm) that does
not overlap with the electronic absorption bands of the
reactants, indicating the importance of the electron transfer
mechanism in the plasmon-driven breaking of the C−N
bond.40 However, the experimental conditions that lead to
either AEE or charge transfer (CT) mechanisms remain
unknown.
In this work, using plasmon-enhanced N-demethylation of

MB as model reaction, we show that the mechanism can be
switched from CT to AEE depending on the adsorption
condition and excitation wavelengths. This is confirmed by
recording the vibrational signatures of different N-demethyla-
tion derivatives as they form using surface-enhanced Raman
scattering (SERS) spectroscopy at five different laser wave-
lengths (808, 785, 671, 633, and 561 nm). The observation of
different species is attributed to different reaction mechanisms.
When MB is directly adsorbed on the metal surface, the CT
mechanism appears to lead to the formation of the anionic
complex that undergoes nonselective N-demethylation reaction
at 671, 633, and 561 nm but remains stable at 808 and 785 nm.
On the other hand, in the presence of CTAB as coadsorbate,
the AEE mechanism leads to the formation of thionine, a
complete N-demethylation product. The AEE mechanism
involves the following steps: the HOMO−LUMO (S0 → S1)
transition of MB, the singlet−triplet (S1−T1) intersystem
crossing through the spin-vibronic mechanism, and energy
transfer from the T1 state to molecular oxygen to generate
singlet oxygen that triggers the N-demethylation reaction.2,20,21

We propose that the presence of CTAB favors the AEE
mechanism by orienting the molecular dipole along the driving
surface field and increasing the rate of the S0 → S1 transition as
well as by prolonging the excited-state lifetime and slowing
down adsorbate-to-metal energy transfer.

2. METHODS
2.1. Sample Preparation. Aqueous solutions of gold

nanorods (∼40 nm diameter and ∼80 nm length) with a
CTAB surface ligand and gold nanospheres (∼50 nm
diameter) with a carboxylic acid (CA) surface ligand were

obtained from Nanopartz, Inc. Methylene blue solid powder
(C16H18ClN3S·xH2O) was obtained from Sigma-Aldrich. The
excess stabilizing surfactant was removed through two rounds
of centrifugation (at 5000 rpm for 5 min) of diluted colloidal
solution (0.5 mL is diluted to 1.5 mL in ultrapure water),
removing the supernatant at each step. Solid residues of the
nanoparticles were then resuspended in freshly prepared 2 ×
10−5 M MB solution in ultrapure water overnight (∼8 h) to
ensure the adsorption of MB on the surface of the
nanoparticles. The MB/nanoparticle solution was centrifuged,
and the supernatant solution was disposed so that the
nonadsorbed MB molecules are removed. The solid residue
was then resuspended in 100 μL of ultrapure water. The final
solution was drop-casted on a silicon substrate and dried in an
ambient atmosphere.
To rule out the effect of different crystallinities of the gold

nanorods and gold nanospheres on the photochemistry,
surface ligand exchange is performed as follows: (1) Solid
residues of gold nanorods were obtained through the
procedures described above. (2) Solution of the CA surfactant
was obtained by centrifuging the gold nanosphere solution and
taking the supernatant carefully. The gold nanorod solid
residue obtained in (1) is then resuspended in the solution of
CA obtained in (2).
Plasmonic nanostructures without surface ligands were

prepared through deposition of gold of nominal thickness 6
nm on a silicon wafer using electron beam evaporation. This
procedure creates gold nanoislands with broad plasmon
resonance in the visible and near-infrared regions.39

Adsorption of MB was achieved by immersing the substrate
with the gold nanoislands in freshly prepared 2 × 10−5 M MB
solution overnight. The substrate pulled out of the solution
was dried by blowing with nitrogen gas immediately.

2.2. SERS and Atomic Force Microscope (AFM)
Analysis. The SERS measurements were carried out using
the AFM/near-filed microscope platform of Neaspec GmbH.
The samples were illuminated at excitation wavelengths of λ =
808, 785, 671,633, and 561 nm with about a 1.0 mW incident
laser power (P). The laser beam was focused on the sample by
using a parabolic mirror (0.46 numerical aperture, NA) at a
60° angle of incidence (with respect to surface normal).
Because of the grazing incidence, the focus spot on the sample
has an elliptical shape with diameters d and 2d. Approximating
d from the diffraction limit relation, the laser intensity can be
estimated as 0.54P/λ2, which gives 0.8 mW/μm2 at 808 nm
and 1.7 mW/μm2 at 561 nm. The scattered light was collected
by the same parabolic mirror, directed to the opposite
direction (see Figure S1), and focused on the slit of the
spectrometer (IsoPlane Spectrograph of Princeton Instru-
ments) that uses a thermoelectrically cooled (−75 °C) and
back-illuminated deep depletion CCD camera. On each
sample, SERS spectra from at least 10 different locations are
recorded, and the average spectra are considered in our
analysis.

2.3. Dark-Field Scattering Spectroscopy. The plasmon
resonances of the gold nanoparticles assembled on the
substrate are determined by dark-field scattering spectroscopy
using the GX51 Olympus microscope along with the
spectrometer mentioned above. The sample is excited with a
100 W halogen white light source using a dark-field
microscope objective (MPLFLN100XBD, Olympus) with 0.9
NA. Dark-field images of the nanoparticles are obtained by
directing 10% of the signal to the camera (Olympus UC30)
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attached to the microscope, and representative spectra are
recorded by directing 90% of the signal to the spectrometer.
2.4. Scanning Electron Microscope. High-resolution

structural characterization of samples is carried out using a
scanning electron microscope (Quanta 3D FEG).

3. RESULTS AND DISCUSSION
The representative SERS spectra in Figure 1a show that the
vibrational signatures observed for MB adsorbed on gold
nanospheres with a carboxylic acid surface ligand (S-CA) at λ
= 808 nm (blue line) is starkly different from that obtained for
the MB adsorbed on gold nanorods with the CTAB surface
ligand (R-CTAB) at λ = 633 nm (red line). Both spectra
exhibit new peaks that may be attributed to different degrees of
photochemical N-demethylation of MB20,41 and formation of
an anionic complex resulting from metal to molecule electron
transfer. At the 633 nm excitation of MB on R-CTAB, the
spectrum is dominated by a strong peak at 479 cm−1, which is
due to the skeletal deformation vibration mode of the thionine
product.21 For MB adsorbed on R-CTAB, the SERS spectra
obtained at 808 nm is in very good agreement with the normal
Raman spectra of MB solid powder (black line in Figure 1a),
indicating that N-demethylation reaction does not take place at
the near-infrared excitation wavelength in the presence of
CTAB. However, when MB is adsorbed on S-CA, a strong
peak appears at ∼1422 cm−1 at an 808 nm excitation even
though the 479 cm−1 peak is absent. This observation indicates
the formation of a different species at the 808 nm excitation
depending on the adsorption condition. It has been reported
that MB can undergo partial N-demethylation (see Figure 1c
and Scheme S1) in addition to the complete N-demethylation
(thionine formation) indicated by the appearance of the 479
cm−1 peak (labeled as νc in Figure 1a).20 In SERS
measurement, the surface-molecule interaction and partial N-

demethylation reaction is indicated by the relative intensity
and shifting of the peak labeled νp in Figure 1a.20

The stark differences in the reactivity depending on the
excitation wavelength and adsorption condition will be
explained referring to the overlap of the excitation wavelengths
with the MB adsorbate electronic absorption band, which is
within the broad band of the plasmon resonances of the
nanoparticle aggregates (Figure 1b). The dark-field spectra in
Figure 1b show that the resonances of the aggregates are
significantly broadened and red-shifted compared to the
absorption spectra of the colloidal solution presented in Figure
S2. Because of this broadening, the plasmon resonances
overlap with all the lasers in our experiments. We note that the
plasmon resonances of individual gold nanospheres have a
much faster dephasing time than gold nanorods mainly
because their resonances peak around 530 nm (Figures S2c)
at which the material loss due to interband transition is
strong.42 However, for the aggregates, the resonances are
shifted to the red, and the material loss becomes less
important.
To obtain insights into the different mechanisms depending

on the excitation wavelength and surface ligands, the temporal
evolution of the SERS spectra for MB adsorbed on R-CTAB
and S-CA is compared at five different excitation wavelengths.
The intensity map in Figure 2a,b shows the changes within 103
s in the spectral region that includes the 479 cm−1 band that
indicates the conversion of MB to thionine, while the intensity
map in Figure 2d,e shows the changes in the 1422−1435 cm−1

region due to charge transfer and formation of partial N-
demethylation (PND) derivatives. The plots in Figure 2c,f are
the last spectra in the intensity map after they are normalized
to the same maxima to facilitate the comparison of the relative
intensities. The full spectra obtained at 0.5 and 103 s of
illumination are provided in Figures S4a,b.

Figure 1. Wavelength and surface ligand-dependent selectivity of plasmon-driven reaction. (a) Representative SERS spectra recorded at 103 s of
illumination of MB on gold nanorods with the CTAB surface ligand (R-CTAB) at λ = 808 nm (olive line), on gold nanospheres with the carboxylic
acid surface ligand (S-CA) at λ = 808 nm (blue line), and on R-CTAB at λ = 633 nm (red line). The normal Raman spectrum of MB powder
(black line) is included as a reference. (b) Absorption spectra of MB in water (blue line), on gold (brown line), and dark-field scattering spectra of
R-CTAB with MB adsorbate (red line) and S-CA with MB adsorbate (black line). The 633 nm excitation wavelength overlaps with both the MB
absorption band and plasmon resonance (scattering spectra), while 808 nm overlaps only with the plasmon resonance. (c) Proposed photochemical
reactions. The possible partial N-demethylation products are azure B (R1 ≡ R2 = CH3), azure A (R1 = H, R2 = CH3), azure S (R1 = CH3, R2 = H),
or azure C (R1 ≡ R2 = H).
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3.1. Adsorbate Electronic Excitation and Trans-
formation of MB to Thionine. As mentioned above, the
extent of MB-to-thionine conversion as a function of time can
be assessed by comparing the νc band intensity to the intensity
of the band at ∼446 cm−1 (labeled νa in Figure 2c) that does
not exist in the thionine spectrum.2 Except at λ = 633 nm, the
relative intensity of the νa peak is significantly higher than that
of νc throughout the illumination time as can be seen in the
intensity maps. In addition, comparison of the relative
intensities at λ = 633 nm (Figure 2a,b) indicates that the νc
band intensity is significantly stronger when MB is adsorbed
on R-CTAB than on S-CA. The dependence of the reaction on
the excitation wavelength and surface ligand is further
illustrated by plotting the νc/νa peak intensity ratio as a

function of time and is shown in Figure 3a,b. For MB on R-
CTAB at 633 nm, the νc/νa ratio increases from 0.8 to 3.6 as
the illumination time increases from 0.5 s to about 103 s,
whereas the ratio is smaller than 0.8 at 671 nm and smaller
than 0.5 at the other excitation wavelengths during the
illumination. On S-CA at 633 nm, the ratio increases from 0.3
to 1.1 and from 0.18 to 0.25 at 808 nm as the illumination time
increases from 0.5 to 103 s. This observation indicates that
both the excitation wavelength and surface ligand have a
remarkable effect on the photochemical transformation of MB
to thionine. We note that the fact that the νc/νa at 633 nm for
the first spectra is significantly larger than that obtained at
other wavelengths indicates the formation of thionine within
0.5 s, the acquisition time of each spectrum.

Figure 2. Intensity map of SERS spectra showing the temporal evolution at different excitation wavelengths. (a, b) Intensity map of the 430−515
cm−1 spectral region for MB adsorbed on R-CTAB (a) and on S-CA (b). (c) The last spectra out of 200 spectra included in the intensity map are
shown by the red line (MB on R-CTAB) and blue line (MB on S-CA). The spectra are normalized to the same maximum. The peak labeled νc
indicates the formation of thionine due to complete N-demethylation of MB. The peak labeled νa is used as a reference. (d, e) Same as (a)−(c) for
the spectral region of 1364−1490 cm−1 that shows the shifting of the band at 1435 cm−1 toward 1422 cm−1 due to formation of PND products or
charge transfer process. The relative intensity and peak position of the mode labeled νp indicate partial N-demethylation and/or charge transfer,
which will be analyzed with reference to the peak labeled νb.
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The fact that the photochemical transformation of MB to
thionine is most effective at the 633 nm excitation wavelength
is attributed to excitation of the S0 → S1 electronic transition in
MB that leads to S1−T1 intersystem crossing (ISC) and is
illustrated in Figure 4. In Figure 4, the values on the y-axis are
derived from the absorption spectrum (Figure S3b), and the
curves are schematic drawn in the spirit of the discussion in ref
43. As can be seen in Figure 1b and Figure S3b, the 671 nm
excitation wavelength is closer to the absorption peak (0−0
transition), whereas the 633 nm overlaps with the shoulder
peak (0−1 transition)44 and is illustrated in Figure S3. This
observation may suggest that the ISC involves spin-vibronic
mechanisms.43 At 671 nm, the population of excited
vibrational states in the S1 state is expected to be low, and
hence, crossing over the energy barrier (ΔE) will be unlikely.
At 633 nm, the density of excited vibrational states in the S1
state can be sufficiently large, and ISC can take place at
ultrafast speed through motion along certain vibrational
degrees of freedom.43 Once the triplet state is prepared, the
MB (T1) to O2 (X

3Σg
−, ground state) energy transfer can lead

to generation of singlet oxygen that triggers the N-
demethylation reaction as described in our recent report.20

3.2. Charge Transfer and PND at Off-Resonance
Excitation Wavelengths. The results in Figure 2d,e show
that the relative intensities of the bands depend on the
excitation wavelength and adsorption condition. For MB on R-
CTAB at 808 and 785 nm excitation wavelengths that do not
have significant overlap with the electronic absorption band of
MB (Figure 1b), the spectra are characteristic of MB Raman
spectra that is dominated by the vibrational band in the gray
region labeled as νb in Figure 2f. For MB on R-CTAB, the
relative intensity of the νp vibrational band becomes dominant
only at the shortest wavelength (561 nm) and can be seen in
Figure 2f. The spectral pattern is drastically different for MB
on S-CA particularly at 808 and 785 nm excitation wavelengths
at which the dominant band is centered at νp ∼ 1422 cm−1,
while the νb mode appears as a shoulder (see the blue lines in
Figure 2f). At 671 and 633 nm that overlap with the electronic
transition of the MB adsorbate, the relative intensity of the νp
band is comparable to that of the νb band and becomes
dominant again at 561 nm. In addition to the relative intensity,
the peak position of the νp band varies depending on the
excitation wavelength and adsorption condition.
The variation of the spectral patterns depending on the

excitation wavelength and adsorption conditions can be
attributed partly to the photochemical transformation of MB
to different PND derivatives. Comparison of the normal
Raman and corresponding SERS spectra acquired in an inert
atmosphere indicate that the relative intensity of the νp band
increases and its peak position shifts to the red if MB is
converted to azure B and azure A20 (see also Figure S5). Based
on this background information, it is clear that the formation
of PND derivatives is more favorable when MB is adsorbed on
S-CA (blue lines) than on R-CTAB (red lines). As shown in
Figure 5, for MB adsorbed on R-CTAB, the νp mode frequency
red shift ranges from negligible at 808 nm to ∼6 cm−1 at 561
nm. On the other hand, for MB adsorbed on S-CA, the

Figure 3. Peak intensities of N-demethylation products with respect
to the corresponding reference peaks. Relative peak intensities of (a,
b) thionine (νc/νb) and (c, d) PND product and/or charge transfer
(νp/νb) for MB adsorbed on R-CTAB (a, c) and on S-CA (b, d). (e, f)
Thionine-to-PND product intensity ratio (νc/νp) for MB adsorbed on
R-CTAB (e) and S-CA (f) that indicate product selectivity. A ratio
larger than 1.0 (dotted horizontal line) indicates selectivity toward
thionine (complete N-demethylation), a ratio smaller than 1.0
indicates selectivity toward PND and/or charge transfer, and a ratio
close to 1.0 indicates nonselective or no reaction.

Figure 4. Schematic showing electronic transition and intersystem
crossing (ISC) in MB. The energy scale is derived from the
absorption spectrum of the adsorbate (Figure S3). At 671 and 633
nm, the transitions may primarily be characterized as 0−0 and 0−1,
respectively. Note that the two transitions are barely resolved in the
absorption spectra, which indicates a large number of normal modes
(density of vibrational states in each electronic state) as manifested in
the SERS spectra of MB. ΔE on the plot indicates the barrier energy
for crossing from the singlet-excited state (S1) to the triplet-excited
state (T1).
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frequency down shift is about 13 cm−1 (indicated by the
dashed horizontal line in Figure 5). We note that comparing
the spectral pattern in Figure 2f (blue lines) to that in Figure
S5, the extent of the shift and relative intensity increase of the
νp band is more significant than expected from the conversion
of MB to azure B and azure A, which suggests a dominant
contribution of other species.
The conversion of MB to PND products and other species

depending on excitation wavelength and adsorption condition
can be evaluated using the νb band as a reference. The results
in Figure 3c show that on R-CTAB, the νp/νb peak intensity
ratio is smaller than 1.0 except at λ = 561 nm at which it
increases to ∼1.2 at a long illumination time. The wavelength
dependence is remarkably different on S-CA (Figure 2e) from
that on R-CTAB (Figure 2d). The ratio is larger than 1.0 at
excitation wavelengths (808, 785, and 561 nm) that do not
have significant overlap with the electronic absorption band of
MB adsorbate (Figure 1b). Overall, comparing the results in
Figure 3a−d, it is clear that the conditions that favor thionine
formation (Figure 3a) are least favorable for the other channel
that likely involves electron transfer and vice versa.
To further quantify the product selectivity depending on the

excitation wavelength and adsorption conditions, the νc/νp
peak intensity ratios are plotted in Figure 3e,f. On R-CTAB
(Figure 3e), the ratio is significantly larger than 1.0 at 633 nm
and slightly so at 671 nm, indicating selectivity toward
complete N-demethylation (thionine formation); close to 1.0
at 808 and 785 nm, indicating the absence of reaction; and
smaller than 0.5 at 561 nm, indicating selectivity toward CT-
driven processes. On the other hand, on S-CA, the ratio is
smaller than 0.4 at all off-resonance wavelengths (808, 785,
and 561 nm), indicating strong selectivity toward CT
processes. At 633 and 671 nm, the ratio in Figure 3f increases
slightly with an illumination time but only up to about 1.4
compared to 3.6 for MB adsorbed on R-CTAB (Figure 3e),
which indicates competing AEE and CT mechanisms depend-
ing on the adsorption condition.

3.3. Effect of Surface Ligands on Adsorption
Geometry and Photochemistry. The results presented in
Figures 1−3 demonstrate the observation of preferential
photochemical conversion of MB to thionine on R-CTAB,
while various chemical species are formed on S-CA due to the
CT mechanism, depending on the excitation wavelength. To
confirm that the different outcomes of the photochemical
reaction is due to the surface ligands but not due to the
different crystallinity of the gold nanorods and nanospheres,
the SERS measurement is repeated after exchanging the surface
ligands, that is, after replacing CTAB with CA on the gold
nanorods (see the absorption spectra of the colloidal solution
before and after the ligand exchange in Figure S2c,d). The
results show that the SERS spectra of MB adsorbed on R-CA
(Figure 6b) are different from that obtained by adsorbing on

R-CTAB (Figure 6a) but similar to the spectra obtained when
MB is adsorbed on S-CA (Figure 6c). Interestingly, the spectra
obtained by adsorbing MB on the colloidal nanoparticles with
the CA surface ligand are in excellent agreement with the
spectra obtained when MB is adsorbed on bare gold
nanoislands without surface ligands (Figure 6d). Additional
results (obtained at 785 and 633 nm) that show the temporal
evolution of the SERS spectra of MB on R-CA are presented in
Figure S6, and they are in agreement with the corresponding
results on S-CA in Figure 2. Therefore, we conclude that,
during the solution process that involves incubating the
nanoparticles in MB solution, MB replaces CA and adsorbs
directly on the gold surface, while CTAB may coadsorb with
the analyte molecules.

Figure 5. Red-shifting of the νp peak due to partial N-demethylation
and/or charge transfer. The horizontal dashed line indicates the
maximum shift observed on S-CA at off-resonance excitation
wavelengths (808, 785, and 561 nm). The relatively small shift for
MB adsorbed on R-CTAB indicates the small extent of partial N-
demethylation.

Figure 6. SERS spectra of MB on (a) gold nanorods with the CTAB
surface ligand, (b) gold nanorods with the carboxylic acid surface
ligand, (c) gold nanosphere with the carboxylic acid surface ligand,
and (d) gold nanoislands prepared by electron-beam evaporation (no
surface ligand).
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The presence of CTAB coadsorbate can affect the MB-
surface separation (d) as proposed in ref 20 and the orientation
of MB with respect to the crystal plane (θ) as illustrated by the
schematic in Figure 7a. The adjustment of d and θ in the
presence of CTAB can change the outcome of the photo-
chemical reaction. On the bare gold surface, MB is expected to
orient parallel to the surface (θ = 0) that favors the π-stacking
type of van der Waals interaction with d ∼ 3.2 Å.38 In our
experiment, the nanoparticles are aggregated (see Figure S2)
and the SERS signal practically originates from molecules at
hot spots of the plasmon field, which is well known to be in
narrow gaps between the nanoparticles.45 In addition, real
space mapping of near-field distribution shows that the electric
field of the gap plasmon mode is along the interconnecting
axis.46 For θ = 0 (see Figure 7a), the dipole moment of the
molecule (μ) will be perpendicular to the electric field (E), and
electronic excitation of the adsorbate will be ineffective as the
interaction energy μ · E ≈ 0. The presence of CTAB can
increase the population of adsorbates with dipole moment
projections along the driving field. In addition, the surface
ligand can increase the MB-surface separation slightly, thereby
slowing down the rate of molecule-to-metal excitation energy
transfer. As a result, the excited state lifetime of the adsorbate
increases, leading to MB singlet-to-MB triplet intersystem
crossing. MB is a well-known photosensitizer, and in the
presence of oxygen in the surface-molecule complex, energy
transfer from the excited MB triplet state to the oxygen
molecule in the triplet ground state can generate singlet oxygen
that triggers the conversion of MB to thionine.20

When MB is adsorbed directly on the metal surface, the
energy transfer to the metal surface reduces the molecular
excited-state lifetime. As a result, the singlet oxygen mechanism
becomes less likely. The drastically smaller thionine signal in
Figure 3b (MB on S-CA) than in Figure 3a (MB on R-CTAB)
can be attributed to this competing process. In the absence of
surface ligands that modify the adsorption geometry, the
photochemical N-demethylation may be initiated by hot

electron transfer to molecular oxygen. Some insights into this
possibility can be obtained from close observation of the
wavelength-dependent spectral features.
Theoretically, four products of PND can be formed

depending on the extent and atomic site of the N-
demethylation (see Figure 1c and Scheme S1). Comparison
of the full spectra (Figure S4a,b) indicates that different species
are produced at short (561 nm) and long (808 and 785 nm)
excitation wavelengths. Based on the reference spectra
provided in Figure S5, it appears that excitation at 561 nm
yields mixtures of PND derivatives and possibly other species
for MB adsorbed on both R-CTAB and S-CA. On the other
hand, illumination of MB adsorbed on S-CA at 808 and 785
nm appears to produce a specific chemical species that is
absent during illumination of MB adsorbed on R-CTAB as the
results in Figures 2−3 and Figure S4a,b confirm. Comparing
the spectra in Figure 6 and Figure S4a,b to the reference
spectra in Figure S5, it is clear that the distinct vibrational
peaks at 609 and 1121 cm−1 and the shoulder peak at 1596
cm−1 cannot be assigned to azure B, azure A, or azure C. On
the other hand, the multiple peaks around 804 cm−1, which
appear in azure A and azure B (Figure S5) and at the 561 nm
excitation of MB on S-CA, are completely absent at 808 and
785 nm. Therefore, we conclude that the photochemical
process at 808 and 785 nm is highly selective toward the
formation of a different chemical species. The fact that the
formation of this particular species is effective when MB is
directly adsorbed on the metal surface indicates the
importance of the surface-molecule interaction and electron
transfer processes. This interaction may favor the formation of
the derivative that we have labeled as azure S that involves
replacing one CH3 group with hydrogen at each N-terminal.
However, it is unlikely that the spectra of azure S will be
significantly different from that of the other derivatives
considering the structural similarities. In addition, the
calculated spectra of azure S (Figure S7b) does not reproduce
the experimental observation, while the result of the same

Figure 7. Schematic showing adsorption geometry and energy. (a) The adsorption geometry can vary due to surface ligands that change the
orientation angle (θ) and surface-molecule separation distance (d). (b) The adsorption energy per unit mass is proposed to increase as the
relatively bulky CH3 group are removed and replaced by hydrogen atom during the N-demethylation reaction. The relative adsorption energy is
derived from ref. 38 dividing by the corresponding molar mass.
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calculation on MB (Figure S7a) is in reasonable agreement
with the experimental observation.
The above analysis has forced us to speculate that the

spectra observed at 808 and 785 nm excitations for MB
directly adsorbed on the gold surface are characteristic of an
anionic complex, resulting from metal molecule electron
transfer. The complex may be described as S·[MB-
(O2)k(H2O)mLn]

− where S represents the gold surface, L is
the surface ligand, and k, m, are n are integers as it has been
proposed recently.2 We note that the observation of anionic
species have been reported recently based on SERS measure-
ments.47−50 In our experiment, it appears that the charge
transfer complex remains stable at the near-infrared wave-
lengths (808 and 785 nm). On the other hand, vibrational
signatures of N-demethylation products are apparent at shorter
wavelengths (671, 633, and 561 nm), which may suggest that
the anionic complex can undergo N-demethylation reaction. In
general, for MB adsorbed directly on gold, the anionic complex
may be present at all excitation wavelengths with various
degrees of concentrations because of subsequent chemical
transformation. Referring to Figure 1b, we can see that the
absorption spectrum of MB on gold has the least overlap with
the 808 nm wavelength at which the N-demethylation is
practically absent. Since the absorption band has some overlaps
with the 561 nm wavelength, it may not be possible to
conclude with full certainty that N-demethylation can be
induced purely by electron transfer without the involvement of
electronic excited-state processes. However, it has been
proposed that N-demethylation reaction can be initiated by
singlet oxygen or a peroxide anion.51 The reaction can also be
assisted by steric effect as the N-demethylation reaction
involves replacing the relatively bulky methyl groups with
hydrogen atoms. As a result, the molecule-surface interaction
becomes favorable as the N-demethylation proceeds and the
steric hindrance due to the bulky groups is removed and is
illustrated in Figure 7b. We note that the absolute adsorption
energy is expected to increase with the molar mass because of
the dispersion forces.38 The results plotted in Figure 7b are
taken from ref 38 after normalizing the adsorption energy in ref
38 by the corresponding molar masses, and it shows that the
adsorption becomes favorable as the bulky CH3 groups are
replaced by H atoms. In addition to the PND derivatives, the
stabilization of MB in a charge transfer complex is indicated on
the plot in Figure 7b.
3.4. Evidence for the Plasmon-Induced Surface-

Molecule Interaction. As it has been discussed so far,
illumination of MB adsorbed on R-CTAB at the 808 nm
wavelength does not induce N-demethylation of MB as it has
been confirmed by the absence of thionine signal (Figures 2a,d,
3a, and S4) and by the negligible frequency shift (Figure 5) of
the band that indicates partial N-demethylation. On the other
hand, at 808 nm, the vibrational band intensity of MB
increases as a function of time and is shown in Figure 2a,d and
Figure S8a,c. A similar effect is observed at 785 nm to a lesser
extent possibly because of other competing processes such as
induced desorption. The relative intensity increase of the SERS
signal as a function of time can be attributed to the chemical
enhancement effect that increases as the adsorbate molecular
coordinates rearrange to create the thermodynamically
favorable surface-molecule interaction.52,53 Adsorbate reorgan-
ization is expected to take place at the other excitation
wavelengths considered. However, the change in SERS signal
due to chemical enhancement effect can be dominated by

other processes that includes plasmon-induced desorption and
chemical transformation. The fact that the thionine product
signal appears very slowly as a function of the illumination time
(see the intensity map of the 479 cm−1 band in Figure 2a at
633 nm) suggests adsorbate reorganization before photo-
chemical transformation takes place. Similarly, the magnitude
of the νp mode frequency shift that indicates PND product
formation increases slowly with time on R-CTAB (Figure 5).
On the other hand, on S-CA, the peaks that appear to be
characteristic of the anionic complex have a nearly constant
peak position and band intensity as a function of the
illumination time (Figure 2e), indicating that the charge
transfer and coordinate reorganization is much faster than the
time needed to acquire the first SERS spectra.

4. CONCLUSIONS

In summary, using plasmon-enhanced N-demethylation of
methylene blue as model reaction, we have demonstrated that
the mechanism of plasmon-driven surface chemical processes
can be switched from charge transfer to adsorbate electronic
excitation depending on the adsorption of the reactant on the
metal nanoparticles. Different products are observed as a result
of different mechanisms: the charge transfer mechanism
produces the anionic complex and partial N-demethylation
products, while the adsorbate electronic excitation leads to the
formation of thionine, a complete N-demethylation product.
The AEE mechanism involves the following steps: the S0 → S1
transition of MB, S1−T1 intersystem crossing through the spin-
vibronic mechanism, and energy transfer from the T1 state to
molecular oxygen to generate singlet oxygen that triggers the
N-demethylation reaction. The AEE mechanism is enhanced
by the presence of CTAB coadsorbate that may increase the
rate of the S0 → S1 transition by orienting the molecular dipole
along the driving surface field and prolonging the lifetime of
excited state by slowing down adsorbate-to-metal energy
transfer. The AEE mechanism shows selectivity toward the
formation of thionine that involves complete N-demethylation
of MB. In contrast, when MB is directly adsorbed on the
nanoparticles, signatures of the anionic complex are observed
at near-infrared excitation wavelengths, while formation of
partial N-demethylation products dominates at shorter wave-
lengths.
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