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Plasmon-Induced Simultaneous Electrochemical and Fluorescence
Switches Probed by Combined SECM and Fluorescence Microscopy
Ali Dabbous, Baptiste Maillot, Jean-Frédéric Audibert, Vitor Brasiliense, and Fabien Miomandre*

ABSTRACT: An unprecedented dual simultaneous switch of fluorescence intensity and electrochemical
current induced by plasmon activation is demonstrated using a combination of electrochemical (SECM)
and fluorescence microscopies with a fluorescent redox-active probe (tetrazine derivative) in solution. The
mechanism of this dual switch is assigned to an asymmetric charge injection involving holes rather than
electrons, despite the oxidant character of the redox probe. Thermal effects due to plasmon activation have
been measured by using quantitative phase imaging and revealed negligible solution temperature increases,
corroborating the main role of charge injection. This demonstrates for the first time that
electrofluorochromism, which involves a redox switch monitoring the luminescence properties, can be
optically triggered.

■ INTRODUCTION
Plasmon-mediated (or plasmon-driven) electrochemistry has
become a field of great interest in the past decade, as
highlighted by recent reviews of the field.1,2 When plasmonic
nanostructures are illuminated with light at their resonance
wavelength, they generate hot carriers, which can be used to
carry out redox transformations.3 This concept finds valuable
applications in the framework of electrocatalysis4,5 and
photoelectrochemical devices6,7 as visible light6 can be
efficiently used to induce electrochemical reactions, in contrast
to the UV light usually required with semiconducting electrode
materials. This was recently applied on several electrochemical
reactions of broad interest like hydrogen evolution8 or
methanol oxidation.9 The electrochemical process can be
coupled with light emission, like electrochemiluminescence,
opening the route toward detection at the microscopic level
and even down to the single particle level,10 with direct
applications in biosensors with enhanced sensitivity.11,12

Plasmon activation can also directly impact light emission
properties either by quenching or enhancing the emission
intensity depending on the experimental conditions.13−15 In
most cases, the mechanism relies on energy transfer between
the plasmonic structure and the luminophore. When emitted
light is in resonance with plasmon excitation, energy transfer
results in efficient quenching, whereas the opposite occurs if
the excitation wavelength matches the plasmon resonance,
leading to local enhancement of the electromagnetic field.

Beyond these phenomena, as plasmon excitation results in
charge carrier injections able to drive an electrochemical
reaction, itself likely to control emission like in electro-
fluorochromic molecules16 and materials,17 one comes to the
conclusion that a remote control of emission by plasmon

excitation should be possible based on charge carrier injection
in solution. In such a case, a dual control can be operated on
light emission based on either the electrochemical reaction
alone classically triggered by the electrode potential or an
optical signal inducing this electrochemical reaction by the
plasmon-driven charge injection. This creates a new pathway in
plasmon-mediated light emission through a redox switch. An
additional interest here concerns the analysis of the mechanism
involved in this phenomenon. When dealing with plasmon-
assisted electrochemistry, many studies focused on the Au−
TiO2 interface targeting water photodissociation.7 The main
issue is to disentangle the charge carrier injection process from
side-effects, one among which is temperature enhance-
ment.18−20 Using an electrofluorochromic compound as the
redox probe allows one to dispose of two output signals to
report the effects of plasmonic activation, among which the
emission can be used to image the spatial extent of the
phenomenon. To achieve that experimentally, we chose a
configuration in which the electrochemical signal can be
applied at a different location from the plasmonic substrate in
order to ensure that both input signals are applied
independently. This can be done by combining fluorescence
microscopy with scanning electrochemical microscopy
(SECM).21,22 The use of SECM to report plasmon-activated
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electrochemical reactions occurring on a substrate was initially
reported by Willets et al.18 in aqueous solutions with pure
redox probes. Furthermore, the topic has been highlighted
recently23 with mechanisms claimed to be based on photo-
thermal enhancement of mass transport.24,25 If hole/electron
injection is thought to be a competitive process, then a great
advantage of this configuration is a direct report of the type of
charge carrier likely to be injected in solution to perform the
electrofluorochromic reaction. Indeed, imposing the electro-
chemical reaction at the tip, the measured current is sensitive
to the electrochemical reaction occurring on the substrate in a
simple way: current enhancement if the substrate reaction is
opposite to the tip reaction (positive feedback) and current
decrease in the opposite case (negative feedback). This paper
thus reports the first example of plasmon-driven electro-
chemistry reported by a combination of SECM and
fluorescence microscopy with an electrofluorochromic probe
in solution, namely, 1-chloro-4-ethoxy-s-tetrazine (ClTzOEt).
Tetrazines are good candidates as they emit in the visible range
under visible excitation and are easily reducible compounds
with reversible electrochemistry.26,27 We will show here that
the main reaction observed upon plasmonic activation is hole
injection, although the redox probe cannot be directly
oxidized. Fluorescence quenching induced either electrochemi-
cally or by plasmon activation is observed, and the involved
mechanism is thoroughly investigated.

■ EXPERIMENTAL SECTION
All commercial chemicals were used as received without
further purification.
Plasmonic Substrates. The plasmonic substrates on ITO

were electrochemically prepared on 25 mm × 25 mm ITO
plates (25−35) Ω cm, 100 nm thickness from SOLEMS SAS
(France) by chronoamperometry using a HTDS VersaSTAT 3
potentiostat, according to a previously published protocol.28 A
three-electrode setup with the ITO plate as the working

electrode, a silver wire as a quasi-reference electrode (QRE),
and a platinum wire as the counter electrode was used for
electrochemical experiments. The electrolyte solution was
prepared from chloroauric acid trihydrate (from Sigma-Aldrich
>99.9%) (2 mM) and sodium carbonate (from Prolabo
0.25M) in milli-Q water (18.2 MΩ cm−1). The electro-
depositions were carried out at constant potential fixed at −0.6
V, −0.7 V, −0.8 V, −0.9 V, −1 V, and −1.1 V vs Ag QRE for
300 s.

The plasmonic substrates on glass were prepared according
to an optimization of a reported procedure.18 Briefly, it
consisted of evaporating gold metal (99.95%, Ted Pella, Inc.)
on glass coverslips (Fisher Scientific) using an evaporator
(Nano 36, Lesker). Then the substrates were heated using the
COMO ceramic oven at 250 °C for 4 h, resulting in plasmonic
substrates with a plasmon resonance band close to 650 nm.

Absorption spectra of a plasmonic substrate are shown in
Figure S1 at various locations under microscope for trans-
mitted light detection, to check the good homogeneity of the
response.
Absorption Spectroscopy. Extinction spectra of the

nanoparticles were recorded by using a SD 2000 fiber optic
spectrometer from Ocean Optics. The samples were
illuminated in transmission mode using a Nikon inverted
microscope with a 12 V 100 W halogen lamp through a 40×
objective (NA 0.6). Spectra were acquired using the
SpectraSuite software in absorbance mode with an integration
time of 1 s. The presented spectra are averages of 100 raw
spectra corrected for the dark signal.
Electrochemistry. Electrochemistry experiments were

performed with a HTDS VersaSTAT 3F potentiostat. A
three-electrode setup with a 10 μm Pt ultramicroelectrode
(from HTDS) as the working electrode, a silver wire as a QRE,
and a platinum wire as the counter electrode was used. In the
four-electrode mode, substrates were polarized using a HTDS
VersaSTAT 4 potentiostat, which shared the same reference

Scheme 1. Experimental Setup Coupling Electrochemical Microscopy (SECM, Green Upper Part), Epifluorescence
Microscopy with a Dual Excitation Pathway (Yellow Lower Part), and Quantitative Phase Microscopy for Phase Imaging
(Orange Lower Left Part)
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and counter wires as the VersaSTAT 3F. The tip position was
controlled by a piezoelectric system (VersaSCAN). Plasmonic
substrates were illuminated using a supercontinuum laser
(SMHP-40.2- A-PP-RC, Leukos 10 MHz−40 ps-fwhm). The
excitation wavelength was selected by using a bandpass filter
(BP650 nm-13 nm from Semrock).

For all experiments, the electrolyte solution was prepared by
dissolving 1-chloro-4-ethoxy-(2,3,5,6)-tetrazine (ClTzOEt,
synthesized in the lab according to a reported protocole29) 2
mM and tetrabutylammonium hexafluorophosphate (from
TCI > 98%) 0.1 M either in acetonitrile (from Carlo Erba
Reagents) or a mix (9:1) of absolute anhydrous ethanol (from
Carlo Erba Reagents) and acetonitrile.
Fluorescence Microscopy Coupled to SECM. The

optical measurements were carried out on a Nikon Ti Eclipse
inverted microscope with an extra-large working distance
objective (40×, NA 0.6) in wide-field illumination (see
Scheme 1). In the last part, confocal configuration with a
(×100, NA 1.49) objective was used.

Tetrazine molecules were excited by a pulsed laser diode at
474 nm (LDH−P−C−470B, PicoQuant) with pulses of 230 ps
and a repetition rate of 40 MHz with a power density of ca. 30
W cm−2. The plasmonic substrates were excited by using a
supercontinuum laser (SMHP-40.2−A-PP-RC, Leukos 10
MHz−40 ps-fwhm) with a band-pass filter (BP650 nm-13
nm from Semrock) with a power of 650 μW focused in a 20
μm diameter zone (power density of ca. 20 kW cm−2). The
emitted light was collected after passing through a band-pass
filter (BP536 nm-40 nm from Semrock).

Electrofluorochromism was studied by recording the emitted
light during multistep chronoamperometry experiments. The
emitted light was collected on a CCD camera (PixelFly USB
CCD, from PCO AG) with an integration time of 300 ms
during multistep chronoamperometry.
Quantitative Phase Imaging. Quantitative phase imaging

(QPI) experiments were conducted using a DiPSI module to
the detection pathway (see Scheme 1), as described in detail
elsewhere.30 Briefly, we used a 4f setup to position a thin
diffuser a few millimeters (3 mm) away from the plane

conjugated to the CCD sensor. This generates a random
interference (speckle) pattern whose deformation can be
associated with local phase gradients, which by integration
reveals the optical path difference (OPD) with respect to a
reference. In addition to the microscope objective (×40, NA =
0.6), we used a ×1.5 tube lens and a ×2.5 relay lens to achieve
a ×150 total magnification. In these experiments, the
microscope native source in the Köhler configuration is
equipped with a filter (λobs = 536 nm, 40 nm fwhm) to
avoid plasmon excitation, leading to an average power density
of 500 mW cm−2. Illumination NA is kept below 0.2 to ensure
spatial coherency of the illumination. The plasmon excitation
wavelength is eliminated with the help of a bandpass 543 nm,
22 nm-fwhm filter (Multiband dichroic TFT503/582/
658(HE) from Zeiss). The speckle images were processed
with the help of MATLAB, implementing the image
registration routines as described in the literature,31 leading
to the images shown in the paper.

The overall experimental setup is shown in Scheme 1.

■ RESULTS AND DISCUSSION
Simultaneous electrochemical and optical detections were
performed by using the dual excitation pathways likely to
activate plasmons of the gold nanoparticles along with the
emission of the fluorophores. The results are discussed below
by considering first the electrochemical response and then
fluorescence detection. Finally, QPI was implemented to
evaluate the thermal contribution associated with plasmon
activation.
Electrochemical Response. A first set of data has been

collected by using the SECM tip to measure electrochemical
current under plasmon activation of Au NPs on ITO (laser
power 650 μW, focal point 4 μm diameter) in a configuration
similar to the one used by Willets et al.18 First, the plasmonic
substrate is kept in open circuit, while the tip is polarized at 0
V for a few seconds and then at various potentials, inducing the
tetrazine (Tz) reduction into its anion radical (see CV in
Figure S2). We thus sequentially probe the current associated

Figure 1. A) Electrochemical current vs time for steps from 0 to various tip potentials. Red zones correspond to plasmon activation (650 nm laser
switch on). (B) Raising part of the current for the first step of the orange trace in (A). (C) Variation of the current contrast ratio between the ON
(plasmon activation) and OFF (no plasmon activation) states as a function of the tip potential. Tip−substrate distance = 10 μm.
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with Tz reduction in the absence (red laser OFF) and presence
(red laser ON) of plasmonic excitation. When the red laser is
switched on, a clear enhancement of the electrochemical
current is observed (Figure 1A, red zones) and the current
goes back to its initial value as soon as the red irradiation stops
(gray zones). A closer look at the raising part of the current
step demonstrates that the limiting value is reached in ca. 0.5 s
(Figure 1B), a time range that is fully consistent with a
diffusion process in the 10 μm tip−substrate distance.

The phenomenon can be quantified by reporting the ratio
between the tip current in the absence and presence of
plasmon excitation (r = iON

tip /iOFF
tip ; see Supporting Information

for details on how it is determined), hereafter called the
contrast current ratio. As shown in Figure 1C, when the tip
potential is not negative enough to allow the tetrazine
reduction, no change in the current can be seen upon plasmon
activation, and the contrast ratio is equal to 1. This
demonstrates that a direct plasmon-driven reduction of
tetrazine can be excluded since it should have an impact on
the feedback current measured at the tip. This is a first
noticeable result, having in mind that tetrazines are quite good
electron acceptors, attested by their relatively high reduction
potential for a small aromatic molecule. Then, as soon as the
tip potential becomes more negative than the half-wave
potential of the redox probe, the ratio tends toward a limiting
value, which is in our case around 1.07. These results are
consistent with a positive feedback occurring upon plasmon
activation on the substrate, that is hole injection allowing the
oxidation of the anion radical produced at the tip and diffusing

toward the substrate, thus regenerating the probe in its
oxidized state. Note that the curve of Figure 1C is very similar
to the CV of the redox probe (Figure S2), with a half-wave
potential positively shifted by about 100 mV.

To check the mechanism involved in this plasmon enhanced
electrochemical current, several control experiments were
performed. The first one concerns the influence of the tip−
substrate distance. In a such a feedback mode, the electro-
chemical current is expected to be strongly dependent on the
tip−substrate distance, and this is indeed the case (Figure S3).
When the distance is larger than 100 μm, i.e., 10 times the tip
radius, no variation of the tip current is observed under
plasmon excitation, whereas a quasi-linear variation of the
contrast ratio can be seen with the logarithm of the distance in
the range (10−100 μm), i.e., between one and ten times the tip
radius. The maximum value of r is obtained when the distance
is within the order of magnitude of the tip radius.

We also confirmed the previous observations by noticing
that the contrast ratio was also sensitive to the alignment
between the tip and the illuminated region (focal point of red
irradiation). When the tip position is shifted horizontally vs
this point, the contrast ratio becomes quickly much smaller
(Figure S4). Finally, it is observed that the contrast ratio
depends linearly on the red light excitation power (Figure S5)
and thus apparently scales with the number of injected charge
carriers. Indeed, if thermal effects were responsible for the
current enhancement, they should not vary linearly with the
laser power because the electrochemical current depends on
the square root of the diffusion coefficient, which in turn varies

Figure 2. (A) Extinction spectra of the various nanoparticle arrays deposited on ITO as a function of the electrodeposition potential. (B)
Electrochemical current vs time for three successive ON−OFF states induced by polarizing the tip at −0.9 V. Plasmon activation (red laser on, 650
μW) in the red zones. (C) Intensity contrast ratio vs the difference between laser excitation and maximum plasmon resonance wavelength. Tip−
substrate distance = 10 μm.
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with temperature in a nonlinear way18 (this assumption will be
tested further anyway). These results are the first indication
that charge carrier injection should be the dominant process
involved in the current enhancement. Moreover, when
comparing the amount of tetrazine units converted during
the plasmon activation (ca. 10 nC corresponding to 100 fmol)
to the amount of photons injected during this period (650 μW
leading to ca. 1016 photons with uncertainties due to losses),
one can see that this latter is in large excess, making the
electrochemical reaction feasible even if the photon to hole
conversion has a very low yield. Finally, when looking at Figure
2B, one can notice the sharp increase of current upon plasmon
activation, which is also a signature of charge carrier injection
since thermal effects would lead to much slower processes.20,32

The average nanoparticle size on the plasmonic substrate
was also varied in order to tune the matching between the
excitation wavelength and the plasmon resonance while
keeping the extinction constant at 650 nm (Figure 2A). The
nanoparticle diameter can be tuned in a simple manner by
changing the value of the electrodeposition potential. An
example of particle size distribution obtained when electro-
deposition is carried out at −1.1 V is shown in Figure S6. The
results shown in Figure 2B,C confirm the expected behavior,
namely, a gradual increase of the contrast ratio as the plasmon
resonance wavelength gets closer to the laser excitation one
(650 nm). The maximum value of r (1.13) is reached for the
best matching. This value is comparable with the contrast ratio
values obtained in a configuration where the gold nanoparticles
were functionalized directly on the tip.33

In the next step, aiming to confirm and quantify that
plasmon activation results mainly in hole injection in the
solution, another control experiment was performed: SECM
was now employed in feedback mode with substrate
polarization, i.e., in a 4-electrode configuration with two
independent working electrodes, in the absence of plasmon
activation. Figure 3 shows that polarizing the substrate at
gradually more positive values has the same effect as the
plasmon activation, that is, increasing the electrochemical
current in the time interval where the potential is applied on
the substrate. The maximal contrast ratio is obtained at a
substrate potential of +0.3 V, which allows the reoxidation of
the tetrazine anion radical to operate at the maximal rate.
Similar values of the maximal contrast ratio (1.06) are
measured in Figures 1−3, where the tip potential value is the

same. Thus, it can be inferred that plasmon activation under
these conditions (tip−substrate distance = 10 μm, irradiation
power = 650 μW) leads to the same proportion of reductant
and oxidant forms as the application of ca. + 0.3 V on the ITO
substrate. Similar analyses can be obtained for other
experimental conditions, enabling a quantitative comparison
and an estimation of the equivalent redox potential of plasmon
activation.
Fluorescence Response. The great advantage of perform-

ing such experiments with an electrofluorochromic probe is to
dispose of two detection means: one electrochemical, based on
the measured (tip or substrate) current, and one optical, based
on the fluorescence intensity (and emission spectrum). This
also allows direct imaging of the process in the region of
interest (ROI) defined by a sphere extending between the tip
and substrate (wide field detection) or closer to the substrate
(confocal microscopy).

As fluorescence measurements involve excitation at 474 nm,
a first control experiment was to check that this irradiation did
not impact the electrochemical signal. Indeed, activation of
interband electronic transitions is known to be also a source of
charge injection in the surrounding medium.34 Figure S7
shows that the electrochemical current measured at the tip is
not modified by the 474 nm irradiation if the incident power
density remains small. These conditions will be applied in the
following.

A first picture of how plasmon activation affects the emitted
light is given by the superimposition of the electrochemical
signal, with the fluorescence images displayed in Figure 4.
When the tip potential is put at −0.9 V (green zone), the
electrochemical reduction of the probe induces a first
fluorescence quenching that can be clearly seen in the images.
This electrochemically induced quenching corresponds mainly
to the conversion of emitting neutral tetrazines into their
nonemitting anion radicals.35 Upon plasmon activation, a
deeper quenching is observed (zone 3 in Figure 4A), which is
emphasized in Figure 4B (red zone) in the absence of
electrochemical signal. The residual fluorescence needs the
ROI to be shrunk to allow the detection, and Figure 4B shows
that the intensity is reduced by ca. 10% upon plasmon
activation.

To elucidate the origin of this additional quenching, a
complementary set of experiments were conducted. The first
one consisted of varying the tip potential from values where no

Figure 3. A) Electrochemical current vs time for steps at fixed tip potential (−0.9 V) and various substrate potentials indicated in the figure for the
OFF (gray zones) and ON (green zones) states as defined in Figure 2. (B) Variation of the current contrast ratio as a function of the substrate
potential. Tip−substrate distance = 10 μm.
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electrochemical reaction occurs until values where the
electrochemical conversion is complete. The results are
displayed in Figure 5A. Two zones can be identified: the
green one corresponding to the electrochemical quenching
that starts to be observed when the tip potential is more
negative than −0.4 V and the red one corresponding to the
plasmon-induced quenching, which is observed whatever the
tip potential but with different amplitudes according to its
value.

To better quantify the impact of plasmon activation, we
defined the relative quenching efficiency as

=Q
I I

Ieff
f(off) f(on)

f(off)

where “off” and “on” indexes are related to the red laser state
and If is the fluorescence intensity.

The variation of Qeff with potential is shown in Figure 5B,C.
Clearly, the quenching efficiency is larger as the tip potential is
more positive, a variation that is the opposite of the
electrochemical current ratio. When crossing these results
with the electrochemical data (Figure 1), we can state that
plasmon-induced charge injection is not observed at tip
potentials more positive than −0.1 V. Thus, the observed
fluorescence quenching upon plasmon activation, which can be
seen in the high potential range can be assigned mostly to
energy transfer between excited fluorophores and plasmonic
nanoparticles, a phenomenon related to plasmon-enhanced
Förster resonance energy transfer (PEFRET).36 PEFRET is
known to be strongly dependent on the spectral overlap
between the energy donors and acceptors. In our case, the
overlap integral is calculated from the emission spectrum of
tetrazines (the energy donors) and the extinction spectrum of
the energy acceptor (the gold nanoparticles). Based on this

Figure 4. A) Fluorescence images of the region of interest (ROI) and electrochemical currents vs time corresponding to the tip potential varying
from 0 V (gray zone) to −0.9 V (green and brown zones). 1 = Start of the excitation (470 nm) and fluorescence recording. 2 = Start of the
electrochemical activation; and 3 = Start of plasmonic activation (red laser 650 nm, 650 μW). (B) Fluorescence intensity at 536 ± 20 nm
(excitation wavelength = 470 nm) and images of a ROI (5 × 5 μm) vs time in the absence (gray) and presence (red) of plasmonic activation (red
laser 650 nm, 650 μW) in the absence of electrochemical signal.
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mechanism, energy transfer efficiency is expected to display a
correlation with the normalized overlap integral J defined as
follows:14

=J
I

I

( ) ( ) d

( )d
0 f

4

0 f

where If (λ) is the fluorescence intensity and ε(λ) is the molar
absorption coefficient1 at wavelength λ.

Figure S8 shows the quenching efficiency measured for two
plasmonic substrates having the same extinction at 650 nm but
different plasmon bands. The one having the largest spectral
overlap with the emission of the fluorophore gave the largest
quenching (Table S1), supporting the proposed mechanism
based on energy transfer. This results in the plasmon-induced
fluorescence quenching observed in Figure 4B in the absence
of electrochemistry. When an electrochemical current is
induced between tip and substrate by applying a sufficiently
negative potential at the tip, the plasmon-induced quenching
becomes less efficient, which is consistent with the oxidation
counter-reaction occurring at the substrate as it contributes to
increase the fluorescence intensity. Of course, this process
being restricted to the surface and the fluorescence detection
being performed in a zone extending through the tip−substrate

region, the overall intensity is not switched on again.
Therefore, we decided to test the possibility to measure the
fluorescence intensity closer to the surface through a confocal
detection using a 100× objective with a higher NA. The results
are displayed in Figure S9 and show the same trend as in
Figure 5, but two main differences can be noticed. The first
one is the larger Qeff values in the high potential region in the
absence of electrochemical reaction on the tip (Figure S9C).
This relies on the better axial spatial resolution of the confocal
technique with the fluorescence intensity being more sensitive
to the nanoparticles. The field depth probed in this experiment
can be estimated to 500 nm, thus much smaller than the tip−
substrate distance. As the energy transfer process should be
restricted to a few nanometers from the surface, it is likely that
a strong interaction exists between the fluorophore and the
gold nanoparticle surface; otherwise, the quenching efficiency
would be much smaller. The second difference is the role of
the tip potential, which leads to a larger drop in Qeff in the
confocal case. This is consistent with the higher sensitivity to
the hole injection process, which contributes to increase the
fluorescence intensity by reoxidizing the anion radicals into
neutral emitting species, thus decreasing Qeff.

In summary, the fluorescence results are consistent with the
electrochemical results, with an additional quenching and a

Figure 5. A) Fluorescence intensity at 536 ± 20 nm (excitation at 470 nm) vs time when the tip potential varies from 0 V to the indicated values
(green zone). The brown zone corresponds to plasmon activation (red laser on, 4 kW cm−2). (B) Corresponding tip current variations for the
experiment in (A) (inset shows a magnification of the positive potentials range). (C) Fluorescence quenching efficiency corresponding to the
brown zone of Figure 5A vs tip potential.
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current enhancement upon plasmon activation. This is a major
advantage of the combination of the two techniques using a
single probe to disentangle processes involving charge transfer
with direct consequence on the electrochemical response of
those related to energy transfer and thus occurring in the
absence of electrochemistry.
Investigation of Thermal Effects. Up to this point,

charge carrier injection has been assumed to be the main
mechanism involved in the plasmon-enhanced electrochemical
current under our experimental conditions. Thermal effects are
also to be considered when irradiating the plasmonic substrate
with the red laser, but we have for the moment neglected their
possible influence on the transport process of the redox probe.
In order to support this assumption, we experimentally
measured the local temperature profile in situ under
irradiation.

Local thermal gradients can be conveniently measured using
QPI,37 particularly in the vicinity of plasmonic surfaces.38−40

This family of techniques enables the measurement of
thermally induced refractive index changes, therefore enabling
indirect determination of the temperature profile.

To do that, a QPI module was added in the detection path
of the fluorescence microscope, obtaining a configuration
similar to the previously one used to monitor surface
modification reactions.37 We image the sample in transmission
mode using a wide-field green light source (P = 500 mW cm−2,
λobs = 536 nm) to track any OPD arising from local solution
heating without any risk of exciting the plasmons since we are
off resonance. Subsequently, the experimentally measured
OPD is used to determine the temperature difference with
respect to a reference recorded with no plasmon excitation,
according to eq 1

= × = × × =
×

n L
n
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T L T
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OPD
d
d

OPD
n
T

R R d
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(1)

where n is the refractive index and LR is the Rayleigh distance,
which can be estimated from the beam radius ω0 and

wavelength λ as =LR
0
2

. In the experimental conditions
used for plasmon activation in our SECM studies (650 μW,
i.e., ≈20 kW cm−2), no OPD difference could be detected,

meaning that the temperature increase, if any, falls below the
noise level (∼1 nm) of the detection, as shown in Figure 6. To
confirm that OPD is able to detect and measure temperature
gradients, control experiments were conducted at higher laser
power, where we deliberately heated the sample. With higher
powers, temperature increases of several tens of degrees were
measured with a good linearity for the temperature vs laser
power relation (Figure S10). Based on the OPD noise levels
and the calibration curve, we demonstrated that the maximal
temperature elevation in the solution comprised between the
tip and substrate was smaller than 2K. Such a small value
insignificantly affects the solution transport phenomena and
cannot account for the observed feedback current measured
previously during red laser irradiation. Therefore, it is
concluded that thermal effects have a negligible impact on
transport phenomena in our system. This is notably related to
the pulse excitation source that delivers a high amount of
energy during the pulse itself (40 ps) but is allowed to relax
during the waiting time before the next pulse (100 ns).
Evidence of Electron Accumulation. The previous

results suggest that excitation of the plasmonic resonance of
gold nanoparticles induces only a transfer of holes from the
surface to the solution. The fate of the associated electrons
produced upon plasmon excitation needs to be considered. A
possible accumulation of electrons on the surface of gold
nanoparticles may result from this process. Mulvaney et al.41

demonstrated that the spectral band corresponding to plasmon
resonance was blue-shifted as a consequence of accumulated
negative charges on the nanoparticle surface. In order to
perform a similar investigation, plasmonic substrates resonant
at 650 nm were prepared on glass instead of ITO to prevent
charge evacuation through the substrate. Subsequently, a
potential step from 0 to −0.9 V vs Ag QRE was applied at the
platinum tip positioned at 10 μm from the surface for 15 min
in the presence of a tetrazine predegassed solution. Figure 6B
compares the absorption spectra recorded before and after the
chronoamperometry experiment and reveals evidence of
electron accumulation. Indeed, a 5 nm blue shift is observed
after plasmonic excitation combined with electrochemistry.
Control experiments in the absence of plasmon activation (no
red light irradiation) and in the absence of tip potential
variation on the tip showed no variation of the plasmon
resonance maximum (see Figure S11). Consequently, it can be

Figure 6. (a) Phase images (OPD = optical path difference) of gold nanoparticles during laser irradiation: on glass in acetonitrile (A), on glass in
ethanol/acetonitrile mixture (90:10) (B), on ITO in acetonitrile (C), and on ITO in ethanol/acetonitrile mixture (90:10) (D). (b) Absorption
spectra of gold nanoparticles before and after applying a 15 min chronoamperometry at −0.9 V vs Ag QRE to the SECM tip placed 10 μm above
the substrate surface. Gaussian fits (χ2 = 0.89) give λmax = 673.7 ± 0.3 nm (red) and 668.5 ± 0.3 nm (blue) (see inset).
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deduced that the nanoparticle surface gradually became
negatively charged during chronoamperometry, confirming
the previously postulated mechanism of hole transfer from
metal to solution, while electrons remain on the nanoparticle
surface. This situation was already reported for gold NPs with
redox molecules adsorbed on it.42 However, this conclusion
only applies for glass substrate, and it is likely that ITO is
sufficiently conductive to allow electrons to be evacuated from
the place where they are produced.

■ CONCLUSIONS
We have demonstrated that plasmon activation triggered by
exciting the plasmon resonance of gold nanoparticles on ITO
in the presence of an electrolytic solution containing a redox
fluorescent probe results in an oxidation process. This can be
explained by a mechanism involving hole injection in the
solution rather than electrons, despite the high electron affinity
of the probe. A deep analysis, including several control
experiments, shows that the maximal effect on the electro-
chemical current occurs when a perfect matching exists
between the excitation wavelength and the plasmon resonance
and a perfect alignment between the tip and the focal point of
the excitation laser. A simultaneous measurement of the
fluorescence intensity of the probe shows a double
fluorescence quenching: an electrochemical and a plasmonic,
the latter being assigned to an energy transfer between the
fluorophore emission and the plasmon resonance of the gold
nanoparticles, strongly dependent on the spectral overlap.
Moving from wide-field to confocal microscopy enables to see
the plasmonic quenching efficiency being larger in the absence
of electrochemical reaction, consistently with the better
sensitivity to the surface, but the drop when the applied
potential becomes more negative is smaller, consistently with
the hole injection process at the substrate surface. Additional
experiments are, however, necessary to fully understand the
quenching mechanism as the energy transfer range (a couple of
nanometers from the surface) is unlikely to explain on its own
the quenching efficiency values measured in both wide-field
and confocal configurations.

From a practical point of view, this study demonstrates for
the first time that electrofluorochromism, i.e., the reversible
modulation of fluorescence according to the redox state, can be
triggered by plasmons and detected in a dual optical and
electrochemical manner. Further investigations are in progress
to study similar effects with grafted molecules on the
plasmonic substrate as it will allow us to get rid of the
contribution of emitters far away from the plasmonic substrate
surface, thus enhancing the detection sensitivity.
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