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Dual Synergistic Modulation of Photo-Induced Electron Transfer
Processes Between Molecules and Gold Nanopillars for
Ultrasensitive Plasmon-Enhanced Raman Scattering

Iris B. Ansah,*®" Daniel Aranda,“" Ho S. Jung,? Sung-Gyu Park,® Mijeong Kang,®" Juan C. Otero,*"
and Dong-Ho Kim*P”*

This work presents a synergistic approach to boost plasmon- or surface-enhanced Raman scattering (SERS) by combining
molecular and electrical modulators that fine-tune the electronic structure of metal-molecule interfaces, especially the
charge transfer (CT) states, allowing molecular resonances. Paraquat (PQ?*) was interfaced with nanopillar SERS substrates
whose surface excess of charge was modulated by intercalating anionic Au complexes (AuCls~, Au(CN)2") as well as by
applying external electric potentials. Such concurrent dual modulation tuned the energy of the CT states of the
substrate-anion-PQ?* triads in resonance with the excitation laser, resulting in a large enhancement of the PQ?* SERS bands.
The results point to a novel coherent through-bond CT contribution of SERS, analogous to the superexchange mechanism
for electron transfer in donor-bridge-acceptor systems. The large amplification enables high sensitivity for detecting PQ?*
and ultimately enables the on-site detection of PQ?* in unprocessed real samples (coffee drink). This study account for new
physicochemical variables affecting electron transfer processes in nanostructured metal-molecule interfaces and provides a
path for further exploring chemical strategies for greater Raman enhancement and for developing ultrasensitive Raman

platforms.

Introduction

Raman scattering has been used in fundamental research on the
physical chemistry of molecules and in practical analytical
applications for molecular detection.! Enhancement of Raman
scattering by localized surface plasmons, termed plasmon- or
surface-enhanced Raman scattering (SERS), has greatly
expanded the use of Raman spectroscopy as a sensitive
analytical technique over the past four decades, driven by the
explosive development of new nanoplasmonic substrates.2> In
addition to this material-wise contribution, modulating the
complex electronic structure of metal-molecule interfaces can
intensify the light—-molecule interaction and thereby further
enhance the SERS signal, which is known as the chemical
enhancement mechanism of SERS.
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methods

The most important chemical contribution to SERS is based
on resonance Raman scattering involving new electron or
charge transfer (CT) states®® of the supramolecular system
formed by the nanostructured metallic substrate and the
adsorbed molecule. In this resonant process, an electron is
photoexcited to a CT state of the complex, resulting in an
enhancement of the Raman signal, where specific molecular
vibrations are selectively intensified. The CT-resonant condition
is fulfilled when the energy of the incident laser matches the
energy gap between the ground and CT excited states of the
surface complex.® Given the limited number of standard lasers
used in Raman excitation, an alternative strategy to achieve the
CT-resonance Raman condition is to modulate the electronic
structure of the complex by applying external electric potentials
(Ev).10-13 Electrode potentials control the surface excess of
charge of the metallic substrate, and this excess of charge is
responsible for modifying the metal-molecule bond strength
and especially the energies of the CT excited states.13-14

We herein propose a novel approach to further enhance
SERS signals by fine-tuning the resonant CT processes by
manipulating the interplay between molecular and electrical
modulators. In addition to electric potentials (the “electrical”
(the
“molecular” modulator) that forms a supramolecular complex

modulator), we introduce an enhancer molecule
with the Raman-active molecule and brings the electronic
structure of the triad (metal
molecule) into resonance with the laser light. This study reports
the discovery of the complementary combination of proper

chemical species (a molecular modulator) combined with the

surface—enhancer—Raman



tuning effect of the applied voltage (an electrical modulator) to
attain huge SERS enhancement of selected molecules. The
proposed approach enables amplification of the SERS response
of molecules with a low affinity to metal substrates (e.g.,
positively charged species) and further improves the
capabilities of SERS as an ultrasensitive sensor platform. Finally,
this work opens also new insights on the mechanism of electron
transfer processes in nanostructured interfaces which could
help for improving the performance of molecular electronic
devices.

Results and discussion

The studied SERS-active molecule was paraquat (PQ%+, 1,1'-
dimethyl-4,4-bipyridinium or methyl viologen), which has two
aromatic rings, each containing a quaternary nitrogen and
providing two positive charges to the system. Molecular cations
such as PQZ* exhibit poor affinity to metal substrates because
they are electron-deficient; consequently, SERS spectra of these
cations are usually recorded by intercalating simple anionic
species such as halogen ions.1> The normal Raman spectrum of
a saturated solution of PQ%* in deionized water (Figure 1a)
shows strong bands at 839, 1185, 1279, and 1639 cm™1, which
are assigned to ring-breathing, N-CHj; stretching, C—H bending,
and ring-stretching fundamentals, respectively, according to
B3LYP/LanL2DZ calculations (Figures S1 and S2). Au nanopillars
(see Figure S3 and the fabrication details in Methods) were used
as a SERS substrate, and the corresponding spectrum of an
aqueous solution of PQCI; at a low concentration (5 uM) in the
presence of an excess of chloride ions (0.1 M NacCl, added to
enable electrochemical experiments; see details in Methods)
exhibited weak PQ2* bands (Figure 1a). SERS spectra of this
sample showed a rather weak enhancement when the spectra
were recorded under applied electric potentials (SERS signals
measured under potential application are called EC-SERS
hereafter) ranging from —0.5 V to +0.5 V vs Ag/AgCl (3 M NaCl)
reference electrode (Figure 1b).

Cl- and CN- ions are strongly polarizing'® and are known to
form electrostatic complexes with PQ2*. In addition, anionic
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Figure 1. (a) Normal Raman spectrum of a saturated solution of
PQZ* in deionized water (blue) and SERS spectrum of 5 uM PQ2*
and 0.1 M CI- aqueous solution on Au nanopillars (red). (b)
Effect of applied electric potentials on the SERS spectrum of 5
KM PQ?* solutions on Au nanopillars in the presence of 0.1 M
NacCl. Laser line: 785 nm.
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systems can interact with electron-deficient aromatic systems
such as PQ2?* via anion—t interaction,1’-21 which has recently
gained recognition as an unconventional intermolecular
interaction in supramolecular architectures. ClI- and CN- were
initially examined as enhancers of the SERS of PQ?2* but proved
ineffective, as shown in Figure 2a, where the spectra were
recorded at the respective open-circuit potentials (OCPs). The
overall and relative SERS intensities recorded without (in
deionized water) and with additional added CI- (1 mM) or CN-
(1 mM) anions in the presence of excess Cl- (0.1 M) are almost
identical, and the samples exhibit similar OCP values. These
results indicate that the CI- ions of the 5 uM PQCI; sample
should be sufficient for trapping PQ2* cations on the substrate
and that neither excess CI- (0.1 M or 1 mM) nor CN- (1 mM) play
a substantial role in enhancing these SERS.

Recent theoretical studies have demonstrated the feasibility
of complex anions containing coinage metals to form
supramolecular structures with electron-deficient aromatic
rings.21-23 To investigate the effect of these anionic complexes
on the SERS of PQ%*, we added tetrachloroaurate(lll) (AuCls, 1
mM) and dicyanoaurate(l) (Au(CN)2-, 1 mM) to PQZ* solution (5
1M), whose molecular structures are shown in Figure 2c. Both
complexes strongly enhance the PQ2* SERS signal and,
interestingly, do so in a differentiated manner. This
enhancement is clearly observed by Au nanopillars (Figure 2a),
but not by flat Au substrates (Figure 2b), what confirms the
requirement of using plasmonic nanostructures in order to get
strong SERS effect. As shown in Figure 2a, the SERS spectrum
recorded when AuCl,~ was present is dominated by the three
PQ2* bands with lower or medium wavenumbers at 839, 1185,
and 1279 cm-!, which are enhanced 20, 25, and 12 times,
respectively. They are also intensified in the SERS with Au(CN);~;
however, in this case, the highest-wavenumber band at 1639
cm~1 shows the largest selective enhancement, whereas it was
very weak in the spectrum with AuCls~. This band is
characteristic of the ring-stretching vibration of benzene-like
molecules containing six-membered aromatic rings. It is
assigned to the 8a normal mode and corresponds, in this case,
to the symmetric combination (8a+8a’) of the stretching of both
rings of PQZ* under the C; point group (Figure S2). According to
previous reports,2427 the selective enhancement of this
particular band in the SERS spectra of aromatic molecules is due
to the presence of resonant metal-to-molecule CT processes
(SERS-CT), which is the most important contribution to the
chemical enhancement mechanism of SERS.

Several  physicochemical factors (e.g., hapticity,
ion/dipole/quadrupole, ion—t or m—m interactions) can be
involved in building the supramolecular architecture of the
interface. The interactions between PQZ*, the anionic species,
and the substrate are responsible for the complex electronic
structure of the whole system in its ground and excited states
and govern all the interfacial properties, including the
corresponding SERS spectra. Electric potentials subtly modulate
this electronic structure and specifically modulate the CT states,
whose energies are strongly dependent on the applied
potential.26:28 Electrochemical SERS experiments were carried

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

ARTICLE

W & Anions

a b | FatAu & Anions Anions
—~ Bk PQ?* with extra ions added —~ Bk PQ?* with extra ions added
3 S e
& &
> AuCl; > AuCl;
2 Au(CN); 2 Au(CN); AuCls  Au(CN);”  CN-
= CN~ A < CN~
c CI- = CI”
[ S ————— - 1S S ——
g No extra ions added g No extra ions added
14 900 1200 1500 1800 900 1200 1500 1800
Raman Shift (cm™) Raman Shift (cm™) PQ2*

Figure 2. (a,b) SERS spectra from (a) Au nanopillar substrates and (b) flat Au substrates, recorded at the respective open-circuit
potentials (OCPs) of a 5 uM PQ2* aqueous solution (black, OCP: 0.32 V) and those recorded after anionic species were added to
the original sample: Cl- (1 mM, red, OCP: 0.32 V), CN- (1 mM, blue, OCP: 0.35 V), Au(CN),~ (1 mM, green, OCP: 0.24 V) and AuCl,~
(1 mM, purple, OCP: 0.80 V) (785 nm excitation). All solutions contained 0.1 M NaCl. (c) Structures of PQ2* and of the anions
selected as “molecular modulators.”

out to confirm the CT-resonant origin of the (8a+8a’)
enhancement. Figures 3a and 3b show the dependence of the
SERS spectra on the electrode potential Ey applied to Au
nanopillar substrates in solutions containing AuCls~ and
Au(CN);-, respectively. In both cases, the intensity of the
(8a+8a’) band is sensitive to the potential, reaching a maximum
(Vmax) in the spectra at +0.1 V in the case of AuCl,~and -0.1V in
the case of Au(CN),~. These spectra show an overall
enhancement of the SERS effect as well as a selective
intensification of the (8a+8a’) mode when compared with the
normal Raman spectrum (Figure 1a). These results imply that
the energies of the CT excited states of the samples with AuCl,~

. iy

and Au(CN);™ are in resonance with the 785 nm excitation line
at the respective Vuax potentials. When flat Au substrates were
used, however, the influence of electrode potential was hardly
caught (Figure 3e), which shows once again the key role of
plasmons localized on the surface of nanostructured substrates.
SERS spectra recorded at more negative potentials for samples
with AuCl,;~ were not included in Figure 3a because the
dissolved oxygen was reduced and the spectra showed bands of
decomposition products (see Figure S4 for details).

We can now explain the different enhancements of the
(8a+8a’) band in the SERS spectra of PQ2?* in the presence of
AuCls~ and Au(CN),~ (Figure 2). These spectra were recorded at
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Figure 3. EC-SERS spectra measured from (a-d) Au nanopillar substrates and (e) flat Au substrates. SERS spectra (785 nm excitation)
of 5 uM PQZ* in 0.1 M NacCl aqueous solutions with (a) 1 mM AuCl,~and (b) 1 mM Au(CN),-, recorded at OCP and at different
electric potentials. The SERS spectra theoretically calculated using TD-MO06-HF/LanL2DZ (scaled wavenumbers x0.93) for a system
in resonance with the respective CT excited states are compared in figures (c) and (d) with the experimental SERS spectra of both
samples recorded at the corresponding OCPs and Vuax potentials. (e) SERS spectra of 5 uM PQZ* in 0.1 M NaCl aqueous solutions
with 1 mM AuCls~ (purple) or 1 mM Au(CN)2~ (green), recorded at OCP (dashed) or Vmax (solid, +0.1 V for AuCls~ and -0.1 V for

Au(CN)y").

the respective OCPs (+0.80 and +0.24 V, respectively). The
(8a+8a’) band is very weak in the OCP spectrum with AuCl,~
given that the system is far from resonance (Vmax = 0.1 V),
whereas that with Au(CN),~ should be in pre-resonance with the
CT state (Vmax = —0.1 V). The substantial difference between the
respective OCP values reflects the differentiated surface charge
of nanopillars, which is modulated by the nature of the added
gold complex.?® Au has different oxidation states in the
Au(ll)Cls~ and Au(l)(CN)2~ complexes, being closely related to
their respective standard reduction potentials of +0.79 V30 and
-0.8 V31 (vs Ag/AgCl), respectively. That is, the adsorption of
AuCls~ or Au(CN),~ molecular modulators modifies the electric
properties of the bulk (potential) and the surface (excess of
charge) of Au nanopillars differently. The combined electrical
effect of the chemical adsorption and the applied potentials
controls the energy of the CT processes (Figure S5) and explains
the different behaviors observed in the respective SERS spectra.
We demonstrated the existence of metal-to-molecule CT
states with energies likely to be excited under 785 nm excitation
by carrying out electronic structure calculations following a
previously reported methodology’. 13-14 27 based on time-
dependent TD-MO06-HF/LanL2DZ calculations (see details in the
Supporting Information). Figure 4a shows the dependence of
the calculated energies of the metal-to-molecule CT excited
states (Ecr) on the density of charge (gerr) of Au,9—AuCl,—PQ2*
and Au,9—Au(CN),—PQ2?* supermolecules, respectively, where
the anionic complexes and PQZ* were bonded to a single
terminal atom of the linear Au,9 clusters (Figures 4b and S6).
Electrode potentials tune almost linearly the surface excess
of charge of the electrode, which is simulated in the calculations
through the mean density of charge (gefr = g/n) of the stick-like
Aun? clusters with different lengths (n) and charges (g). The
values of gesr range from +0.33 to -0.33 a.u. for the extreme
cases of Au clusters containing three atoms with +1 or -1 a.u.
charges (i.e., Aus*l to Aus™1), respectively (gesr = —0.33 a.u.
results are not discussed given that, in this case, two electrons
of the Aus cluster are transferred to PQ2* in their respective
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Figure 4. (a) Dependence of the TD-M06-HF/LanL2DZ calculated
vertical energies of the metal-to-molecule CT excited states on
the density of charge (gess = g/n) of Au,9—AuCl,—PQ2* (blue) and
Au,9—Au(CN),—PQ2* (red) supermolecules. (b) Example of the
orbitals involved in the photo-induced CT excitation of a single
electron from the HOMO of the Au,9 clusters to the LUMO of
paraquat in the Aup=39=*1-AuCl,—PQ2* system.

ground electronic states, giving the corresponding doubly
reduced Aus*-AuCl,;—PQ° or Au,*-Au(CN),~—PQP species). In
the same way that Ey controls the energy of CT transitions, the
calculated Ecr values for the systems with AuCls;~ and Au(CN)2-
depend linearly on gefr and show similar trends. The resonant CT
condition is fulfilled when the Ecr line crosses the energy of the
used laser, which occurs at gef,785 nm = —=0.1 a.u. with both AuCl4~
and Au(CN),- complexes, as evident in Figure 4a. The photo-
induced CT process would occur at the electrode potential
(Vmax) necessary to reach gefr7ss nm; an electron located at the
HOMO of the metal (Au,9) would then be phototransferred to
the LUMO of PQZ*in the triads with either AuCls;~ or Au(CN),,
giving the respective Au,9*1-AuCl,—PQ!* and Au,?*1—Au(CN)—
PQ'* excited CT species (Figure 4b). Therefore, from the
perspective of paraquat, all the CT transitions of both series of
data shown in Figure 4a are similar given that the same states
of the adsorbate are involved: the ground electronic states of
(PQ?*) (PQY*) species,
respectively, which differ exclusively in their Ecr values. This
explain why all of the calculated Raman spectra in resonance
with any CT state of Au,9—AuCl,—PQ2* or Au,?—Au(CN),"—PQ%*
show the same relative intensities (Figure S7).

The resonance Raman spectra corresponding to CT states
were calculated as described in the Supporting Information and

the dicationic and monocationic

are characterized by the selective enhancement of the (8a+8a’)
vibration, in agreement with the experimental spectra recorded
at the respective Vmax. For instance, the SERS-CT spectra
calculated for Aug®—AuCl,—PQ2* and Aug®—Au(CN)>—PQ2* (gesf =
0 a.u.) were selected for comparison with the experimental
ones measured at the corresponding Viuax and OCP potentials in
Figures 3c and 3d, respectively.

Therefore, the combined analysis of experimental and
calculated results leads to the deduction that the adsorption of
different metal complexes generates different surface states of
the triads, as verified by the respective OCP and SERS spectra.
We concluded that the same voltage applied to the Au(lIl)Cls~ or
Au(l)(CN);~ interfaces yields a different excess of charge of the
substrate and, thus, different Ect values. That is, the CT
resonance would occur at the same effective density of charge
gefr,7s5 nm = —0.1 a.u. for both systems (Figure 4a) but at different

This journal is © The Royal Society of Chemistry 20xx



Vmax, depending on the nature of the intercalated chemical
modulator.

Supramolecular chemistry has proven useful in SERS,
especially using macrocycles, which can bring weak adsorbates,
such as hydrophobic or electron-deficient molecules, near the
surface of metal nanoparticles.32 AuCl;~ and Au(CN);~ are
responsible for this task in the SERS of paraquat. In addition to
this passive role, the intercalation of these complexes must also

reduce the effectiveness of nonradiative relaxation channels,
which are responsible for quenching any photon emission from
molecules directly bonded to nanoparticles, including Raman
scattering/SERS, as Tian et al.3® demonstrated for plasmonic
nanoparticles coated with an ultrathin shell of silica or alumina.
Counterintuitively, however, our results show that this chemical
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Figure 5. (a) Procedure for detecting PQ?2* in coffee samples using Au nanopillar substrates. (b,c) SERS spectra of PQ2* in coffee at
different PQ%* concentrations in the presence of 1 mM AuCl,~ (b) without and (c) with the application of +0.1 V. Measurements

were carried out without any pre-treatment procedure.

disconnection also favors the overall and selective
enhancement observed in the SERS of PQ2* given that an
enhancement due to metal-to-molecule resonant CT processes
has been observed. Intercalation should drastically reduce the
overlap between donor and acceptor orbitals and,
consequently, the probability of CT between them. We propose
that the long-range electron transfer between the chemically
disconnected Au substrate and paraquat occurs via a through-
bond mechanism similar to the superexchange electron transfer
model in donor-bridge—acceptor triads,3* where AuCls,~ and
Au(CN)z~ would play the role of the bridge. Superexchange
transfer requires an intermediate virtual orbital of the bridge
with an energy similar to those of the donor and the acceptor.
This condition appears to be preserved in Aup,9—AuCl,—PQ2%*
systems given that TD-MO06-HF/LanL2DZ calculated energies of
the metal-to-AuCl,~ (donor-to-bridge) and metal-to-PQ%*
(donor-to-acceptor) sets of CT states have similar trends. This
requirement is fulfilled around gesf = —0.1 a.u. under 785 nm
excitation, as evident in Figure S8. However, the intermediate
metal-to-bridge CT states are missing in the cases of CI-and CN-,
which accounts for the weaker enhancement of mode (8a+8a’)
in their SERS spectra.

Conceivably, the stronger SERS intensities recorded in
AuCls~ containing samples may have arisen from changes in the
morphology of the nanopillar substrate given that new Au
nanoparticles could be formed by electrochemical reduction of
AuCls~ at particular potentials to further enhance the
electromagnetic field. However, this hypothesis was discarded
because the SERS intensities after electrochemical treatment
were weaker than those in the spectra recorded before the

treatment (Figure S9).

This journal is © The Royal Society of Chemistry 20xx

Thus far, we have shown that anionic metal complexes can
serve as effective chemical modulators for SERS enhancement
but also that their resultant effects are dependent on the
particular chemical nature of the involved systems. The dual
modulation of the SERS intensities with anionic complexes and
electric potentials is also observed in the spectra of other
electron-deficient cationic molecules such as diquat (DQ2%*) and
brilliant green, demonstrating the generality of this effect
(Figure S10).

The practical application of this novel approach was
evaluated for the on-site detection of pollutants in real samples.
The technique was used to detect PQ?* in coffee drink samples
(spiked with PQ?*) because coffee is one of the common crops
on which PQ2* herbicide is used (Figure 5a). No significant bands
were observed in the SERS spectra of coffee drink samples
recorded on Au nanopillar substrates. When AuCl,~ (1 mM) was
added, the characteristic peaks of PQ2* appeared and a limit of
detection (LOD) of 2x10-® M was obtained (Figure 5b). This
concentration is greater than the maximum residue limit (MRL)
for PQ%* in coffee, as established by the European Union
Commission (0.05 mg/kg; 1.9x10-7 M). The sensitivity was
effectively improved below the MRL by applying a +0.1 V
voltage (Figure 5c), resulting in an LOD as low as 2x10-12 M. This
method also allows for the selective detection of PQ?* in
presence of related molecules; EC-SERS spectra of PQ%*, another
herbicide DQ?*, and their mixture were measured, and it was
found that the fingerprint bands of PQ2* can be used to detect
PQ?* sensitively and selectively in the mixture (see details in
Figure S11). These results demonstrate the usefulness of
combining chemical and electrical modulators for rapid on-site
ultrasensitive detection of hazardous substances.

J. Name., 2013, 00, 1-3 | 5



Conclusions

In summary, we proposed a novel approach to further
amplifying SERS signals by tuning CT resonance processes via
supramolecular interactions and applied potentials. Both
factors modulate the overall electronic structure of the
interface, control the surface excess of charge of the metal, and
tune the energy of electron transfer transitions. As a
demonstration, the PQ?2* SERS signal was substantially amplified
in the presence of Au-complex anions and further amplification
was attained under applied potentials. The results of this study
suggest a novel avenue for exploring the combined use of
supramolecular interactions and electrode potentials for deep
understanding of the structure and properties of electrified
interfaces as well as for developing ultrasensitive SERS
platforms.

Experimental
Materials

Paraquat dichloride, PQCl, (PQ2*), gold(lll) chloride trihydrate
(HAuCls-3H,0),  potassium  dicyanoaurate  (K[Au(CN).]),
potassium cyanide (KCN), potassium phosphate monobasic
(KH2PO4), and potassium phosphate dibasic trihydrate
(K2HPO4-3H,0) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Sodium chloride (NaCl) was purchased from
Samchun (Pyeongtaek, South Korea). Deionized water (DIW,
>18 MQ-cm) was obtained from Human UP (Human Corp.). pH
indicator solution was purchased from EMD Millipore Corp.
(Darmstadt, Germany). All chemicals were dissolved in DIW.
Phosphate buffer solution (0.1 M, pH 7.18) was prepared using
KH2PO4 and K;HPO4-3H,0 solutions.

Fabrication and characterization of Au SERS substrates

Au SERS substrates were fabricated by depositing Au onto 250
pm-thick polyethylene terephthalate (PET) substrates. The PET
substrates were treated with Ar plasma (power: 100 W, Ar flow
rate: 30 sccm, chamber pressure: 32 mTorr, duration: 1 min)
using a 13.56 MHz radio-frequency ion-etching instrument,
resulting in polymeric nanopillars on the substrate. An Au film
was deposited onto the Ar-plasma-treated nanopillars (power:
100 W, Ar flow rate: 20 sccm, chamber pressure: 7 mTorr,
deposition rate: 2 A/s) to a thickness of 100 nm using a
sputtering system. The morphologies of the Au SERS substrates
were characterized by field-emission scanning electron
microscopy (FE-SEM; Joel JSM-6700F). The reproducibility of the
morphologies was verified by the reproducible SERS signals
from 12 different Au SERS substrates (see Figure S12),-measured
with the same solution (5 uM PQZ* in the presence of 1 mM
AuCls7) under the same experimental conditions (application of
+0.1 V). The substrates were highly stable due to the chemical
inertness of Au in air. Once a batch of substrates were
fabricated, they provided a reproducible signal over, at least, a
few months.

EC-SERS instrumentation and measurement

The electrochemical measurements were carried out using a
potentiostat (ZIVE SP2, Wonatech) and a homemade
electrochemical cell that held the Au working electrode, a
Ag/AgCl (3 M NaCl) reference electrode, and a platinum (Pt)
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counter electrode. All electrode potentials were reported vs
Ag/AgCl (3 M NaCl). The cell had a 0.07 cm? perforation in its
center, which exposed the Au electrode to the analyte solution.
The cell contained a total solution volume of 400 pL. Raman
measurements were conducted in situ with an Ocean Optics
portable probe spectrometer system (UQEPRO-Raman)
equipped with a 785 nm laser source. The laser power was 30
mW, and the integration time was 1 s.

For the EC-SERS measurements, the Au electrode surface
was first electrochemically cleaned using cyclic voltammetry
(CV). The potential was scanned between 0 and 1.1 V at a scan
rate of 0.05 V/s in 400 uL phosphate buffer solution as the
current was measured. The phosphate buffer solution was
changed after the cycling, and the measurement was repeated
until a reproducible cyclic voltammogram was obtained.

After the Au electrode surface was cleaned and rinsed, 392
puL of NaCl solution was added to the cell. A 4 uL aliquot of
paraquat (PQ2*, 500 uM dissolved in DIW) was first added to the
NaCl solution, and PQ%* Raman spectra were acquired for a
period of time. Afterwards, 4 pL of HAuCl, (100 mM dissolved in
DIW) was added to the solution. The final concentrations of
PQ%* and AuCl,~ were 5 pM and 1 mM, respectively (unless
stated otherwise). After careful mixing, the solution was
allowed to stabilize under irradiation by the laser before real-
time data acquisition began. Raman spectra were collected for
30 s, after which a constant potential was applied to the
electrode for 60 s (unless otherwise stated). Maximum signal
enhancement was attained 4 s from the onset of the applied
potential; however, spectra were acquired for the entire
potential application period. Spectra were acquired
continuously for 30 s after the potential was terminated.

Paraquat detection in coffee

The coffee drink was prepared according to the recommended
serving (0.9 g/120 mL) and diluted 1000-fold in 0.1 M NaCl. The
intrinsic Raman responses of coffee in AuCl,~ with and without
the applied potential were obtained and used as a baseline for
spectral background subtraction. Measurements were carried
out without treatment of the coffee powder and coffee solution
samples.
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