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powerful spectroscopic technique to
study molecular adsorption and reac-
tion mechanisms at metal | electrolyte inter-
faces.! 3 The application of the method
was initially limited to rough or “nano-
structured” surfaces of “free-electron-like”
metals, that is, Au, Ag, and Cu, and subse-
quently extended toward transition metals
by exploiting various concepts of “borrow-
ing” SERS activity.*> The enhancement of
Raman scattering has been attributed to
two principle mechanisms, an electromag-
netic and/or a chemical (“charge-transfer”)
enhancement.®’ The fast development in
nanotechnology during the last 10 years led
to a wide range of template and nanoparti-
cle-based fabrication strategies of novel
SERS-active plasmonic nanostructures of
controlled size, shape, and composition to
approach single molecule sensitivity and
specificity, and to overcome the problem
of ill-defined surface morphology of rough-
ened samples.” Examples for applications at
electrochemical solid|liquid interfaces are
gold and silver nanoclusters,®~'° nanorods,"’
Pt-group metal-coated Au core—shell nano-
particles*'? or templates based on anodic
aluminum oxide films'®> and nanosphere
lithography.'* 16
However, the extension of the SERS
technique to well-defined single crystal
metal|electrolyte interfaces, which is indis-
pensible for a detailed characterization of

S urface-enhanced Raman scattering is a

ABSTRACT We reported the first application of in situ shell-isolated nanoparticle enhanced
Raman spectroscopy (SHINERS) to an interfacial redox reaction under electrochemical conditions. We
construct gap-mode sandwich structures composed of a thiol-terminated HS-6V6H viologen adlayer
immobilized on a single crystal Au(111)-(1x 1) electrode and covered by Au(60 nm)@5i0, core—shell
nanoparticles acting as plasmonic antennas. We observed high-quality, potential-dependent Raman
spectra of the three viologen species V2, V*®, and V° on a well-defined Au(111) substrate surface
and could map their potential-dependent evolution. Comparison with experiments on powder
samples revealed an enhancement factor of the nonresonant Raman modes of ~3 x 10°, and up to
9 % 107 for the resonance modes. The study illustrates the unique capability of SHINERS and its
potential in the entire field of electrochemical surface science to explore structures and reaction
pathways on well-defined substrate surfaces, such as single crystals, for molecular, (electro-)-
catalytic, bioelectrochemical systems up to fundamental double layer studies at electrified solid/
liquid interfaces.

KEYWORDS: SHINERS - surface-enhanced Raman spectroscopy - core—shell
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structure—property relationships, remained
a major challenge. The first Raman spectra
were reported by Otto et al.'” These authors
studied the potential-dependent adsorption
of sulfate ions and water molecules from
aqueous electrolyte on a vicinal Cu(110) sur-
face employing an attenuated total reflec-
tion (ATR) configuration. Attempts to apply
tip-enhanced Raman spectroscopy (TERS), a
method with high spatial and chemical re-
solution on single crystal surfaces,'® % to
electrochemical conditions, were not yet
successful.2’ However, recently lkeda et al.
showed that high-quality Raman spectra of

* Address correspondence to
thomas.wandlowski@dcb.unibe.ch.

Received for review April 8, 2011
and accepted June 2, 2011.

Published online June 02, 2011
10.1021/nn201307g

©2011 American Chemical Society

ACTAN T
LIU ET AL. VOL.5 = NO.7 = 5662-5672 = 2011 A@@L%{\)

WWwWW.acsnano.org

5662



4-chloro-phenyl-isocyanide (CPl) monolayers were
obtained on Au(111)*? and Pt (hkl)?® single crystal
facets using gap-mode plasmon excitation in a sand-
wich structure Me(hkl) | CPI| Au (50 nm) nanoparticles
(NPs). This approach was extended toward an electro-
chemical environment by our group.>* We demon-
strated the tuning of the torsion angle between two
aromatic rings in 4,4’-dithiobiphenyl by applying an
electrochemical gate field. One step further, Tian et al.
developed recently an elegant new technique named
“shell-isolated nanoparticle enhanced Raman spec-
troscopy” (SHINERS).?> The principle of the methods
is based on the assembly of a sphere-plane gap-mode
system composed of an Au-NPs surrounded by a
chemically inert ultrathin and pinhole-free coating of
SiO, in contact with various metal planes or silicon
wafers. SHINERS-spectra at an electrified solid | liquid
interface were shown for hydrogen adsorbed on Pt-
(111) and thiocyanate ions on Au (hkl) from aqueous
electrolyte.®

In this communication we present an in situ SHINERS
study for the self-assembly and redox-mediated gating
of a viologen-type adlayer on Au(111)-(1x1) single
crystal surfaces under electrochemical potential
control. Au(60 nm)@SiO, NPs were employed as
“plasmonic antennas”. Viologens are obtained by the
diquaternizing of 4,4’-bipyridine to N,N'-dialkyl-4,4'-
bipyridinium salts V27(X),.?® They received much
attention as electron mediators with applications as
electron transfer catalysts,?” electrochromic displays,*®
and solar energy conversion systems in artificial photo-
synthesis.® More recently, viologen derivatives played
a key role in the development of molecular-scale
devices3%*" Examples are rotaxane- or catenane-
based electromechanical switches,?*** 2D molecular
circuits with memory functions,®* or electrochemical
triggered, redox-active single molecular wires3>38
The efficiency and uniqueness of viologens in these
various settings is related primarily to their facile one-
electron reduction of the dication V** to the radical
cation V*®, which is unusually stable. The vibrational
properties of both and related species on rough metal
and thin film electrodes were characterized by in situ
Raman and infrared spectroscopy at electrified solid |
liquid interfaces under a wide range of conditions
(cf. refs 37,39—46 and references cited therein).

The present paper is the first application of in situ
SHINERS to an interfacial redox reaction on a well-
defined, atomically smooth single crystal electrode
under strictly controlled electrochemical conditions.
Employing N-hexyl-N'-(6-mercaptohexyl)-4,4'-bipyridi-
nium bromide (HS-6V6H) on Au(111)-(1x1) as a target
system we will show and discuss high quality Raman
spectra on surfaces of exactly known and tunable
morphology. We will describe adlayer structure—
reactivity relations for this redox-switchable system
to elucidate the power of SHINERS as a unique in situ
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Figure 1. First scan cyclic voltammograms of Au(111)-(1x 1)
modified with HS-6V6H electrodes in 0.05 M KCIO,, pH
adjusted to 10,in —0.200V > E> —1.150 V (startat —0.700 V
with a positive scan to —0.200 V, and subsequently scan-
ning toward more negative potentials, dotted line, left
current scale) and in —0.200 V (start) > E > —1.050 V (solid
line, right current scale), sweep rate 50 mV s '. The inset
shows an in situ STM image of the high coverage HS-6V6H
monolayer (100 nm x 100 nm, E;= —0.200 V, it = 50 pA) and
a maghnification of the locally ordered (W7 x 7) adlayer
repeat motif (12 nm x 12 nm, E; = —0.200 V, it = 70 pA).

gap-mode Raman spectroscopy in structure and reac-
tivity studies of a fundamental (electro-) chemical sur-
face science at electrified solid | liquid interfaces down
to the nanoscale, and also for a wide range of analytical
applications.

RESULT AND DISCUSSION

Figure 1 shows typical cyclic voltammograms of an
ideally smooth, unreconstructed Au(111)-(1x1) elec-
trode modified with a monolayer of HS-6V6H in aque-
ous 0.05 M KCIO4. The pH was ajusted to ~10 by adding
an appropriate amount of KOH. Restricting the
potential window to —1.050 V < E < —0.200 V (vs SCE)
results in two pairs of well-resolved current peaks P,
(E= —0.440 V)/P,/(E = —0.428 V) and P, (E = —0.920 V)/
P,'(E = —0.940 V), which are assigned to the two one-
electron redox processes V2" <> V*® and V™® < \° of
the viologen moiety (Figure 2).2°*” The coverage is
estimated to 3.5 x 107'° mol-cm™2, which corre-
sponds to an area of 0.47 nm? per molecule. This value
is smaller than the projected area of a planar oriented
HS-6V6H molecule (cf. crystal structure in ref 47), but
larger than the estimated cross section of an all-
trans oriented alkanthiol in a densely packed self-
assembled monolayer. Extending the potential range
to E < —1.050 V leads to reductive desorption of the
viologen monothiol layer as represented by the cathodic
current peak Ps. In-situ STM showed a high-coverage,
poorly ordered adlayer structure of HS-6V6H on Au-
(111)-(1x 1), even after extended thermal annealing, with
characteristic monatomically deep vacancy islands of
2—5 nm. Locally, a (+/7 x +/7) repeat motif could be
identified®” (cf. inset in Figure 1). In-situ surface en-
hanced infrared spectroscopy (SEIRAS) revealed that
van-der-Waals interactions between alkyl chains led to
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Figure 2. Molecular structure of N-hexyl-N'-(6-thiohexyl)-4,4'-bipyridinium bromide (HS-6V6H) and redox states of the

viologen core.
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Figure 3. (A) Schematics of the gap-mode SHINERS configuration. (B) HRTEM image of a typical Au(60 nm)@SiO, core—shell
gold nanoparticle. (C) SEM image of a Clavilier-type Au(111) half-bead crystal employed as working electrode. (D) Large-scale
(400 nm x 400 nm) and high-resolution (5 nm x 5 nm) in situ STM images of an island-free Au(111)-(1x 1) surface (it = 0.2 nA

respective 0.5 nA, Es = 0.400 V, in 0.1 M H,SO,).

the formation of two hydrophobic layers at the inter-
face with the redox-active V" moiety enclosed in
between.*® The alkyl chains are aligned in an all-trans
conformation with some degree of liquid-like disorder.
The long axis of the central V2" unit is tilted with
respect to the surface normal. Reduction of V*© <
V+® |eads to the radical cation monomer, which might
coexist with dimers within the adlayer.*®

With this background knowledge, the three surface-
immobilized HS-6V6H - species 2+, V®, and V° qualify
as ideal probes for exploring SHINERS characteristics in
redox-active nanojunctions under reaction conditions.
The Au(111)-(1x1)|S-6V6H|Au(60 nm)@SiO, sand-
wich structure (Figure 3A) was created by assembl-
ing first the HS-6V6H molecules on an island-free
Au(111)-(1x1) single crystal surface from 1.0 mM etha-
nolic solution at 60 °C for 12 h in a closed, stain-
less steel container under argon. Next, SiO,-shelled
(~4 nm) Au nanoparticles of ~60 nm diameter
were drop-casted onto the Au(111)-S-6V6H surface
and dried. The freshly assembled electrode was sub-
sequently transferred into a custom-made spectro-
electrochemical cell for in situ gap-mode Raman
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experiments in a back scattering geometry and im-
mediately polarized at E = —0.20 V in 0.05 M KCIO,,
pH ~ 10. The electrochemical response of the shelled
Au-NPs modified Au(111)-S-6V6H adlayer compares
well with the NP-free cyclic voltammogram shown in
Figure 1.

Further details on sample preparation and the
experimental Raman setup are summarized in the
Methods section and the Supporting Information
(Figures S1—S3).

Figure 4 displays in situ Raman spectra of the redox-
active HS-6V6H adlayer on an atomically smooth Au-
(111)-(1x1) single crystal electrode for selected elec-
trode potentials in the stability range of V2*, V®, and
V° in the presence (Figure 4A, SHINERS con-
figuration) as well as in the absence (Figure 4B) of
Au(60 nm)@SiO, NPs. The enhancement of the gap-
mode Raman spectra with the shelled NPs is dramatic
as compared to the bare viologen monolayer on Au-
(111)-(1x1). No vibrational signatures could be re-
solved in the latter case for V>™ and V°. V° appears to
decompose rather fast.*' ~** Characteristic bands were
only recorded in the stability range of V"® due to
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Figure 4. In-situ SHINERS (A, C, and D) and resonance Raman spectra (B) of a monolayer of HS-6V6H on an atomically smooth
Au(111)-(1x1) electrode in 0.05 M KCIO,4, pH = 10, for selected electrode potentials in the stability ranges of V7, v*® and V°.
The corresponding intensity counts are indicated by the scale bars in all pannels. (A) V> at E= —0.100 V, laser power P = 1.5
mW, acquisition time t, =50s; V'®at E= —0.700 V, P=0.15mW, ty =55;V®at E= —1.05V, P=0.15 mW, t, = 5 s. (B) Resonant
Raman spectra of the HS-6V6H adlayer on Au(111)-(1x 1) in the absence of Au(60 nm)@SiO, antenna nanopatrticles, P = 0.15
mW, t, =50 s. (C and D) Magnification of the SHINERS spectra of V"® and V° of panel (A) to visualize the nonresonant Raman
modes. The laser wavelength was 632.8 nm, and the spot size is estimated as 2 um diameter. (For further details see also the

Supporting Information.)

resonance Raman scattering of the radical cation as
excited by the 632 nm line of the HeNe laser, which is in
resonance with a broad feature in the spectro-electro-
chemical UV—VIS spectrum (Supporting Information
Figure S4 and ref 39,40). The resonance Raman modes
are assigned to four totally symmetric fundamental
Ag-type ring modes assuming a D5, symmetry in the
gap (see later and ref 42,43). However, the intensity of
these bands is approximately a factor of 3000 smaller
(Figure 4B) as compared to the SHINERS spectra. The
latter are dominated by a large electromagnetic field
enhancement® leading to a tremendous increase of
the Raman intensity for molecules adsorbed between
the Au(60 nm)@SiO, NPs and the smooth Au(111)-
(1x1) surface. Drop-casted and thick core—shell NP
films showed similar Raman responses as a “dilute” NP
top layer. Furthermore, the four resonant Raman
modes in the absence (Figure 4B) as well as in the
presence of the SHINERS NPs (Figure 4A) appear at the
same positions and show the same potential depen-
dencies. Both observations indicate that the SHINERS
NPs act as rather non-invasive probes for the present
system under the experimental conditions chosen.
The SHINERS spectra of V', as recorded at —0.10 V,

reveal six well-developed Raman bands in 700 cm ™' <

LIU ET AL.

v < 1800 cm™' (Figure 4A). Their assignment is based
on a normal coordinate analysis of the vibrational modes
of methylviologen and experimental SERS spectra
on electrochemically roughened silver electrodes.****
The strong band at 841 cm ™' is attributed to a combined
C—C and C—N stretching mode of the pyridine ring.
The feature at 1168 cm™ ' is assigned to a N-(CH,)
stretching vibration with a dominant contribution of
the mode between the ring nitrogen and the first
methylene group in the alkyl chain.** The C—C inter-
ring vibration is represented by the band at 1296 cm™".
In-plane C—H bending and C—C respective C—N ring
modes contribute to the band at 1530 cm™'. The
strong band at 1643 cm ™' reflects C—C inner-ring
vibrations. We also observed two rather weak bands
at 1062 cm™' and 1242 cm ™', which represent a ring
breathing stretch and H—C—C angle bending vibra-
tions of the ring (Supporting Information, Figure S5B).
All seven bands represent totally symmetric Ag funda-
mental in-plane vibrations of the D,, point group.*?
Finally, we note that the band at 932 cm ™" results from
the CI—0 stretching mode of CIO, ™~ ions coadsorbed in
the V2" adlayer.*®“®

Potential excursion toward more negative values
into the stability range of the radical cation V™® leads
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to major changes in the Raman spectrum, which is now
characterized by four very strong main bands at 1025,
1356, 1527, and 1654 cm ™. The integrated intensities
of these Raman bands is typically a factor 200 to 300
larger as compared to the corresponding signals of the
viologen dication state V2* (cf. Figure 4A and the
experimental conditions in the figure captions). Clearly,
the enhanced local electromagnetic field in the Au-
(111)]S-6V6H | Au(60 nm)@SiO, gap mode configura-
tion couples with the resonance Raman scattering of
the radical cation giving rise to a pronounced increase
in the detected Raman signals of the redox-active
adlayer. The viologen coverage is assumed to be
constant, which is supported by previous electroche-
mical and in situ STM data.*’”

The downshift of the ring breathing mode to
1025 cm™ " for V®, as compared to V2", indicates that
the addition of one electron to the LUMO results in a
weakening of the ring C—C bonds as predicted by the
extensive nodes, which cross several ring C—C
bonds.*' Considerable electron density is added to
the inter-ring C—C vibration upon reduction, which
leads to a significant upshift of the frequency to
1356 cm ™' at —0.70 V, as compared to 1296 cm ™' for
V2* at —0.10 V. The strong enhancement of the C—H
bending and ring modes at 1527 cm™" reflects the
coplanar conformation in V®.%24° The Raman bands
at 1356 cm ' and 1527 cm ' did not show any time-
dependent changes. Only very small satellite peaks
could be detected around 1321 cm ™' and 1471 cm ™'
(Figure 4C). Both observations indicate that only a
rather small percentage of (V"®), dimers seems to be
favored on rough surfaces as well as upon excitation
with a higher energy such as a 514.5 nm argon
laser3%*® The upshift of the resonance-enhanced
mode at 1654 cm~' for V'® as compared to
1643 cm™ " for V2T, reflects the dominant contributions
of the C—C ring vibrations, and rather minor contribu-
tions of the inter-ring C—C stretch to this mode.*?
Additional weak bands, which are not in resonance
with the HeNe laser excitation (factor 200 to 300 lower
in intensity) were detected at 801, 944, 1192, and
1248 cm ™' (Figure 4C). The modes at 801 cm ™' and
1192 cm ' are dominated by C—N ring-stretch and
N-(CH,) vibrations. The signature at 944 cm ™' repre-
sents the coadsorption of V*® with ClO,~ ions, and the
feature at 1248 cm ™' is assigned to H—C—C in-plane
bending vibrations.*?

At electrode potentials more negative than P, for
example, E < —0.900V, the viologen adlayer undergoes
a second one-electron reduction and the SHINERS
spectrum of the fully reduced form V° is measured.
The upper trace in Figure 4A displays data recorded at
—1.05 V. We note that the intensities of the SHINERS
spectra aquired in the potential region of the neutral
viologen form V° are rather weak. This is not related to
the nature of the enhancement mechanism but rather

LIU ET AL.

to the decomposition of the molecular adlayer and its
superposition with the onset of hydrogen evolution.?’
Nevertheless, the qualitative analysis of the spectra as
recorded immediately after changing the electrode
potential from —0.700 V to —1.050 V leads to the
following observations and conclusions: the spectrum
of V° as plotted in Figure 4A and magpnified in panel 4D
shows three dominant resonance Raman bands at 992,
1541,and 1657 cm ™. The further downshift of the ring
breathing mode to 992 cm™" for V°, compared to that
of V® and V2, reflects the weakening of several C—C
bonds upon addition of the second electron leading to
a quinoid-type structure.*? The upshift of the band at
1541 cm™" upon reduction to V° is attributed to the
coplanar arrangement of the two rings and to an
increase of the force constants of the additionally
contributing in-plane C—H bending vibrations.**> The
mode at 1657 cm ™' is still dominated by C—C ring
vibrations despite a slightly increasing contribution of
the inter-ring stretch. Comparison with solution spec-
tra of the three redox forms of methylviologen®° leads
to the conclusion that the formation of V° is further
supported by the absence of a C—Nrring stretch around
800 cm ' and the weak inter-ring C—C vibration band
around 1356 cm™ ' (Figure 4D). The weak feature at
1242 cm ™' reflects rather unchanged H—C—C in-plane
bending mode upon reduction of V'® to V°. The
absence of a band in the range between 930 and
940 cm ' demonstrates that perchlorate ions are not
coadsorbed with V° as predicted due to electrostatic
reasons.

We also explored the potential-dependent Raman
spectra of HS-6V6H adsorbed on an electrochemically
roughened gold electrode in a “classical” in situ SERS
experimentin 0.05 M KCIO,4, pH ~ 10, for all three redox
forms V>, V*®, and V°. The surface-enhanced reso-
nance Raman spectra of the radical cation and of the
neutral viologen, as recorded from the adlayer ad-
sorbed on the rough gold surface, are qualitatively
identical to the SHINERS spectra obtained from a self-
assembled monolayer on the atomically smooth Au-
(111)-(1x 1) electrode. This observation implies that
the surface structure has little effect on the resonance
Raman signals.

In an attempt to quantify the observed Raman
signature and to develop a structure model of the
HS-6V6H adlayer on Au(111), we compare in Figure 5
in situ SHINERS and SERS spectra of V** on Au(111)
and on a roughened Au(poly) surface, both recorded
at —0.10 V, with a crystal powder sample of HS-6V6H.
We emphasize that the viologen dication has,
under the chosen experimental conditions, no mole-
cular resonance absorption upon excitation with the
632 nm line of the HeNe laser (see also Supporting
Information Figure S4). One notices that the intensity of
the in situ SHINERS and SERS spectra are nearly identical,
which demonstrates the pronounced electromagnetic
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Figure 5. Raman spectra of the viologen dication V2t (A)
Powder spectrum of the bromide salt of HS-6V6H, P = 15
mW, ty = 1 s. (B) SERS spectrum of a monolayer of HS-6V6H
assembled on an electrochemically roughened Au(poly)
electrode at E= —0.10 V in 0.05 M KCIO4, pH =10, P =

1.5 mW, ta = 50 s. (C) SHINERS spectrum of a monolayer
of HS-6V6H on Au(111)-(1x1) in 0.05 M KCIO,4, pH = 10,
P=15mW, t,=50s,E=—0.10 V.

enhancement of the scattered Raman signal in the
structurally well-defined gap-mode configuration Au-
(111)-(1x1) | S-6V6H | Au(60 nm)@SiO, NP. Comparing
both spectra with the powder samples enables a rough
estimation of the electromagnetic field enhancement
factor A as follows:

IsHiNERs Ibulk
A= (NSHINERS)/(Nbqu) M
with /; being the integrated intensities of the respective
Raman signals and N; being the number of the probed
molecules.

The analysis has been carried out for the band
around 1168 cm ™' assigned to the N-(CH,) stretching
vibration and the C—C inter-ring vibration around
1296 cm™'. Assuming an adlayer coverage of 3.5 x
10~ " mol cm ™2, 60 um penetration depth of the laser
signal into the crystal powder, 2 um of the focused
beam and a density of the bulk sample amounting to
1.2to 1.4gcm 24" we estimate for both the SHINERS
and the SERS spectra of V2T as shown in Figure 5 an
enhancement factor A of the order of 3 x 10° (see
Supporting Information for details). Under resonance
conditions, as in the case of V*® and V°, this value
increases by more than 2 orders of magnitude.

The observation of strong Raman bands in the
SHINERS and SERS spectra and the bulk crystal spec-
trum of V2, which have polarizability changes per-
pendicular to each other (Figures 4 and 5, and ref 42)
allow the use of the surface selection rule® to estimate
the orientation of the viologen ring relative to the
surface normal. Because of the relative (electromag-
netic) enhancement of the components of the optical
field, which is perpendicular to the surface, over that
which is parallel to the surface, those modes generat-
ing polarizability changes perpendicular to the surface

LIU ET AL.

are enhanced relative to those which produce polariz-
ability changes parallel to the surface. The following
analysis will be rather qualitative because more than
one mode contributes to the observed bands, which
precludes a quantitative treatment.

For the purpose of discussion, we introduce a Carte-
sian coordinate system (Figure 6A). The long axis of
the viologen moiety is aligned with the z-direction. The
band at 1168 cm™', which is mainly derived from the
N-(CH,) stretch between the ring nitrogen and the first
methylen group in the chain**** is taken as internal
reference. The predominant component of the polar-
izability change of this mode is along the z-axis of the
chosen coordinate system. The intensity ratios of the
main bands around 841 cm ™" (A41), 1296 cm ™' (Agy),
and 1643 cm ™! (Ag3) with respect to the N-(CH,) stretch
Ag e Of each spectrum shown in Figure 5 are summar-
ized in Table 1.

The ratios /ago/Iagrer Of the powder and of the two
surface spectra shown in Figure 5 are identical and
amount approximately to 1. This result is expected
because the band around 1296 cm™' (Ag2) is domi-
nated by the C—C inter-ring stretch, which has a
polarizability change directly along the z-axis. The
ratios Iagi/lagref and Iags/Iagrer increase significantly
from the bulk sample to spectra recorded in the
SHINERS configuration and approach a value of up to
2.5 for the latter case, which is more than twice the ratio
Ing2/Iagrer- The bands around 841 cm™' (A4;) and
1643 cm™' (Ag3) are mainly derived from in-plane
C—C and C—N stretches of the atoms within the ring
system, which leads to polarizability changes with non-
negligible components also perpendicular to the main
molecular z-axis. The ratios of the integrated intensities
Iag1/Iagref and Ings/lagrer Of the monolayer samples
acquired in the SHINERS and SERS experiments
are higher as compared to those for the isotropic
(i.e., unoriented) bulk sample. This trend indicates clearly
a higher degree of orientational order in the mono-
layer samples, with a particularly higher order in the
SHINERS configuration Au(111)|S-6V6H | Au(60 nm)@
SiO,. This result reflects also the atomically smooth
single crystal surface in the latter experiment.

Considering the surface selection rule® and the
predominant alignment of the polarizability changes
of Agrerand Ay, with the long molecular axis, this trend
clearly indicates that the viologen moiety is not upright
oriented with respect to the substrate surface but
assumes an edge-on tilted orientation in the self-
assembled monolayer on Au(111)-(1x1). In other
words, the molecular z-axis is inclined with respect to
the surface normal and the main components of the
polarizability changes of the C—Cand C—N ring modes
are not aligned parallel to the surface. This conclusion
is in agreement with in situ electroreflectance and
infrared studies.*®>? Sagara et al.>? estimated for HS-4
V4H on Au(poly) 65° as a tilt angle of the viologen
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Figure 6. (A) Cartesian coordinate system and alignment of molecular axes in HS-6V6H. (B and C) Structure models of the V3
and V'® adlayers of of HS-6V6H on Au(111)-(1x1) in 0.05 M KCIO,.

TABLE 1. Estimated Ratios of the Integrated Intensities /;
of the Bands Ay, (C—C and C—N Stretch ~841 cm™ '), A,
(C—C Inter-ring Stretch around 1296 cm "), and Ags (C—C
Ring Stretch around 1643 cm')*? with Respect to the
Internal Reference Band A, ,.¢ around 1168 am™!

method Ag et (am™") Ing1/Ing ref Ing2/Ing res Ing3/Ing,ret
SHINERS 1168 ~2 ~1 25
SERS 1172 ~0.7 ~1 2
bulk crystal 174 ~0.25 ~1 1

moiety as well as a tilt angle of 30° of the all-trans
alkyl chain attached to the gold electrode via the
thiol linker. Our previous infrared study revealed that
the methylene chain environment of the high cover-
age HS-6V6H adlayer on Au(111—25 nm) film elec-
trodes is liquidlike, that is, there exists a certain
degree of conformational disorder in the 2D
assembly.*® On the other hand, Tang et al.** sug-
gested from infrared and SERS experiments a per-
pendicular orientation of the ring system in HS-10
V10H on a roughened gold electrode.

Based on the SHINERS data described above
(Figure 4 and Figure 5), in combination with the
electrochemical in situ STM (Figure 1) and infrared
experiments,*® we propose the following sandwich
model of the HS-6V6H adlayer on Au(111) (Figure 6B):
The alkyl chains attached to the gold surface via the
thiol anchor are aligned in an all-trans conformation
assuming a tilt angle of 20 to 30° with respect to
the surface normal. The long axis of the edge-on oriented
viologen moiety is tilted even further. Packing consid-
erations, based on the locally resolved (v/7 x +/7)
repeat pattern in the in situ STM experiments
(Figure 1), suggest values ranging between 40° and
70°. van der Waals interactions between the alkyl
chains lead to two hydrophobic layers with the
redox-active bipyridinium moiety V>* aligned in be-
tween. The alkyl chains facing the electrolyte appear to
be more disordered (“liquidlike”) due to packing con-
straints. The positive charges of the V2" cation are
balanced by coadsorbed ClO, ™ anions, most probably
located close to the ring nitrogen atoms. The spatial

LIU ET AL.

arrangement of the V?* cation in edge-on orientation
is stabilized by interplanar w—m stacking. Dominant
m—m stacking between the pyridyl rings reduces the
force constants in the C—Cring stretch modes. Indeed,
the stacking “marker” band Ag3**** shows a signifi-
cant red shift from 1650 cm ™" for the adlayer on the
roughened gold surface to 1643 cm™' for the self-
assembled monolayer on the single crystal Au(111)
electrode (Figure 5).

The above model is consistent with all experimental
observations and provides sufficient evidence for
abandoning the earlier proposal of Tang et al.** The
open structure as suggested in our present study is
enforced by the bulky size of the tilted viologen
moiety, which prevents a more compact alignment
of the alkyl chains, such as a (v/3 x +/3)R30 for a well-
ordered alkyl monolayer on Au(11 1).34

Superposition of the electromagnetic field en-
hancement with a resonance Raman effect, which
is difficult to deconvolute and to quantify, prevents a
similar detailed analysis for the radical cation V*®.
However, the high reversibility of the voltammetric
and spectroscopic responses in combination with
the unchanged local (+/7 x v/7) in situ STM contrast
pattern upon the potential-induced transition V> <
V™® suggests that the overall alignment of alkyl
chains and viologen moiety in the interfacial ad-
layers of the two redox states is rather similar. We
just notice a decrease in the amount of coadsorbed
ClO4~ (Figure 4C) and the coexistence of a (small)
amount of (V'®), dimers in the V'™® adlayer
(Figure 4C, Figure 6).

We refrain from proposing a structure model for V°
on Au (111). The adlayer is not in a steady state in the
entire accessible potential window due to decomposi-
tion*' and onset of desorption.’

Finally, we illustrate the robustness of the viologen-
based redox switching reaction V>* <> V® We cycled
the electrode potential more than 500 times between
—0.200 V and —0.700 V, and recorded simultaneously
the voltammetric and Raman responses. Figure 7
illustrates, as an example, six potential cycles of
this sequence (see also Figure S7 in Sl). The Raman
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Figure 7. Example of SHINERS spectra of six potentio-dynamic cycles between —0.200 and —0.700 V, 50 mV s, for the
reversible transition between V2" and V®, P=0.3 mW, t, = 1s. (A) 3D Raman spectrum during potential cycling; (B) potential
cycling sequence and corresponding evolution of the intensity profile of the A; mode ~ 1527 cm'; (C) Raman intensity
contour plot as constructed from data shown in panel A. The four Raman bands resolved in panels A and C represent the

characteristic A, resonance Raman modes of V*® (cf. Figure 4).

intensities of the four A-type resonance Raman bands
of V"® appear and increase during the negative-going
half cycle —0.20 — —0.700 V. The reformation of the
dication V" during the following return half-cycle to
—0.200 V leads to the quenching of the V"® response.
The 3D representation as well as the intensity contour
map, plotted in Figure 7A,C, illustrates the potential-
dependent modulation of the V*®-related Raman
signals. Both graphs demonstrate the potential-driven
evolution of the V2 < v*® equilibrium or, in other
words, the potential-dependent composition of the
redox-active molecular adlayer. The time- and poten-
tial-dependent evolution of the spectroscopic response
also demonstrates that the entire electrochemical
reaction involved is completely reversible. Finally we
note that the nonresonant signals related to V>* and
V™® (cf. Figure 4 and Supporting Information, Figure
S5) are not “visible” in Figure 7 due to their low
intensity (a factor of 200—300 smaller as compared
to the resonance Raman enhanced modes).

Our data illustrate nicely the uniqueness and stabi-
lity of the redox-active adlayer and the potential of
the fundamental V2 < V*® unit for applications as
bistable electrical/electrochemical or electro-optical
switching respective recognition element.

CONCLUSIONS

We reported in this paper the first application of
in situ SHINERS to an interfacial redox reaction
under strictly controlled electrochemical conditions.

METHODS

Materials. The electrolyte solutions were prepared with Milli-
Q water (18 MQ-cm, 2 ppb TOC), KCIO, (Fluka puriss p.a., twice

recrystallized from water), KCI (Merck, p.a.), HCl (suprapure

LIU ET AL.

We constructed a gap-mode sandwich structure
composed of the thiol-terminated HS-6V6H viologen
derivative immobilized on a single crystal Au(111)-
(1x1) electrode and covered by Au(60 nm)@SiO,
core—shell nanoparticles as plasmonic antennas. We
observed high-quality, potential-dependent Raman sig-
nals of the three viologen species V>, V™® and V° on a
well-defined smooth Au(111) substrate surface, and
could map their potential-dependent evolution. Com-
parison with experiments on powder samples revealed
an enhancement factor of the nonresonant Raman
modes of ~3 x 10°,and up to 9 x 10 for the resonance
modes. These intensities appear to be comparable with
data obtained under “classical” SERS conditions.

As an example, we investigated details of the adlayer
structure and spectra evolution of the potential-in-
duced reversible switching between the viologen dica-
tion V2* and the radical cation V™® generated upon
uptake of an electron. The latter shows resonance and
nonresonance Raman bands of unprecedented inten-
sities. The resonance Raman modes were chosen as
marker bands to demonstrate the remarkable stability
of the viologen-based redox switch.

This study illustrates the unique potential of
SHINERS in the entire field of electrochemical surface
science to explore structures and reaction pathways on
well-defined substrate surfaces, such as single crystals,
for molecular, (electro-)catalytic, bioelectrochemical
systems up to fundamental double layer studies at
electrified solid | liquid interfaces.

Merck), KOH (suprapure Merck), and ethanol (p.a., KMF). All
electrolytes were deaerated with 5 N argon (Carbagas) before
and during the experiments. The measurements were carried
outat 20 £ 0.5 °C. Glassware and Kel-F cells were cleaned either
in caroic acid or in a 1:1 mixture of hot H,SO,; (95—97%,
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pro-analysis, Merck) and HNO3 (65% purissimum, Riedel-de-
Haen), followed by extended rinsing with Milli-Q water.

The synthesis of 6-hexyl-6'-(n-thiohexyl)-4,4'-bipyridinium
bromide (HS-6V6H) and purification protocols are described in
ref 37.

Preparation of the Gold Working Electrodes. The electrodes used
were Clavilier-type hemispherical single crystalline Au(111)
bead electrodes (typically 2 to 3 mm diameter) with a gold wire
attached to the rear for mounting (Figure 3C), or polycrystalline
Au(poly) disk electrodes, 2 mm diameter embedded into a 6
mm Teflon cover (BAS).

The preparation of island-free, unreconstructed Au (111)-
(1x1) electrodes (Figure 3D) followed a procedure previously
described in ref 55. In short: The electrode was annealed in a
butane flame at bright red heat for ~5 min and then cooled in
an argon atmosphere down to room temperature. Then the
flame-annealed Au(11 1)—(p><\/3) electrode was immersed into
25 mM HClI for 10 min in order to lift the reconstruction and to
create island-free Au (100)-(1x1) surfaces with rather large
(1x1) terraces for subsequent surface modification. Chloride
ions were removed by rinsing the electrode with copious
amounts of Milli-Q water and drying in a stream of argon in a
protecting tube.

The preparation of Raman-active rough surfaces of the
Au(poly) disk electrodes followed a procedure introduced by
Weaver et al>® In short, the Au(poly) electrode was first me-
chanically polished with 1 um and subsequently 0.05 um
aluminum powder down to a mirror finish followed by careful
rinsing and ultrasonic cleaning with Milli-Q water. Next, the
electrode was transferred into an electrochemical cell filled with
0.1 aqueous M KCl. The electrode was first polarized at —0.3 V
versus SCE and then its potential was scanned with 1V s~ to
+1.25 V versus SCE, where the potential was held for 1.5 s. The
cycle was completed by scanning the potential back to —0.30 V
with 0.5 V s~ . After 30 s reduction time at this potential, the
roughened electrode was removed from the electrolyte, care-
fully rinsed with Milli-Q water, dried, and subsequently em-
ployed for surface modification with HS-6V6H.

Core—Shell Au Nanoparticles. Au nanoparticles with a diameter
of ~55 nm were synthesized by reducing 200 mL of a boiling
(under reflux) 0.01 wt % HAuCl, (Sigma, 99.99%) solution with
1.5 mL of 1 wt % sodium citrate (Alfa Aesar, 99.9%) following
Frens procedure.”” Upon cooling, the Au sol was concentrated
via centrifugation (20%). Next, 0.4 mL of a freshly prepared
1.0 mM aqueous solution of (3-aminopropyl) trimethoxysilane
(Alfa Aesar, 97%) were added to 30 mL of the gold sol under
vigorous stirring during 15 min ensuring the complete com-
plexation of the amine groups with the gold surface. Then
3.2 mL of 0.54 wt % sodium silicate solution (Sigma-Aldrich,
reagent grade, pH ~ 10.28) were added to the sol under
vigorous stirring during 3 min. Subsequently, the reaction
mixture was kept at 90 °C for 60 min to form high-quality
Au(60 nm)@SiO, core—shell nanoparticles with an ultrathin and
pinhole free silicon shell (for characterization details see Sup-
porting Information Figures S1—53).2%°85°

Self-assembled HS-6V6H monolayers on gold electrodes. The violo-
gen (HS-6V6H) monolayers were prepared by immersing the
Au(111)-(1x1) single crystal electrodes or the roughened Au-
(poly) disk electrodes in 1.0 mM ethanolic solution of HS-6V6H,
followed by thermal annealing at 60 °C for 6 h to create ordered
high-coverage adlayers. The thermal treatment was performed
in the absence of oxygen in a stainless steel autoclave to
prevent the evaporation of ethanol.®” After self-assembly, the
modified Au-electrodes were rinsed with warm ethanol to
remove physisorbed viologen species and dried in a stream of
argon. For the preparation of the Au(111)-(1x1) | S-6V6H | Au-
(60 nm)@ SiO, NP sandwich assembly 2 uL of the core—shell NP
in water were drop-casted onto the modified gold electrode
and dried. A rather “dilute” NP top layer was obtained by gentle
rinsing with water.

Electrochemistry. The electrochemical characterization of
the bare and adsorbate-modified gold electrodes was per-
formed in a three-compartment glass cell with an Autolab
PG30 Workstation (Metrohm). A saturated calomel electrode
(SCE) and a platinum coil served as reference and counter
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electrodes, respectively. All potentials given in this paper refer
to the SCE potential scale (if not stated explicitely otherwise).
Electrochemical STM measurements were carried out with a
Molecular Imaging PicoSPM. Further details are given in ref 37.

Raman Measurements. /n situ SERS measurements were car-
ried out on a LabRAM HR800 confocal microscope Raman
system (Horiba Jobin Yvon). The excitation wavelength is
632.8 nm from a He—Ne laser. The microscope objective for
laser illumination and signal collection was of long working
distance (8 mm) with 50x magnification and a numerical
aperture of 0.5. The custom-made spectroelectrochemical flow-
cell was equipped with a Pt counter electrode and Ag/AgCl
double junction reference electrode, and several ports for
solution exchange and deareation. The electrolyte solutions
were deaerated by argon gas before injected to the spectro-
electrochemical cell through Teflon tubes. All experiments were
performed at room temperature.
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