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Abstract: We present the novel use of surface enhanced Raman scattering (SERS) spectroscopy
to detect charge transfer in ferrocene/ferrocenium (Fc/Fc™) bound to an active electrode under
electrochemical working conditions. The ferrocene has a 6-carbon linker with a thiol tether (6-
(ferrocenyl)hexanethiol) and produces Fc/Fc™ couple voltammograms exhibiting charge transfer
above 0.4V vs. Ag/AgCl. By observing in situ micro-Raman spectroscopy with a water immersion
lens, we observe significant changes in the spectra that corresponds to the charge state oxidation
to ferrocenium (Fc"). In particular, the Fc* state is characterized by the disappearance of the Cp-
breathing mode (1104cm™! peak) and an 11-fold increase in the hexanethiol tail mode around
1072cm!. Raman spectra calculated by density functional theory exhibit predominant peaks that
agree well with our experimental observations and indicate that the Fc — Fc* transition is
associated with a change in the orientation, which gives rise to dramatic changes in the Raman

spectra.

Keywords: Local electric field, in-situ Raman, monolayer graphene, operando, catalysis,

plasmonic



TOC Figure

...

Raman Intensity

1065 1080 1095 1110 1125

Raman Shift (cm™)



Charge transfer at electrode/electrolyte interfaces is a critical step in nearly all electrocatalytic
and photocatalytic processes. Much progress has been made in recent years understanding the
mechanisms and kinetics of electrocatalytic and photocatalytic systems. However, the precise
potential at which charge transfer occurs is often elusive. For semiconductor photoelectrodes, the
surface potential is complicated by band bending and quasi-Femi level splitting at the
semiconductor surface. Therefore, having a surface-bound molecule with a well-defined redox
potential whose charge state can be monitored spectroscopically, is of great interest. These so-
called “charge transfer reporters” have been demonstrated using transient absorption spectroscopy
but not Raman spectroscopy. Facile spectroscopic tools for studying these charge transfer events
are lacking.

Over the past few years, electrochemical surface enhanced Raman spectroscopy (EC-SERS)
has been used as a common analytical tool. However, a vast majority of these prior studies focus
on sensing/detection of harmful molecules and biological species.!> EC-SERS work in the area of
electrochemical cleaning enables sensors/detectors to be reused multiple times.®” EC-SERS has
been used to monitor electrodeposition in situ.?® Several EC-SERS studies have also been
published on dye molecules, including nile blue (NB) and rhodamine 6G (R6G), in aqueous and
non-aqueous environments.!'%-!! Spectral shifts were attributed to electrochemical charge transfer,
although no detailed calculations were performed to corroborate these findings. The use of EC-
SERS in conjunction with specific surface reporter molecules tethered to an electrode surface for
detecting charge transfer and surface potential spectroscopically present a viable path towards
obtaing a better understanding of electrochemical and photoelectrochemical processes, however,

such studies have not been carried out in the existing literature.



Ferrocene has been studied extensively, with more than 20,000 publications as of this writing.
The use of ferrocene to study charge transfer at electrode interfaces dates back the early 1980s.!?
As a well-defined redox couple (i.e., Fc/Fc*), cyclic voltammetry (CV) has been used to study
charge transfer at electrode surfaces.!® Paul et al. studied the tunable redox potential and optical
properties of modified ferrocene-based complexes, which span a range from +0.4 V down to —0.1
V versus SCE.'* Smalley et al. studied the kinetics of electron transfer of ferrocene-terminated
alkanethiol monolayers on gold as a function of number of methylenes in the alkyl chain tethering
on gold."> Choudhury, et al. have functionalized semiconductor surfaces with ferrocene in order
to study photoexcited charge transfer.'® Swearingen et al. reported absorption spectra showing
dramatic changes in the visible range upon oxidation of ferrocene to ferrocenium, with a shift in
peak absorption from ferrocene at 445 nm to ferrocenium at 619 nm.!” Previous studies using
surface-enhanced infrared absorption spectroscopy (SEIRAS) have examined Fc-terminated
electrode systems as a function of electrode potential.?’-2! While these spectra lend some insight
into the changes observed in the present study, it should be noted that the spectral resolution of the
SEIRAS approach is at least one order of magnitude lower than that of Raman spectroscopy and,
as such, approach is unable to distinguish the 2 peaks reported here (1072 and 1104 cm!).

In the work presented here, SERS active electrodes are fabricated by depositing Snm of Au
on a glass slide using electron beam deposition. These thin films of Au are not thick enough to
form continuous films and instead create island-like structures that are known to be strongly
plasmonic.???* Figure 1b shows a high resolution transmission electron microscope (HRTEM)
image of a Au nanoisland film with a nominal thickness of S5Snm. Figure 1c shows the electric field
intensity distribution of this Au nanoisland film calculated using the finite difference time domain

(FDTD) method with a grid spacing of 2 A.25?7 Small gaps between the nanoislands (~1-2 nm)



dominate the optical response of these films, which produce electric field intensity “hot spots”, as
shown in Figure Ic. In these localized hot spot regions, the electric field intensity can be as much
as 1000 times larger than the incident electric field intensity resulting in SERS enhancement
factors of 100,228 Figure 1a shows a diagram illustrating the SERS-active electrode in which strips
of 50 nm-thick Au are deposited on the left and right sides of the electrode, enabling electrical
contact to be made to the film of Au nanoislands. Somewhat surprisingly, the plasmonic
nanoislands are interconnected and provide an electrically continuous electrode with typical in-
plane resistances around 100-200 Q. We have used these plasmon-resonant nanoislands for several
years for SERS spectroscopy, plasmon-enhanced catalysis, and in FDTD studies of local field
enhancement.?84 For the simulation, an HRTEM image of area 450nm x 300nm is used to define
the spatial extent of Au nanoislands. A grid spacing of 2A is used in the volume of 500nm x 500nm
% 40nm around the film and 10nm elsewhere. A temporal grid spacing of 0.002 fsec is used with
a total of 100,000-time steps. A planewave source is used, which irradiates the metal film with a
Gaussian pulse with a spectrum of wavelengths ranging from 300nm to 800nm. Perfectly matched
layers (PML) boundary conditions are used with 25 layers. The dielectric functions of Au are based
on the optical constants given by Palik. We simulated the Au film using an X-polarized and a Y-
polarized source In our previous work, Au nanoislands were deposited on top of monolayer
graphene.*! In this configuration, the graphene provides additional electrical continuity between
the metal nanoislands. However, we have found that the graphene reduces the SERS enhancement

by ~10X and is not necessary to achieve electrical continuity within the electrode surface.
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Figure 1. (a) Schematic diagram of the plasmon-resonant, SERS-active electrode fabricated with
Au nanoislands. (b) TEM image and (¢) FDTD simulations of the electric field distribution of the
Au nanoisland film.

Figure 2a shows a schematic diagram illustrating the in situ Raman spectroscopy of these
electrode surfaces under working electrochemical conditions using a water immersion lens (Leica
model HC APO L #506155 40x, N.A. = 0.8). Here, the SERS-active electrode shown in Figure 1
serves as the working electrode with a Pt counter electrode (26 gauge, 99.9%) and Ag/AgCl
reference electrode (BASI, MF-2052 ). A Gamry potentiostat (Reference 600+) is used to obtain

cyclic voltammograms and apply various electrode potentials while Raman spectra are collected.



Raman spectra are collected using a 785nm wavelength laser (IPS, #32912) with a Renishaw in
Via micro-Raman spectrometer. Raman spectra are collected for 1 minute of integration time with
an incident laser power of 1.32 mW.

Ferrocene with a 6-carbon chain linker and thiol tether (i.e., 6-(ferrocenyl)hexanethiol,
commercially available from Sigma Aldrich, #682527) is deposited on the Au nanoisland films,
as illustrated in Figure 2b, using a 10 mM mixture in ethanol by soaking the substrate for 24 hours.
Samples are rinsed in ethanol and then immersed into an aqueous solution of 0.1 M KCI for the
measurements presented in Figure 3. Figure 2c shows a typical Raman spectrum of the ferrocene-
functionalized, SERS-active electrode, which exhibits two sharp peaks corresponding to the C-H
modes in the hexanethiol tail mode around 1072 ¢cm™! and the Cp-breathing mode around 1104 cm-
I, illustrated in Figure 2d.%?

Figure 2d shows the calculated Raman spectra of 6-(ferrocenyl)hexanethiol using the
NWChem program package.***> The geometry optimizations and frequency calculations were
carried out using the Becke, 3 parameter, Lee-Yang-Parr*-47 (B3LYP) exchange-correlation
functional with dispersion correction (DFT-D3) by Grimme*® and the polarization-consistent (pc-
1) basis. In Figure 2d, the predominant peaks are observed at 1069.79 cm™!' and 1133.64 cm™!, and
correspond to the Cp-scissoring and breathing mode, respectively. These vibrational frequencies
are slightly different from the corresponding frequencies observed experimentally (i.e., 1072 ¢m!
and 1104 cm™). Nevertheless, we observe good qualitative agreement between the calculated and
measured spectra. Figure S2 of the Supplemental information shows a comparison of the eclipsed
ferrocene and the 6-(ferrocenyl)hexanethiol plotted over the same wavenumber range. While the

6-(ferrocenyl)hexanethiol exhibits several additional peaks not seen in the eclipsed ferrocene, the



predominant peaks are observed at 1069.79 cm™ and 1133.64 cm™!, and correspond to the Cp-

scissoring and breathing mode, respectively.
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Figure 2. (a) Schematic diagram illustrating in sitfu Raman spectroscopy of electrode surfaces
under working electrochemical conditions using a water immersion lens. (b) Cross-sectional
diagram and (c) Raman spectrum of ferrocene-functionalized Au nanoisland substrate exhibiting
sharp peaks corresponding to the C-H modes in the hexanethiol tail at 1072 cm™!' and the Ce-
breathing mode around 1104 cm!. (d) DFT calculated Raman spectrum of 6-
(ferrocenyl)hexanethiol.

Figures 3a and 3b show the cyclic voltammograms taken of the ferrocene-functionalized,
SERS-active electrode before and after the voltage-dependent Raman spectra plotted in Figures 3¢
and 3d. These CV curves, taken at various scan rates, exhibit clear peaks and dips corresponding
to the oxidation of Fc to Fc* and reduction of Fc* to Fc, respectively. The redox potential of this
reaction is taken as the midpoint between these peaks and dip and is approximately 0.4 V vs.

Ag/AgCl. The Raman spectra plotted in Figures 3¢ and 3d show a clear voltage dependence that

is repeatable after cycling the voltage several times. Here, we see the disappearance of the Cp-



breathing mode (1104 cm™') and a dramatic increase in the hexanethiol tail mode around (1072 cm
1 over the applied voltage range. The peak near 1100 cm™ in cycle 2 is much weaker than in cycle
1 at OV. However, the corresponding peak at 0.8V is quite reversible. Since the cycling of the
voltage entails a bond rotation that may not be fully reversible. After three cycles, however, we
found that there was substantial oxidation of the surface-bound Fc. We have also included
additional datasets taken on a different sample, demonstrating the reproducibility of the
measurements, as plotted in Figure S4 of the Supplemental Information document. Since our
electrodes consist of a complex network of Au nanoislands, as shown in Figure 1, the finite series
resistance between these nanoislands may contribute to the slow kinetics observed. Also, the
compensating charge ions in solution can limit the charge transfer kinetics. Figure S6 shows C-V
curves taken with a continuous 50 nm-thick Au electrode, demonstrating slightly improved

kinetics, although no SERS spectra could be obtained from these continuous Au film electrodes.
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Figure 3. (a,b) Cyclic voltammograms of the ferrocene-functionalized, SERS-active electrode
taken at various scan rates. (c,d) Raman spectra taken on the ferrocene-functionalized electrode
under various applied electrode potentials vs. Ag/AgCl. This data is repeatable after cycling the
voltage several times.
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Figure 4 shows the calculated spectra of the 6-(ferrocenyl)hexanethiol (Fc) and 6-
(ferrocenium)hexanethiol (Fc*). Due to the surface-selection rules in SERS we expect that the
polarizability component aligned with the strong near field will dominate the SERS spectra. The
surface-selection rules lead to a strong orientation dependence in the SERS spectra. To determine
a good match between the simulated and experimental spectra we performed a search over the
three principal angles: the tilt angle 0, axial rotation ¢, and in-plane rotation  (see diagram in
Figure S1). Representative orientations are shown in Figure 4 with tilt angle 6, axial rotation ¢,
and in-plane rotation y relative to the z-axis. Two major changes are seen in the spectra as the
ferrocene is oxidized (i.e., Fc — Fc"): 1) the spectrum shifts from two peaks (for the Fc) to
predominantly one peak (for Fc*) in the 1070 — 1140 cm™! range, and 2) the peak becomes centered

around 1080 cm!

and increases by a factor of 10X in intensity in the Fc* state.The physical
mechanism corresponds to the coupling of the vibrations between the tail and the Fc¢* group
increasing in strength. Subsequently, the system begins to align itself along the z-axis as an
indication of increased ordering. In addition, we measured Raman spectra of ferrocene (without
the carbon chain linker and thiol tether), as plotted in Figure S5a of the Supplemental Information
document. Figure S5b shows the DFT-calculated Raman spectrum of eclipsed ferrocene, which
demonstrates good agreement with the experimentally measured spectrum. In the supporting

information we also show that charging of the Fc™ is not sufficient to explain the observed changed

in the SERS spectra.
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Figure 4. Calculated Raman spectra of (a) 6-(ferrocenium)hexanethiol and (b) 6-
(ferrocenyl)hexanethiol.

As mentioned above, several previous studies using surface-enhanced infrared absorption
spectroscopy (SEIRAS) have examined Fc-terminated electrodes as a function of electrode

potential?®-2!

, which show a significant increase in the infrared absorption around 1100 cm™ due
to the formation of a Fc*/anion complex. While this increase in the IR absorption stands in contrast
to our observations, in which we see the disappearance of these two Raman peaks over the same
range of applied electrochemical potentials, these spectra lend some insight into the changes
observed in the present study. In addition to an increase in the intensity of the Fc-ring C-H
stretching mode (around 1100 cm™!) with increasing electrode potential, these SEIRAS studies

observed a decrease in the intensity of two C-H stretching marker bands of the methylene groups,

indicating that the angle between the alkyl chain and the normal to the electrode surface changes
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upon oxidation/reduction of the Fc moieties. The latter observation confirms an orientation change
(rotation) of the ferrocene moiety.

In conclusion, we have demonstrated a facile technique in which commercially available
ferrocene molecules are deposited on a SERS-active Au electrode and used to detect charge
transfer spectroscopically. The electrochemical oxidation of Fc to Fc¢* results in a dramatic increase
in the Raman intensity of the C-H mode in the hexanethiol tail and complete suppression of the
Cp-breathing mode at high potentials. We also observe a redshift in the vibrational frequency of
the hexanethiol tail mode corresponding to charge-induced rearrangement of the electronic and
bonding structure of the molecule under electrochemical oxidation. This general approach opens
up the possibility to study photo-initiated charge transfer and electrochemical potentials at
semiconductor/liquid interfaces, as well as time-resolved Raman spectroscopy using pump-probe
techniques.*->* Raman spectra calculated by density functional theory exhibits predominant peaks
that agree well with our experimental observations. While the 6-(ferrocenyl)hexanethiol exhibits
many additional peaks in the Raman spectra that are not seen in the eclipsed ferrocene, the
predominant peaks are common to both molecules. The 1070 cm™ mode couples to the linker and
is very sensitive to the orientation of the linker. As such, the Fc — Fc™ transition is associated with

a slight change in the orientation, which gives rise to dramatic changes in the Raman spectra.
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