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Efficiency and selectivity of electrochemical reactions are controlled by micro-
environments within the electric double layer (EDL) at the electrode-electrolyte
interface. In electrocatalysis, additives can direct the interfacial structure, enhancing
activities. Our current level of understanding of the fundamental interactions between
the solvent, the electrolyte, and additives at the electrode surface under potential
control are limited. This makes a priori predictions of the EDL structure challenging.
Vibrational Sum Frequency Generation (VSFG) spectroscopy allows for observation of
interface-specific vibrational signatures from which interfacial species may be identified
and their orientation determined, providing a way to study the fundamental behaviour
of electrified interfaces. We exploit this to study the structure of acetonitrile (CHsCN) in
the presence of H,O and N-methyl-2-pyrrolidone (NMP) at a gold electrode under
potential control. At low concentrations of H,O (300 ppm), the VSFG signatures of
CHsCN are weak and become increasingly apparent as the concentration of H,O
increases. We conclude that this is a result of the formation of an interfacial layer with
increased net ordering of CH3zCN molecules due to hydrogen bonding with H,O
disrupting the microstructured CH3zCN environment. At low concentrations of H,O,
NMP accumulates at the negatively charged electrode surface, disrupting the CH3sCN
structure; however, addition of H,O perturbs the NMP structure, leading to an ordered
CHszCN interfacial layer being formed.
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1. Introduction

Electron transfer processes between heterogeneous media are fundamental to
electrochemical devices applied to energy storage and conversion, or chemical
synthesis.'” The efficiency and selectivity of these electrochemical reactions
depend greatly on the micro-environments within the electric double layer (EDL)
at the electrode-electrolyte interface.* The structure and composition of the
interface are dependent on many factors, including local solvation structures,
charge distribution, specific surface sites, surface coverage, and the local electric
field.>*° These factors influence electrochemical reactions, directing competitive
processes to favour one pathway over another. Aqueous electrode-electrolyte
interfaces are the most widely studied. Alternative solvents with wider electro-
chemical windows allow devices to access energetically unfavourable redox
chemistries with reduced faradaic competition from solvent redox reactions (e.g.
hydrogen evolution from H,O). Applications such as ammonia synthesis,
lithium-metal batteries, and lithium-air batteries become accessible with suffi-
ciently wide electrochemical windows."™ One of the challenges for electro-
catalytic CO, reduction (CO,R) is to suppress the competing water reduction to
improve the faradaic efficiency. Acetonitrile (CH;CN), the focus of this work, is
a common non-aqueous solvent. Its relatively high dielectric constant is
compatible with a wide range of supporting electrolyte salts.’® It is a weak
Bronsted acid and Lewis base, allowing it to interact with interfacial species in
different ways.'® The solvent reduction potential of acetonitrile is more negative
than that of H,O and hence is thought not to compete with the desired reductive
reactions, although intermolecular interactions (e.g. hydrogen bonding) are
altered.”'”"*° Additives can be introduced to direct the structure and composition
of the interfacial environment to promote desired pathways. For example, it has
been shown that adding small amounts of N-methyl-2-pyrrolidone (NMP) can
perturb the EDL structure, resulting in activation of a molecular catalyst for CO,R
at less negative potentials.”*-** Owing to the natural hygroscopicity of acetonitrile,
contamination from ambient water is likely, introducing an amphiprotic, polar,
electrochemically active additive to the system. Small amounts of water in
acetonitrile have been seen to enhance CO,R.*** However, an understanding of
the fundamental interactions of NMP or H,O with the other species at the
interface, which leads to these observations, is lacking, precluding rational design
of electrolyte composition.

Metrics for device performance, including product quantification, current-
voltage profiles, and electrochemical techniques, can provide some insights into
some interface properties, e.g. capacitance and electrochemical stripping.
However, these methods lack the information required for developing predictive
models of the interface.?® Determining the entire EDL composition and structure
by simulation is beyond state-of-the-art computational methodologies and
requires development of complex models of the double layer under potentiostatic
control that include interactions between explicit solvent, electrolyte ions, addi-
tives, and the charged electrode surface.”*® It is therefore important to employ
and develop surface-sensitive techniques that can probe electrochemical inter-
faces under potential control. When performed on well-controlled systems, these
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studies can be used to advance our understanding of the EDL and improve in
silico techniques.

Surface-sensitive vibrational spectroscopy, when coupled with potentiostatic
control, allows the potential-dependent vibrational signatures of species within
the EDL to be observed. These spectroscopic signatures provide insight into the
changing composition of the EDL and provide mechanistic understanding of
redox reactions. Vibrational frequencies are also sensitive to the environment and
hence can be used to provide insight into the interactions within the changing
interfacial environment. Here we use Vibrational Sum Frequency Generation
(VSFG) spectroscopy. The detailed principles of VSFG,*?*" and experimental
application of VSFG to electrochemical interfaces,*+** are presented elsewhere.
VSFG is highly surface specific, making it a powerful tool for observing (buried)
electrochemical interfaces. In VSFG, a high-intensity mid-infrared (MIR) electric
field induces a coherent polarisation at the interface, which is probed, in our case,
by a high-intensity near-infrared (NIR) electric field, producing a low-intensity
field at the sum of the frequencies of the MIR and NIR electric fields. The
charge of the (polarised) electrode surface is effectively screened by the high-
dielectric (solvated) supporting electrolyte salts which accumulate at the elec-
trode surface; this results in the generation of large electric (DC) fields within the
EDL. As a result, VSFG is sensitive to the whole EDL.?***?

Here, we operate in a ‘backside’ geometry, so-called because the optical electric
fields are propagated through the backside of a thin-film electrode (Fig. 1a and b),
as has been previously demonstrated.***® This configuration has several advan-
tages: bulk electrolyte dynamics are not constrained, infrared attenuation from
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Fig.1 (a) A cross section of the electrochemical cell: the body pieces of the cell (dark grey,
polyether ether ketone), CaF, windows, and NBR O-rings (black) are compressed by bolts
and nuts (white), creating a sealed bulk-electrolyte volume (green dotted). The gold
counter electrode (gold) and silver reference electrode (silver) are brought into the side of
the cell through septa (red). The incident and generated beams are transmitted through
the backside of the thin-film electrode (dark gold). The electrode is connected to the
external circuit via a piece of gold foil (yellow). (b) An illustrative representation of the
spectroscopic geometry at the window and electrode—electrolyte interface, with possible
EDL species. (c) Atomic force microscopy image of the surface morphology of a pristine
Au electrode.
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the bulk electrolyte is alleviated, and the effects of gas evolution are reduced. Thin
(~10-40 nm) electrodes can exhibit nano-to-micrometer structuring (Fig. 1c). It
has been demonstrated that nanostructured materials can enhance electric fields
at the interface through surface plasmon resonances, leading to improved signal-
to-noise ratios in the spectra obtained at electrochemically resilient electrode
surfaces under operational conditions.’**"3°

Surface Enhanced Raman Spectroscopy (SERS), and Surface Enhanced
Infrared Absorption Spectroscopy (SEIRAS) have been used to study the potential-
dependent structure and decomposition of acetonitrile at gold surfaces.****** In
these studies, the expected orientation of acetonitrile molecules close to the
electrode surface was explained with simple electrostatic arguments treating the
electrode surface as a polarised charge.'**' It was reported that the dipole
moment of CH;CN orientates antiparallel to the DC field, Epc, within the EDL, e.g.
CH;CN molecules are oriented with the positive CH; group pointing towards
a negatively charged electrode surface. We extend these studies by probing the
potential-dependent interfacial composition and orientation of acetonitrile at
a gold electrode in electrolytes containing differing H,O concentrations and the
non-aqueous additive, NMP. Density functional theory (DFT) and ab initio
molecular dynamics (AIMD) aid spectral assignments and deepen the under-
standing of the local interfacial environments. We show that the interfacial
electric field and CH;CN structure is modulated by the presence of H,O. Under
“dry” conditions, NMP accumulates at the Au surface as the electrode is
increasingly negatively polarised. We show that the orientation of interfacial
species is strongly controlled by dispersive interactions and successfully predict
preferentially adsorbed species in silico.

2. Methods

2.1. Materials

Acetonitrile (CH3CN, 99.8% anhydrous), 1-methyl-2-pyrrolidone (NMP, 99.5%
anhydrous), tetrabutylammonium hexafluorophosphate (TBA PF¢, 99.0%), were
all purchased from Merck.

2.2. Au thin-film electrode preparation

CaF, polished windows of 2 mm thickness (IR-grade, Crystran) were cleaned with
ethanol, rinsed with deionised water (18.2 MQ cm; direct-Q 3 UV, Merck) and
dried under a stream of nitrogen. Gold (99.95%, Advent Research Materials) was
deposited by thermal deposition at 6 x 10~° mbar at a rate of 0.1 + 0.05 A s~ to
a thickness of approximately 25 nm determined in situ by a quartz crystal
microbalance (see Note 1.2 in the SI).

2.3. Electrolyte preparation

We studied five electrolytes comprising CH;CN and ~0.1 M TBAPFg: (i) Molecular-
sieve-dried acetonitrile (3 A, 48 hours) and TBAPF, (2 x 10”2 mbar, 20 hours),
denoted “dry” (300 ppm H,O). (ii) A solution prepared under atmospheric lab
conditions, denoted “undried” (2100 ppm H,0). (iii) 2% (by volume) water was
added to the undried solution, denoted “wet” (24 000 ppm H,0). (iv) “Dry” and (v)
“wet” NMP-containing electrolytes, with H,O contents of 430 and 25000 ppm,
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respectively, were made by adding 10% (by volume) molecular-sieve-dried NMP (3
A, 48 hours) to the “dry” or “wet” acetonitrile solutions. Water content was
measured by Karl-Fischer titration after spectroelectrochemical experiments.

2.4. VSFG cell design

The VSFG cell, outlined in Fig. 1a, has been described elsewhere.** The counter
electrode, 0.5 mm diameter gold wire (99.95%, Advent Research Materials), and
silver pseudo-reference wire (99.99%, Advent Research Materials), were polished
with P1200 SiC sandpaper and rinsed with deionized water (18.2 MQ cm; direct-Q
3 UV, Merck).

2.5. VSFG experiments

The VSFG spectrometer has been recently described elsewhere.*"*>* Briefly, near-
IR (1030 nm, 10 kHz, ~1.5 ps, ~13 cm ™" line width, ~45° angle of incidence, ~57
mW, 600 um FWHM) and mid-IR (10 kHz, 170 fs, ~150 cm ™" at 2160 cm ™", ~50°
angle of incidence, ~22 mW, 400 um (1/€”)) laser pulses were overlapped at the
sample (Fig. 1b). The generated SFG signal was relayed to a spectrograph (Andor,
Kymera) before being detected on a CCD camera (Andor, iDus416). All experi-
ments employed a ppp polarisation combination. For experiments where no salt
or solvent drying was carried out, the cell was assembled, filled and purged with
Ar (99.998%, BOC). Where dried salt and solvent were used, the cell components
were dried at 40 °C for at least 12 h, before being assembled and brought into an
Ar-filled glovebox to be filled and sealed. All spectra reported in the main text are
obtained under chronoamperometric control for no longer than 610 s per
potential step (Fig. S15 and S16). The ordering of the potential-dependent
experiments were carefully controlled - see Note 1.1 in the SI.

2.6. AFM electrode characterisation

AFM was performed on an electrode prepared as described above, using a contact-
mode cantilever (Pointprobe®, NanoWorld®, Switzerland) on an AFM nose cone
(Keysight Technologies, United States). This nose cone was loaded into an atomic
force microscope (5500 AFM, Keysight Technologies, United States) with beam-
bounce detection of cantilever deflection. Once the cantilever was positioned,
images were obtained using Keysight NanoNavigator software (version 1.8.2), and
the morphologies were analysed using Gwyddion (version 2.61).

2.7. Simulation parameters

All DFT calculations were performed in the Projector-Augmented Wave (PAW)
approach with the VASP 6.3.2 code using a plane-wave basis set with periodic
boundary conditions.**** VASPsol++ was used to introduce implicit solvent to the
simulation cell to screen charge and impose a constant potential constraint on
the calculations (implicit solvent parameters given in the SI, Table S5).*® The
chemical potential imposed by the VASPsol++ solvent was referenced to the
potential of the standard hydrogen electrode via a calculation of the Gibbs free
energy difference of the ferrocene/ferrocenium couple in the implicit solvent
phase (details given in the SI, Table S6). The PBE approximation to the exchange-
correlation functional was used alongside Grimme’s D3 van der Waals
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correction.””** A patch was applied to the dispersion correction routines in the
manner of Sakong and Grof,*” which omitted pairwise Au-Au D3 forces, as well as
all D3 energies, in all but the atoms in the top layer of the gold surface and the
adsorbate atoms. Details of the computational methodology are expanded upon
in the SI, Section 3.

Molecular dynamics in the NVT ensemble were used to obtain power spectra
for CH;CN (timestep = 0.75 fs, SCF tolerance = 10~ * eV, 2 x 2 x 1 I'-centered k-
point mesh, using a Nosé-Hoover thermostat with the “SMASS” parameter set to
obtain a thermostat oscillation period of approximately 80 fs).*® Trajectories were
run for a minimum of 2 ps, and initialized with displacements and velocities
calculated to result in a statistically correct distribution of harmonic modes at 300
K, in the manner of West and Estreicher.>* Trajectory analyses and power spectra
calculations were performed using TRAVIS.*”* All geometry construction was
performed using the Atomic Simulation Environment libraries.>

3. Results and discussion

The potential-dependent VSFG spectra obtained for CH3;CN in the 2000-
2300 cm ™' range are shown in Fig. 2. For ease of discussion, we separate this
wavenumber range into four regions denoted as CN3, CN2, CN1 and AN, based on
our assignments discussed below. We employ a delay between the broadband
MIR pulse and the narrowband time-asymmetric NIR pulse; this effectively
suppresses the large non-resonant signal of the Au interface.*® We use a consis-
tent delay throughout the main text (800 fs), comparing spectra obtained at other
delays (0, 200, 400, 600, 800 and 1000 fs) in the SI, Fig. S1-S3 and S$5-S13. The
relative intensity of features in VSFG spectra are dependent on the MIR laser
spectral profile. The result is that comparisons of the relative intensities of
features observed in the VSFG spectra do not give any indication of relative
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Fig. 2 VSFG spectra in the 2000-2300 cm™! region as a function of applied bias vs. Ag
wire for (a) dry, (b) undried, and (c) wet acetonitrile/0.1 M TBAPF¢ solutions, obtained
during chronoamperometry. Signals were taken with an 800 fs delay of the NIR pulse.
Traces have been offset for clarity. Several spectral regions, denoted AN, CN1, CN2 and
CN3, and two specific bands denoted AN1 and AN2, have been highlighted to facilitate
discussion.
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populations or net ordering of the different species at the interface; however, the
potential-dependent intensities of each feature are insightful.

3.1. Effect of H,O on interfacial CH;CN structure

Potential-dependent VSFG spectra of dry electrolyte (300 ppm H,O) are shown in
Fig. 2a. At +0.0 V (hereinafter, all potentials are referenced vs. Ag wire unless
explicitly stated) show four positive-going bands, with peak positions at ~2235,
2175, 2125 and 2080 cm ™ *, superimposed on a broad baseline. The broad baseline
is assigned to residual non-resonant signal observed at this time-delay. Closer
inspection of the broad band within the AN spectral region at ~2235 cm™ " of the
dry solution shows it has a strongly potential-dependent shape, and it appears to
be composed of two bands with peak positions at ~2250 and 2225 cm ™', denoted
AN1 and AN2, respectively, and are most clearly observed at +0.3 and —0.6 V. The
AN2 band is observed more clearly with both the undried and wet electrolytes
(Fig. 2b and c, respectively). The AN1 band is only weakly observed in the undried
spectra, most notably at the most-positive potentials studied, whereas, in the wet
electrolyte, AN1 is present at all potentials studied - we return to this below. The
wavenumber of AN1 is in excellent agreement with the solution-phase vibrational
band of pure CH;CN, as well as that of CH;CN as a 0.1 M TBAPF, solution
(Fig. S14b). We therefore assign AN1 to interfacial CH3CN. To be VSFG-active, the
environment must show net ordering, hence these CH;CN molecules must lie
within the interfacial region ordered by the charged electrode surface. In bulk
CH;CN solution, the CN-stretching vibration is in Fermi resonance with
a combination band of the CC-stretch and the CH; deformation;®” the band at
~2250 cm ! is assigned to the component with predominantly CN-stretching
character. A significantly weaker band is observed in the solution-phase FTIR
spectrum at ~2292 cm~ ' and assigned to the component with predominately
combination-band character. Owing to the low strength of this transition,
combined with the low MIR intensity at this wavenumber, this band is not clearly
observed in the VSFG spectra.

In the AN spectral region, only one vibrational mode for solution-phase CH;CN
is observed in the harmonic DFT calculations: the CN fundamental stretch. The
calculated wavenumber of this mode is dependent on the local environment
(Fig. 3a). It is stressed that all calculations in this work make use of the Born—-
Oppenheimer approximation, and so will not account for the Fermi resonance
interaction, which requires treatment of nuclear quantum dynamics.*® We high-
light that the local environment will perturb »(CN) of CH;CN by both altering the
fundamental vibrational wavenumber and through modifying the Fermi reso-
nance interaction. Given the strong dependency of environment and orientation
on the calculated vibrational wavenumber, we explored the model interface using
AIMD. The power spectrum of each trajectory analysed for the construction of
Fig. 3b used only the position data of the CN group of the CH;CN molecule. A full
CH;CN power spectrum of each system in Fig. 3b is shown in Fig. S22. For the
power spectra calculated from models containing a surface, the line shape
becomes complicated. Interaction with the surface and the local field of the
tumbling CH3;CN molecule results in a broadened distribution of vibrational
levels in this wavenumber range, notably at lower wavenumber than bulk CH;CN,
as predicted by the harmonic calculation of physisorbed CH;CN in Fig. 3a. These
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Fig. 3 (a) Harmonic vibrational wavenumbers calculated with DFT, modelled in VAS-
Psol++ implicit CHsCN + 0.1 M electrolyte. Where gold surfaces are present in these
models, a strong negative potential is applied; electron density is held to a potential of ca.
—1.0 V vs. SHE (Efermi = —3.5 €V). The data is grouped into CH3CN-containing models
(blue labels), models containing breakdown products of CHzCN (red labels) and models
containing breakdown products coordinated to H,O (purple labels). Frequencies are
scaled by a constant chosen to match the CN stretch in bulk CDzCN to its experimental
value.¢ (b) Power spectra (Fourier transforms of the mass-weighted velocity autocorre-
lation functions) of the CN group of a single CH3CN molecule from VASP DFT-MD
trajectories for a selection of CH3CN environments in the experimentally observed »(CN)
region. (c) Mean calculated adsorption energies (in eV) for a sample of CHsCN (red), NMP
(pink) and water (blue) configurations on Au(111), plotted against applied potential, from
open-circuit potential (OCP, no external potential applied) to —1.0 V vs. SHE. Trend lines
are drawn through the mean of each dataset at each potential level. The adsorption
energies are also plotted without the semi-empirical D3 van der Waals contribution for
both series (accompanied by dashed lines). (d) Mean elevation angle of the adsorbate with
the gold surface illustrating orientation of the relaxed structures of CHsCN and NMP
sampled in (c), as represented by projections of the unit vector of the nitrile group bond in
CH3CN on Au(111), and the unit vector of the carbonyl group bond in NMP.

results are qualified by limitations discussed in detail in Note 1.5 of the SI. We
propose that, due to the redshifted frequency and the broad distribution of
vibrational levels of our AIMD calculations, the broad AN2 band observed in the
VSFG spectra should be assigned to CH;CN interacting with the Au surface.

To develop an understanding of potential-dependent surface behaviour, we
calculated the orientation of CH;CN at OCP, —0.5 V and —1.0 V (vs. SHE) (Fig. 3d).
CH;CN is predicted to orient with the nitrogen atom pointed towards the Au
electrode at OCP, with the nitrogen atom pointing away from the Au electrode at
—0.5 V through to —1.0 V, though the CN bond is not calculated to orientate
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perpendicularly to the Au surface at any potential. This is consistent with the
potential-dependent shape of the AN1/2 bands in the VSFG spectra of the dry
electrolyte (Fig. 2a) discussed above, which, notably, is not apparent for the
undried and wet electrolytes. The calculated adsorption energy of CH;CN on the
model Au(111) surface, with and without the semi-empirical D3 van der Waals
contribution, is plotted in Fig. 3c. This highlights the significant proportion of the
interaction energy originating from dispersive interactions (CH;CN: 80% at OCP).
A Bader charge analysis reports negligible (<]0.05e™|) charge transfer between the
Au surface and CH;CN across the modelled potential range (Table S7).°> With
increasingly negative potential, the dispersive interactions, which drive the
CH;CN molecule towards a parallel orientation on the Au surface, are eclipsed by
the increasing torque exerted on the molecular dipole moment by the electrode
field, allowing the CH;CN molecule to rotate away from the surface. It should be
noted that the polarisation of the interfacial molecules at a charged surface will
alter their actual dispersive interactions. Self-consistent treatment of van der
Waals interactions in future modelling at applied potential is proposed to
improve accuracy - refer to the SI, Note 1.6, for further discussion.

We now turn to bands denoted CN1-3 (Fig. 2). Based on the calculated
vibrational wavenumbers of CH;CN (Fig. 3a), these VSFG bands are unlikely to
arise from interfacial CH;CN. They coincide with the onset of a reductive current
observed in the electrochemical data at —0.3 V (Fig. S15-5S17), hence we consider
reduction products of CH;CN as assignments. Fig. 3a shows a selection of (scaled)
harmonic wavenumbers calculated for breakdown products of CH;CN at a nega-
tively charged (ca. —1.0 Vvs. SHE) Au(111) surface. The experimental wavenumber
of CN2 is in excellent agreement with that calculated for chemisorbed CN™
(CN,q ") bound atop an Au atom of either the model 111 surface, or an adatom
(Fig. 3a). This is in agreement with bands at ~2130 cm ™" assigned elsewhere to
CN,.q .'** For our dry electrolyte experiments, as the intensity of the CN2 band
between —0.15 and —0.3 V (Fig. 2a) increases, so do the bands within the CN3 and
CN1 regions, hence it seems likely that these bands are related species. CN1
(2175 cm ™) has been observed in other spectroelectrochemical studies of CH;CN
at Au sites, assigned to CN,q ,** or other (non-specified) products of electro-
chemical reduction of CH;CN.** CN™ adsorption on single-crystal Au electrodes
has been studied by IR-visible difference frequency generation spectroscopy,
which demonstrated that the potential-dependent wavenumber of CN,4~ is facet-
independent.® Similarly, a single band assigned to CN,4~ was observed during in
situ potential-dependent infra-red reflection absorption spectroscopy (IRRAS) of
a polycrystalline Au electrode.®* From these comparisons, bands within the CN3
and CN1 regions are unlikely to be assignable to CN,4  at different Au sites.
Although we note that our Au electrode is nanostructured (Fig. 1c and S20), on
similar Au films, only a single band at ~2124 cm™* (analogous to CN2) is observed
in aqueous solutions of KCN, again assigned to CN,q .*

From the calculated vibrational wavenumbers, CN3 is consistent with ordered
CN™ residing within the EDL, not adsorbed to the Au electrode surface denoted
CNgo1 . This is in agreement with a previous experimentally determined wave-
number assigned to CNg,;~ of 2080 cm ™ *.°* Other possible CN-containing species
include the organometallic complex [Au(CN),] , observed with a vibrational
wavenumber of ~2146 cm™ " and produced during in situ IRRAS measurements in
aqueous KCN-containing electrolytes at Au electrodes.®* As this lies between CN1
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and CN2, it is an unlikely assignment for the CN1 band. The calculated vibra-
tional wavenumber of CH,CN,q~ of 2185 cm ™ (Fig. 3a) is in excellent agreement
with CN1. Alternatively, under anhydrous conditions, CH;CN undergoes
electrochemical reduction to form 3-aminocrotonitrile,*® with a »(CN) wave-
number of 2180 cm ™, again in good agreement with the band observed in the
CN1 spectral region. Definitive assignment based on a single »(CN) band is
challenging; however, we conclude that several reduction products of CH;CN
have vibrations which lie within the CN1 region. The VSFG spectra obtained
before the application of potential in each of the three solvent mixtures are shown
in Fig. S8 and S9. In all cases, both CN1 and CN2 bands are observed. Potentially,
these species (e.g. CN~ or 3-aminocrotonitrile) could be present within the solvent
as minor contaminants. In previous spectroelectrochemical studies of the CH;CN
structure at Pt electrodes, CN,4" is not observed at negative potentials on single
crystal Pt,* but is observed on highly structured thin films, where it was
concluded that the morphology of the electrode surface may play a role in the
dissociation of CH;CN.*® It has also been suggested that strong plasmonic fields
generated during SERS experiments can initiate dissociation,*** deprotonation,®®
and protonation® of adsorbed species.

The vibrational wavenumbers of species at electrified interfaces often show
potential dependence. This is a result of changing field/surface charge, stability of
binding sites, and coverage with applied potential.® The intensities of all bands in
the undried and wet electrolytes are remarkably similar between +0.3 and
—0.15 V, hence we conclude the potential dependence of band wavenumber is
controlled by changing interfacial field over this potential range. Tuning rates of
adsorbed small molecules, such as CO or CN, are often used as indicators of
local field strengths,***** with the tuning rate of CN2 (CN,q ) shown in Fig. S4.
The tuning rate of CN2 in the dry solvent is obtained after a series of electro-
chemical measurements were performed as detailed in SI Fig. S18 and S19. From
these, relative field strengths obtained are ordered as follows: wet (18 cm™* V') >
dry (11 em "' V') = undried (7 em " V). Interestingly, we estimate tuning rates
of ~35 cm™ V' and ~40 cm ' V™! when supporting electrolytes containing Li*
and Na' are employed from the CN.q~ band observed in ref. 40, indicating that
the local field at the electrode surface is 2.5-3 times smaller when TBA" is used as
a supporting electrolyte.

It has been shown that for low H,O concentrations, H,O can approach the
electrode surface without significantly perturbing the CH3;CN structure;”
however, as the mole fraction of H,O exceeds ~0.2, the double-layer capacitance
reaches that of aqueous electrolytes, indicating that the EDL is composed of H,O
at the exclusion of CH3;CN.” The calculated potential-dependent adsorption
energy of a single molecule of water (Fig. 3¢, cyan trace) qualitatively supports
literature observations that water adsorption at the interface becomes energeti-
cally preferable to that of CH;CN at negative potentials.”®”> Under anhydrous
conditions, the EDL of our negatively charged electrode is expected to consist
largely of solvated TBA" and free CH;CN. In the solution phase, the dynamics of
CH;CN molecules are highly correlated, interacting with one another via
hydrogen bonds, dipole-dipole interactions, and dispersive interactions, forming
antiparallel dimers.” Gunasekaran and Cuesta assigned bands observed in their
SEIRAS spectra of CH3;CN under potential control at an Au electrode to this
species.* As the CH;CN antiparallel dimer is centrosymmetric, it would likely not
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be observed in our VSFG spectra unless the structure was significantly perturbed
or constrained at the charged interface. In the dry electrolyte, both AN1 and AN2
are barely perceptible. Increasing the H,O concentration to 2100 ppm, AN2
becomes apparent, and when further increased to 24 000 ppm, both AN1 and AN2
are clearly observed. Consistent with these observations, microstructures of
CH;CN have been shown to be disrupted by H,0.”* We hypothesise that at
moderate H,O concentrations (2100 ppm), hydrogen bonding between H,O and
CH;CN disrupts formation of CH;CN antiparallel microstructures. This increases
the net ordering of CH;CN at the interface, resulting in an increased AN2 VSFG
signal. It has been demonstrated that the addition of (<5%) H,O to CH;CN creates
a thinner, more compact layer of CH;CN on single-crystal Pt electrodes.” This is
in line with the CN,q~ tuning rates obtained in the three electrolytes. We
hypothesise that as the H,O concentration is increased to 24 000 ppm, the di-
srupted CH;CN structure, combined with the increased magnitude of Epc, results
in increased ordering of CH;CN further from the electrode surface, giving rise to
the greater AN1 VSFG signal. It follows that the H,O-dependent interfacial
structure also stabilises transient interfacial structures differently, resulting in
the differing (potential-dependent) intensities of the CN1-3 bands in the VSFG
spectra of Fig. 2.

3.2. Effect of NMP on interfacial CH;CN structure

We turn to investigating the effect of the addition of a non-aqueous co-solvent to
the interfacial structure. When adding 10% by volume of (dried) NMP to the (dry)
electrolyte solution, we obtain the VSFG spectra shown in Fig. 4a. Residual non-
resonant signal is observed at a MIR-NIR delay of 800 fs, and we see no clear
CH;CN bands (AN1/2) above the noise level in these spectra between +0.3 and
0.0 V, although tentatively, bands at ~2225 and ~2250 cm™ " may be discerned at
negative potentials. No clear resonant signal was observed at an 800 fs MIR-NIR
delay in the »(CO) spectral region (Fig. S12a and S13a). To investigate if
potential-dependent changes are occurring that may be hard to observe using the
MIR-NIR time-delayed experiment, we have plotted the potential-dependent
ratios of the VSFG spectra at a MIR-NIR delay of 0 fs, shown in Fig. 4b and c
for the 2000-2300 cm ™" and 1550-1850 cm ™ ' regions, respectively. Interpretation
of the resonant response in these spectra is complicated as it interferes with the
non-resonant response.”® No clear vibrational bands are observed for AN1/2 but
CN.q (CN2) is observed in Fig. 4b. In the »(CO) region, a positive-going band at
~1670 cm ™ is observed, increasing in intensity between 0 and —0.45 V (Fig. 4c).
This is remarkably similar in wavenumber to the »(CO) mode of NMP of
~1685 cm™"', observed in the FTIR spectra of the NMP-containing solutions
(Fig. S14), hence we assign the VSFG band to this vibration. We are unable to
suggest whether the »(CO) band will appear as a positive or negative feature in the
difference spectrum owing to the unknown phases of the contributions to the
VSFG signal. The maximum in capacitance of CH3;CN:NMP (9: 1) TBAPF, elec-
trolyte at a polycrystalline Au electrode was reported to occur between ~—0.25 and
—0.5 V,*" in excellent agreement with the maximum intensity of the »(CO) band of
Fig. 4c, and is consistent with NMP accumulating at the Au surface between 0 and
—0.45 V. At OCP, the adsorption energy of NMP is approximately twice that of
CH;CN (Fig. 3c), indicating that NMP is likely to be adsorbed at this potential.
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Fig. 4 VSFG spectra for 0.1 M TBAPFg and 10% NMP acetonitrile: (a—c) dry and (d—e) wet,
from data recorded during chronoamperometric measurements going from +0.3 V to
—0.6 Vvs. Ag wire in 0.15 V steps (a—e) or 0.3 V steps (f). Signals in (a) and (d) were taken
with an 800 fs delay of the NIR pulse. Signals in (b—f) are obtained from dividing the spectra
obtained with a O fs MIR-NIR delay at each potential by the spectrum obtained with a O fs
MIR-NIR delay at +0.3 V vs. Ag wire, lysea/Ivsraio.3v)- Traces have been offset for clarity.
Several spectral regions have been highlighted in parts (a), (b), (d) and (e), denoted as AN,
CN1, CN2 and CN3 to facilitate discussion. Asterisks have been added to part (f) to
highlight spectral features which are attributable to atmospheric water absorption.

With increasingly negative potential, the adsorption energies of both CH;CN and
NMP decrease; however, NMP is predicted to be more strongly bound at the most
negative potential studied in the VSFG experiments.

We also consider the possibility of potential-dependent reorientation of
adsorbed NMP. For NMP, we calculate that the torque exerted on the molecular
dipole moment by the increasing electrode field is countered by the larger
dispersive contribution to the energy. Removing this contribution results in a net
energy penalty to adsorption of NMP at a negative potential (Fig. 3c, dashed
traces). In determining the orientation and adsorption energy of NMP in our
model system, we are limited by the accuracy of our treatment of the dispersive
interactions; however, our calculations suggest the NMP orientation shows little
potential dependence - refer to Note 1.6 of the SI for further discussion.

Finally, we investigate the wet CH3;CN:NMP electrolyte (25000 ppm H,O)
(Fig. 4d-f). In the 800 fs delay spectra, AN1 is clearly observed at +0.3 V and
decreases in intensity with increasingly negative potential as the CN,4~ (CN2) and
AN2 bands increase (Fig. 4d). The clear observance of the AN1/2 bands in the 800
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fs delay spectra in the wet CH3;CN:NMP electrolyte (Fig. 4d) is in stark contrast to
the spectra obtained in the dry CH;CN:NMP electrolyte (Fig. 4a). Spectral changes
are also seen in the AN and CN1/2 regions in the 0 fs ratio spectra (Fig. 4e);
however, these spectra are difficult to interpret owing to the interference of the
resonant and non-resonant contributions to the VSFG signal, which are simpli-
fied in the 800 fs delay spectra.*® Despite this, the clear changes observed in the
AN spectral region in the 0 fs ratio spectra of the wet CH;CN:NMP electrolyte
(Fig. 4e) are notably absent in the dry CH;CN:NMP electrolyte (Fig. 4b). No clear
»(CO) band at ~1670 cm ™' is observed, even when the 0 fs ratio spectra are
calculated (Fig. 4f). We attribute the broad baseline changes seen in Fig. 4f to the
potential-dependent change in non-resonant VSFG signal, while the negative-
going sharp features (denoted by asterisks) are determined to be artefacts intro-
duced to the VSFG spectra as a result of absorption of MIR light by residual
atmospheric water in the beam path (see Fig. S7). The broad positive-going band
between ~1570 and 1620 cm ™', which increases in intensity with increasingly
negative potential, is tentatively assigned to the bending mode of H,O present at
the electrode/electrolyte interface. The wavenumber of this mode is dependent on
local pH, electrode potential and local solvation structure,”® making definitive
assignment challenging; however, this assignment is consistent with the
increased H,O content of this electrolyte. We conclude that the presence of H,O
disrupts the interfacial NMP structure while increasing CH;CN ordering, the
latter likely to be a result of the same effects described above for the wet CH;CN
electrolyte. A clear negative-going band is observed at ~2235 cm ™, destructively
interfering with the residual non-resonant signal in the 800 fs delay spectra
(Fig. 4d). The signs of second-order non-linear optical processes are dependent on
orientation, although in homodyne VSFG experiments we cannot determine

Drled CH,CN Undried CH,CN

é % VON ¢ 2250 cm”’

P 4 2 N, 2245 cme

----------- 1 *not observed in this work

I
I 3 '
3. &.‘ | VCOpup: 1670 cm”

VCN 4\ 235

Dried CH,CN, NMP

Fig.5 Schematic representation of the likely orientations of interfacial CHsCN and NMP at
—0.3 V, graphical elements made with VMD and Blender using BlendMol.””7¢ The H,O
orientation is not observed in this work and is represented as the delocalised blue
background.
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absolute orientation. As CH3CN species giving rise to the AN1 are not likely to be
directly interacting with the Au surface, their orientation is controlled by align-
ment with Epg, that is, -CN pointing away from the negatively charged Au surface.
It follows that the »(CN) mode of CH;CN at 2235 cm ™" has the opposite orien-
tation (i.e., -CN pointing towards the Au surface). This is not clearly observed in
the results of section 3.1. Owing to these comparisons, we conclude that, although
not observed directly, NMP resides within the interfacial layer, and driven by
intermolecular interactions with NMP and H,O, a different CH;CN orientation is
formed within the wet NMP electrolyte than in the absence of NMP.

From the results of our combined VSFG and computational study, we
summarize the interfacial orientations of CH;CN and NMP at —0.3 V in Fig. 5.

4. Conclusions

We have shown that the structure of CH;CN can be studied with VSFG spec-
troscopy in a “backside” geometry of a thin-film Au electrode. From the results of
ab initio molecular dynamics, we suggest that CH;CN molecules directly inter-
acting with the Au electrode have broad vibrational signatures which are
redshifted compared to the narrow signatures of the »(CN) vibration in the bulk.
From our computational results, we have been able to rationalise which species
are likely to be present at the interface, and their likely potential-dependent
orientations. With the inclusion of a moderate concentration of H,O (2100
ppm), spectral signatures of CH3CN interacting with the Au surface become
increasingly apparent. As the H,O content is increased further (24 000 ppm), an
increase in spectral signatures of CH;CN close to, but not directly interacting
with, the electrode surface is observed in the VSFG spectra. We conclude that the
interfacial CH3CN structure changes with H,O content via two mechanisms: (i)
formation of a more compact EDL, increasing the field to which the interfacial
species are exposed, and (ii) an increase in the H-bond network between H,0 and
CH;CN disrupting the CH;CN microstructure. We observed differing intensities
of species assigned to dissociation products of CH;CN at the surface, dependent
on both potential and H,O content, which are likely stabilised to differing extents
by these mechanisms. With the addition of NMP to the dry electrolyte, we
observed NMP at the negatively charged electrode surface, disrupting the CH;CN
structure. The addition of NMP to the wet electrolyte (25 000 ppm H,O) results in
the absence of any VSFG signature of NMP, but leads to an ordered CH;CN
interfacial layer that differs from the interfacial structure formed in the absence
of NMP.
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