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In-Situ Observation of Potential-Dependent Structure of 
Electrolyte/Electrode Interface by Heterodyne-Detected 
Vibrational Sum Frequency Generation
Atsushi Sayama, a,b Satoshi Nihonyanagi, *a,c Yasuhiro Ohshimab and Tahei Tahara *a,b,c

Elucidating the structure of electrolyte/electrode interfaces is of essential importance not only for understanding of the 
fundamental process of electrochemistry but also for developing next-generation rechargeable batteries. In this study, we 
applied HD-VSFG spectroscopy to study a prototypical non-aqueous electrochemical interface of a platinum electrode in 0.1 
M LiCF3SO3 acetonitrile (CH3CN) solution, and measured Im(2) spectra by changing the applied potential in the range of 0.8 
V to 2.0 V.  In the positive potential region, the positive bands assignable to acetonitrile appear in the CH3 and CN stretch 
regions, and their positive signs indicate the CH3-down orientation of acetonitrile at the interface. We also observed SO3

 
stretch band of the anion of electrolyte and found that the potential dependence of its intensity is similar to those of the 
CH3 and CN bands of acetonitrile. These observations indicate that the CF3SO3

 anion is adsorbed at the platinum surface in 
the positive potentials, which induces CH3-down orientation of acetonitrile at the interface. The present study demonstrates 
the advantage of HD-VSFG spectroscopy for studying electrochemical systems, and it opens a new way to investigate the 
electrolyte/electrode interfaces at the molecular level. 

1. Introduction
Molecular-level elucidation of structure and electrochemical 
reactions at electrolyte/electrode interfaces is of essential 
importance not only for understanding of the fundamental 
processes in electrochemistry but also for industrial 
applications such as development of next-generation 
rechargeable batteries1-3. For achieving this goal, huge efforts 
have been made using various techniques such as X-ray 
scattering4-6, IR7-10, and Raman11-14 spectroscopy. Despite its 
importance and efforts, however, the structure and 
electrochemical reactions at the electrolyte/electrode 
interfaces have not been well understood at the molecular level 
because of the complexity of the electrochemical interfaces. 
Therefore, further development of advanced in-situ 
characterization methods is necessary for obtaining molecular-
level knowledge about the electrolyte/electrode interfaces.     

Vibrational sum frequency generation (VSFG) is one of the 
second-order nonlinear optical processes which are intrinsically 
interface-selective.15-17 In the VSFG process, two laser pulses having 

visible (vis) and infrared (IR) frequencies are irradiated onto a 
sample, and sum frequency (SF) light SF = vis + IR is generated in a 
region where inversion symmetry is broken. While most of bulk 
phases have inversion symmetry, the interface regions do not. 
Therefore, VSFG can selectively detect the response of the interfacial 
molecules. Furthermore, when IR matches with a vibrational 
transition of the interfacial molecules, the SF signal is resonantly 
enhanced. Thus, VSFG can provide vibrational spectra of only 
molecules at the interface, and hence it has been widely utilized for 
studying various interfaces.16, 18-21

In spite of its unique interface selectivity, conventional VSFG 
spectroscopy has a crucial problem: Because conventional VSFG 
detects the intensity of the SF signal with homodyne detection, it can 
only provide the spectra that correspond to the absolute square of 
the second-order nonlinear susceptibility, |(2)|2. In such |(2)|2 
spectra, the interference between resonant and non-resonant 
signals and/or that between different vibrational resonances distort 
spectral features, and the sign of (2) is lost. These drawbacks of 
conventional VSFG spectroscopy has generated numbers of 
controversies about the interpretation of the VSFG spectra.22, 23

In the last decade, an advanced VSFG spectroscopy, i.e., 
heterodyne-detected VSFG (HD-VSFG), has been developed.  
This new method has been applied to various interfaces such as 
air/water, air/ice and silica/water interfaces, and provided new 
insights into the structure and dynamics at the interfaces.24-31 In 
HD-VSFG spectroscopy, (2) itself is directly determined by 
analyzing the interference between the SF signal and local 
oscillator (LO). Therefore, the experimentally obtained spectra 
are free from the spectral distortion and hence can be 
interpreted straightforwardly in the same way as we interpret 
IR absorption and/or Raman spectra. Moreover, the up/down 
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orientation of interfacial molecules is experimentally 
determined from the sign of the imaginary part of (2). This is a 
unique advantage of HD-VSFG spectroscopy over any other 
interface spectroscopies.　

 Electrochemical interfaces are the core of electrochemistry, 
and they have been one of the most important subjects of VSFG 
spectroscopy for many years.32-42 However, most of previous 
electrochemical VSFG studies were carried out by conventional VSFG 
with homodyne detection because it is difficult to determine the 
phase and amplitude of the SF signal at buried interfaces, particularly 
under an electrochemical environment. In other words, it is difficult 
to measure a reference spectrum for calibration under the same 
condition as the sample measurement because of the presence of 
the electrolyte solution and the optical window. Actually, Zanni and 
coworkers applied HD-VSFG spectroscopy to a CO-adsorbed 
electrode interface,43 but they did not discuss the sign of (2) at 
the electrolyte/electrode interface because of the lack of the 
phase reference. To overcome this problem, we developed the 
in-situ reference method very recently, which has enabled us to 
determine the phase and amplitude the (2) spectrum at 
electrolyte/electrode interfaces.44

In the present study, by using this in-situ reference method, 
we apply HD-VSFG spectroscopy to a prototypical non-aqueous 
electrochemical interface, i.e., the interface between a 
platinum electrode and 0.1 M LiCF3SO3 acetonitrile (CH3CN) 
solution. Surprisingly, our HD-VSFG experiments clearly indicate 
that the CH3 group of acetonitrile points toward the platinum 
electrode at positive electrode potentials, which is counter-
intuitive and is opposite to the orientation proposed by a 
previous conventional VSFG study.33 Supported by additional 
data obtained with conventional VSFG experiments, we 
conclude that this orientation of acetonitrile molecules is 
induced by the anion adsorbed on the electrode surface at the 
positive potentials. This is the first experimental observation of 
the potential-dependent up/down orientation of molecules at 
the electrolyte/electrode interface, which is essential for 
obtaining the molecular-level picture of the electrochemical 
interfaces.

2. Experimental
The optical setup of HD-VSFG measurement (Fig. 1a) has been 
described in detail elsewhere.24, 25 Briefly, near-infrared laser 
pulse (center wavelength: 796 nm) is generated by Ti:Sapphire 
regenerative amplifier (Solstice, Spectra Physics, pulse energy: 
~3 mJ, repetition rate: 1 kHz, pulse width: 100 fs). The 2/3 of the 
796-nm output pulse was introduced into an optical parametric 
amplifier equipped with a difference frequency generation unit 
(TOPAS-prime, Spectra Physics) for generating tunable broad 
band IR pulses (1000 - 4000 cm-1) which were used as IR. The 
other 1/3 of the output was narrowed (~5 cm-1) by a 4f grating 
filter consisting of a holographic grating (1800 g/mm), 
mechanical slit and cylindrical lens (f = 300 mm), and 

Fig. 1 Schematic of the experimental setup. (a) The optical setup. BS: 
Beam Splitter, SPF: Short Pass Filter. (b) Spectro-electrochemical cell 
developed for HD-VSFG measurements.

was used as vis. The vis and IR pulses were focused onto a 
thin plate of y-cut quartz (10 m thick), which generates a local 
oscillator, LO. The LO passes through a 3 mm thick silica plate 
which delays the LO by T (~5 ps) compared to vis and IR. The 
vis, IR and delayed LO pulses were focused onto the 
electrolyte/electrode interface with incident angle of ca. 30°, 
27° and 29°, respectively. The generated SF light from the 
electrode and the reflected LO were introduced to a 
polychromator (Andor Tech., SR303i-A) and detected by a CCD 
(Andor Tech., Newton DU970P). All measurements were 
performed with PPP combination (P-polarized SFG, P-polarized 
vis, P-polarized IR).

In order to obtain a reference spectrum relevant to the 
electrolyte/electrode interface, we used a metal electrode 
hybridized with the reference material: a thin film platinum 
electrode deposited on a half of z-cut quartz substrate (10×10×3 
mm).44 In this case, the sample electrode and reference quartz 
are located underneath a common optical window and 
electrolyte solution, and the sample and reference spectra can 
be measured simply by horizontally moving the cell using a 
motored stage. This makes it possible to keep the optical path 
lengths of the input pulses and SF light the same for the sample 
and reference measurements, allowing reliable calibration for 
the phase and amplitude. (The thickness of the metal electrode 

Page 2 of 10Physical Chemistry Chemical Physics



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

is ca. 100 nm so that the corresponding difference in the optical 
path length due to the thickness of the metal electrode does not 
practically affect the phase calibration.44) The loss of the input 
IR light due to the absorption by the solution phase is also the 
same in the sample and reference measurements and hence it 
is canceled out with the amplitude normalization. Thus, the 
proper Im(2) spectra of the electrolyte/electrode interface are 
obtainable by normalizing the complex fringe spectrum of the 
acetonitrile/platinum interface by that of the 
acetonitrile/quartz reference interface. 

The HD-VSFG measurement was performed with a home-
made spectro-electrochemical cell whose body is made of 
polypropylene (Figure 1b). In this cell, the sample substrate was 
pushed against a CaF2 optical window to make the electrolyte 
solution layer very thin. The typical thickness of the electrolyte 
solution layer between the CaF2 window and the sample 
substrate was estimated to be ~8 m (See SI). About half of the 
top surface of the z-cut quartz substrate was covered by 
polycrystalline platinum which was deposited by an electron 
beam evaporator. This part was used as the working electrode. 
A platinum wire and a silver wire (Ag/Ag+) were used as the 
counter electrode and the reference electrode, respectively. 
The potential of Ag/Ag+ was calibrated by the redox potential of 
ferrocene/ferrocene+. The potential of the Ag/Ag+ reference 
electrode was around +0.26 V with respect to the saturated 
calomel electrode (SCE). In this study, the electrode potential 
was quoted against the Ag/Ag+ reference. The cyclic 
voltammetry was performed with a function generator (NF 
Corporation, WF1943A) and a potentiostat (HOKUTO DENKO, 
HA-151). 

The sample substrate was immersed in concentrated 
sulfuric acid overnight and rinsed with copious amount of water. 
Then it was gently annealed near gas/O2 flame before in-situ 
electrochemical HD-VSFG measurements. After the flame 
annealing, the sample substrate was put into acetonitrile 
solution immediately to prevent surface contamination. The 
acetonitrile (Sigma-Aldrich, anhydrous grade) was used as a 
solvent and LiCF3SO3 (Kishida Chemical Co., lithium battery 
grade) was used as an electrolyte without further purification. 
All reagents were kept in a glove box filled in Ar gas till the HD-
VSFG experiments. 

All the vibrational bands in the VSFG spectra obtained in 
the present study are attributable to the molecules at the very 
vicinity of the electrode interface, and the contribution from 
other sample regions such as the oriented molecules in the 
diffuse electric double layer (so called (3) effect)27 and the 
CaF2/electrolyte interface are considered negligible (See SI for 
detailed discussions). 

3. Results and Discussion
3-1. Cyclic voltammetry

Two cycles of cyclic voltammetry were carried out between -0.8 V 
and 2.0 V at a scan rate of 10 mV/s prior to the spectroscopic 
measurements. Figure 2 shows the cyclic voltammogram of 0.1 M 
LiCF3SO3 acetonitrile solution. The current density (i.e., the vertical 

axis) in this figure was calculated using the surface area of the 
platinum electrode which was obtained from the flowed charge of 
hydrogen desorption in sulfuric acid aqueous solution. The very low 
current density indicates that no electrochemical reaction happens 
in this potential region, and only an electric double layer is charged. 
The slight tilt of the voltammogram suggests that the resistance of 
the thin-solution layer is high in the present electrochemical cell. To 
minimize the effect of this high resistance, we waited for 6 minutes 
after changing the electrode potential before the spectroscopic 
measurement to allow the system to reach the equilibrium.

Fig.2 The cyclic voltammogram of 0.1 M LiCF3SO3 acetonitrile 
solution. The scan rate was 10 mV/s.

3-2. HD-VSFG spectra in the CH stretch region

Figure 3 shows the CH stretch region of the (2) spectra of the 
acetonitrile/platinum interface with 0.1 M LiCF3SO3 electrolyte, 
which were measured with changing the electrode potential 
between -0.8 V and 2.0 V with a 0.4 V potential increment. At 
0.4 V which is close to the open circuit potential, the Im(2) 
spectrum shows a small positive (upward) band at 2940 cm-1. 
The amplitude of this band increases as the electrode potential 
becomes more positive. On the other hand, it decreases as the 
electrode potential becomes more negative and finally 
disappears almost completely at -0.8 V. The peak frequency of 
this band is close to the absorption maxima of the neat 
acetonitrile in the bulk (2944 cm-1).45 Because it is known that 
the CH stretch band exhibits a red-shift when it strongly 
interacts with the electrode surface,46 the positive band at 2940 
cm-1 is assignable to the CH3 symmetric stretch mode of the 
acetonitrile molecules that are not directly bound to the 
electrode. 

For free acetonitrile, the hyperpolarizability of the CH3 
symmetric stretch is known to be negative.47 Therefore, the 
positive CH3 symmetric band in the Im(2) spectra indicates CH3-
down orientation, i.e., the CH3 group of acetonitrile is pointing 
toward the platinum electrode. This result differs from the 
argument of a previous homodyne VSFG study by Baldelli and co-
workers.33 In their work, the orientation of acetonitrile was 
assumed to be CH3-up, considering the electrostatic interaction 
between the lone pair electron on nitrogen and the positively 
charged electrode.33 However, the heterodyne detection 
realized in the present study experimentally determined the 
sign of the Im(2) signal and revealed that this is not the case. In 
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order to confirm our conclusion, we also measured the Im(2) 
spectrum of acetonitrile at the air/neat acetonitrile interface 
(Figure S3). At the air/neat acetonitrile interface, acetonitrile is 
expected to have CH3-up orientation because the CH3 group is 
more hydrophobic compared to the CN group. The sign of the 
CH3 band in the Im(2) spectrum is indeed negative (Figure S3), 
which confirms that the negative CH3 band corresponds to the 
CH3-up orientation at the air/neat acetonitrile interface. 
Therefore, the positive CH3 band observed at the 
acetonitrile/platinum interface surely shows that acetonitrile at 
the interface takes CH3-down orientation. We will discuss later 
why acetonitrile prefers the counter-intuitive CH3-down 
orientation at the electrode interface. If the up/down 
orientation of acetonitrile changes with the electrode potential, 
the sign change of the CH3 band is expected. However, no clear 
negative band is observed in the potential range examined in 
the present study.

 Figure 3 also shows the |(2)|2 spectra (blue broken lines) 
which were calculated from the (2) spectra obtained with HD-

VSFG measurements. These |(2)|2 spectra show a peak at 

around 2950 cm-1, and the peak intensity increases as the 
potential becomes more positive. On the other hand, at the 
potentials ranging from 0.8 V to -0.4 V, a small dip appears at 
around 2930 cm-1. These features of the |(2)|2 spectra are 
qualitatively consistent with the spectra reported in a previous 
homodyne VSFG study.33 In the previous study, the strong peak 
observed at 2940 cm-1 in the positive potential region was 
assigned to the CH3 symmetric stretch of acetonitrile which is 
pointing away from the electrode (CH3-up) whereas the red-
shifted dip feature was assigned to the CH3 symmetric stretch 
of acetonitrile that directly interacts with the electrode with 
CH3-down orientation.33 However, the Im(2) spectra obtained 
in this study show no negative peak at 2930 cm-1, and therefore 
it is now clear that the dip feature in the |(2)|2 spectra is indeed 
an artifact that appears when the Re(2) approaches closely to 
zero. This demonstrates that HD-VSFG spectroscopy is critically 
important also for the study of electrochemical interfaces.

It is noteworthy that the vibrationally non-resonant 
background, (2)

NR, appears both in the Im(2) and Re(2) spectra, 

and (2)
NR in the Im(2) spectra substantially changes with the 

Fig. 3 The Im (2), Re(2) and |2)|2 spectra of the acetonitrile/platinum interface with 0.1 M LiCF3SO3 electrolyte in the CH 
stretch region. The red curve, black curve and blue broken curve are Im(2), Re(2) and |(2)|2, respectively. The electrode 
potential with respect to Ag/Ag+ is shown on top of each spectrum. The |(2)|2 spectra were calculated from the Im(2) and 
Re(2) spectra.
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change of the electrode potential. In Figure 4a, the amplitude 
of (2)

NR is plotted as a function of the potential. It is clear that 
(2)

NR in the Im(2) spectrum does not show a noticeable change 
in the negative potential region but it goes to positive in the 
positive potential region. On the other hand, (2)

NR in the Re(2) 
spectrum does not significantly vary with the potential. 
Although the value of (2)

NR differs depending on the sample, 
this trend of the potential dependence of (2)

NR is well 
reproducible.

The origin of the (2)
NR in the Im(2) spectra at the electrode 

interface is not clear at the moment. However, in general, (2)
NR 

in the Im(2) spectrum is attributed to either electronic 
resonance48 or bulk contribution.49, 50 Although the latter has 
been considered the origin of (2)

NR in the Im(2) spectrum at 
dielectric interfaces,49, 50 it is not likely the case for the metal 
electrode because the charge of the metal electrode is localized 
only at the metal surface and hence it is difficult to imagine that 
the property of bulk metal changes with the potential. As for 
the former, it is known that platinum has no inter-band 
transition in the visible range.51 Therefore, we consider that the 
(2)

NR in the Im(2) spectra is likely attributable to the intra-band 
transition induced by the IR photon. The density of states of the 
neutral platinum is known to be very large below the Fermi level 
while it is small above it.52 Therefore, it is possible that when 
the positive potential is applied, i.e., the Fermi level is lowered, 
abundant unoccupied states become available to absorb IR 
photons, which increases (2)

NR in Im(2). On the other hand, 
even if the negative potential is applied, i.e., the Fermi level gets 
higher, the density of unoccupied states does not increase and 
hence it does not increase the intra-band transition. This 
expected behavior is consistent with the observed asymmetric 
potential dependence. 

An important observation is that the phase of (2)
NR of the 

platinum electrode changes with the potential. Indeed, the 
phase of (2)

NR changes by as large as 60o, as clearly seen in Fig 
4b. To our knowledge, this is the first explicit observation of the 
phase shift of (2)

NR at the electrode interface during the 
potential scan. Such a potential-dependent phase shift of (2)

NR 
makes the fitting analysis of homodyne VSFG spectra even more 
difficult, and therefore the direct measurement of complex (2) 
with HD-VSFG is important also in this regard. 

3-3. HD-VSFG spectra in the CN stretch region

Figure 5 shows (2) and |(2)|2 spectra in the CN stretch region 
of the acetonitrile/platinum interface with 0.1 M LiCF3SO3 
electrolyte. Because　strong IR absorption of atmospheric CO2 
disturbs the spectra in the frequency region of 2300 – 2400 cm-1, 
we only show the spectra in the 2000 – 2300 cm-1 region. At the 
positive potentials, the Im(2) spectra exhibit two positive bands 
at 2245 and 2290 cm-1, which are assignable to the CN stretch 
vibration of free acetonitrile and its Fermi resonance with a 
combination band, respectively.33, 45 The amplitudes of these 
positive bands decrease as the electrode potential becomes 
more negative. The corresponding change can also be seen in 
the |(2)|2 spectra. In fact, this change of the |(2)|2  spectra has 
been reported in the previous homodyne VSFG study.33 At the 
air/acetonitrile interface, the CN stretch band of acetonitrile 
appears with the negative sign (Fig. S3).  Because the 
acetonitrile molecule is expected to have the CN-down 

orientation at the air/acetonitrile interface, the opposite 
positive sign of the CN stretch band at the acetonitrile/platinum 
interface indicates the CN-up orientation of acetonitrile 
molecules. This conclusion is consistent with the Im(2) spectra 
in the CH3 stretch region which indicates the CH3-down 
orientation. In addition to the sharp vibrational resonance 
features due to the CN stretch (split by the Fermi resonance), a 
positive offset-like signal is observed in the Im(2) spectra at the 
positive potentials, which is again consistent with the 
observation in the CH3 stretch region. Consequently, the Im(2) 
spectra in the CN region at the positive potentials accord well 
with those in the CH3 stretch region (Fig. 3) which were 
discussed in the previous section.

Fig. 4 Electrode potential dependence of (2)
NR. (a) Amplitude of (2)

NR. 
The broken lines are eye-guide. (b) Phase of 2)

NR. The phase angle 
at each potential is written in the legend. 

In the potential region more negative than 0.8 V, a very 
broad negative band appears around 2150 cm-1. Such a broad 
band in the low frequency region has been observed in several 
different spectroscopic measurements, including subtractively 
normalized interfacial IR spectroscopy53 and surface enhanced 
Raman spectroscopy14. Initially, this band was assigned to the 
CN stretch of acetonitrile that is directly attached on the 
platinum surface,53, 54 but later many groups re-assigned this 
band to the stretch vibration of the adsorbed CN which is 
produced by the catalytic decomposition at the platinum 
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surface14, 55, 56. In homodyne VSFG studies, the broad 2150 cm-1 
band has also been observed when the system contains CN 
ions in solution55 or a hot platinum electrode was immersed in 
an acetonitrile solution56. Therefore, we assign this band to the 
adsorbed CN.  We note that no CH band is observed in the 
negative potential region where this 2150 cm-1 band is observed 
(e.g. -0.8 V). This implies that the relevant chemical species has 
the CN moiety but not the CH group, being consistent with this 
assignment.

It is noteworthy that the 2150-cm-1 band was not observed in 
the previous SFG study of acetonitrile/platinum interface by Baldelli 
et al.33  Gu et al. proposed that CN is produced at a roughened 
platinum electrode at negative potentials but not at a smooth 
Pt(111) surface.14, 57 Because Baldelli et al. used a single crystal 
whereas we used evaporated thin film in this study, the lack of the 
2150 cm-1 band in the spectra reported by Baldelli et al. is highly likely 
attributable to the difference in the roughness of the platinum 
electrode used in the two experiments. 

3-4. HD-VSFG spectra without electrolyte

Intuitively,  it is considered that acetonitrile prefers the CH3-up & CN-
down orientation at the acetonitrile/platinum electrode at positive 
potentials owing to attractive electrostatic interaction between the 
lone pair electron on nitrogen and the positively charged electrode.33 
However, the present HD-VSFG experiments clearly indicate that 
acetonitrile has the opposite orientation at the interface at the 
positive potentials, i.e., the CH3-down and CN-up orientation at the 
positive potentials. In order to rationalize this counter-intuitive 
orientation of acetonitrile at the positive potentials, we consider the 
possibility that the anion is adsorbed on the electrode and that this 
anion interacts with acetonitrile at the vicinity of the interface. In 
other words, we hypothesize that CH3-down and CN-up orientation 
of acetonitrile is induced by the repulsive interaction between the 
lone pair electron on nitrogen and negative charge of anions. 

To verify the above-mentioned hypothesis, we measured Im(2) 

spectra of a pure acetonitrile/platinum interface without the 
electrolyte to examine the influence of anion to the orientation of 
acetonitrile. Fig. 6a shows the Im(2)  spectrum in the CN stretch 
region at the pure acetonitrile/platinum interface in the open circuit 

condition. While a broad negative band (due to the adsorbed CN) is 
observed at 2200 cm-1, any positive band assignable to the 
acetonitrile is hardly observed at 2245 cm-1. This observation is 

Fig. 5 The Im(2), Re(2) and |(2)|2 spectra of acetonitrile/platinum interface with 0.1 M LiCF3SO3 electrolyte in the CN 
stretch region. Red curve, black curve and blue broken curve are Im(2), Re(2) and |(2)|2, respectively. The electrode 
potential with respect to Ag/Ag+ is shown on top of each spectrum. The |(2)|2 spectra were calculated from the Im(2) and  
Re(2) spectra.
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consistent with the Im(2)  spectrum in the CH stretch region shown 
in Fig. 6b, which does not exhibit any clear peak at 2940 cm-1 due to 
the CH3 stretch of acetonitrile. These results indicate that free 
acetonitrile at the pure acetonitrile/platinum interface without ions 
is not preferentially oriented either CH3-up or CH3-down, suggesting 
an essential role of the anion to induce CH3-down orientation of 
acetonitrile observed with the electrolyte. 

Fig. 6 The (2) spectrum of pure acetonitrile/platinum interface 
in (a) the CN stretch region and (b) the CH stretch region. Red 
solid, black solid, and blue broken curves correspond to Im(2), 
Re(2), and |(2)|2, respectively. The |(2)|2 spectra were 
calculated from the Im(2) and Re(2) spectra. The electrode 
potential is not under control without the electrolyte.

3-5. VSFG spectra of CF3SO3
 anion

In order to directly prove the existence of the anion on the electrode 
and clarify its potential-dependent adsorption, we measured VSFG 
spectra in the 950 – 1200 cm-1 region where the vibration of 
CF3SO3

 anion appears. We performed experiments with 
conventional homodyne VSFG measurements, not by HD-VSFG, 
because quartz cannot be used as the reference in this low 
frequency region due to the vibrational resonances of quartz 
itself. Nevertheless, the VSFG spectra obtained with homodyne 
detection are normalized by an air/gold spectrum to correct the 
effect of the intensity distribution of the IR spectra. Although 
this normalization does not take account of the absorption of 
the CF3SO3

 anion, the effect is not large in the present 
experiment, as described in SI (Figure S4). 

Fig. 7 shows the obtained |(2)|2 spectra at the 
acetonitrile/platinum interface with 0.1 M LiCF3SO3 electrolyte. 
Black broken curves are the fitted curves obtained with the 
square of Lorentz function described in SI. At the potentials 
more positive than 0.4 V, a clear band is observed at 1040 cm-1, 
and its intensity increases as the electrode potential becomes 
more positive. Based on the frequency, this band is assignable 
to the SO3

 symmetric stretch mode of the CF3SO3
 anion.58-60 

The appearance of this 1040 cm-1 band directly proves the 
adsorption of the CF3SO3

 anion on the electrode at positive 
potentials. The spectra also indicate that the anion desorbs 
from the electrode at the negative potentials. Qualitatively, the 
potential dependence of the intensity of the SO3

 symmetric 
band appears similar to that of the CH3 symmetric and CN 
stretch bands of acetonitrile (Figs. 3 and 5). We note that 
CF3SO3

 anion is expected to also show the CF3 anti-symmetric 
stretch band at around 1160 cm-1 58-60 but it is not recognized in 
the |(2)|2 spectra measured. It is probably due to the weak 

Raman activity of this vibration (Fig. S5). Therefore, we focus on 
the 1040 cm-1 band in the following discussion about the 
structure of the acetonitrile/platinum interface with 0.1 M 
LiCF3SO3 electrolyte.

Fig. 7 VSFG intensity spectra of acetonitrile/platinum with 0.1 M 
LiCF3SO3 in the anion band frequency region. The sample 
spectra are normalized by an air/gold spectrum. Black broken 
curves are fitted curve obtained by the square of Lorentz 
function. 0.02 offsets are added for the comparison of spectra. 
The potential is quoted against Ag/Ag+.

3-6. Structure of the acetonitrile/platinum interface

By gathering information obtained in the present study, we can 
now discuss the structure of the acetonitrile/platinum interface 
with 0.1 M LiCF3SO3 electrolyte.  Figure 8 compares the 
amplitudes of the CH3 symmetric stretch, CN stretch (at 2245 
cm-1), CN stretch and SO3

 symmetric stretch bands observed 
at different electrode potentials, which were obtained by the 
fitting analysis. (Details of the fitting analysis are described in 
SI.) As clearly seen, the amplitude of the CH3, SO3

, and CN 
bands increase as the electrode potential becomes more 
positive, in a manner similar to each other. This indicates that 
the amplitude of the vibrational bands of acetonitrile and the 
anion are strongly correlated. In contrast, the potential 
dependence of the broad negative CN band is clearly different 
from those of other bands, confirming that this band arises from 
a species different from free acetonitrile.　Furthermore, the 
signal due to CN decreases in accordance with the increase of 
the signals due to the CF3SO3

 anion and acetonitrile, implying 
that the interface structure changes with the change of the 
potential applied to the platinum electrode.

Based on the above potential dependence of different 
interfacial species, we propose the structure at the 
acetonitrile/platinum interface with LiCF3SO3 electrolyte as 
illustrated in Fig. 9. At the negative potential, the interface does 
not have any distinct structure except that a small amount of 
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acetonitrile is decomposed to the CN anion on defect sites of 
the electrode and is adsorbed on the electrode.14 The 
acetonitrile molecules in the vicinity of the electrode exhibit no 
preferential orientation. On the other hand, at the positive 
potentials, the platinum electrode surface is covered by the 
CF3SO3

 anions, repelling the CN anion. The adsorbed CF3SO3
 

anions interact with acetonitrile molecules and make them 
oriented with their CH3 group pointing toward the anions on the 
electrode. Consequently, acetonitrile has net CH3-down and CN-
up orientation in the vicinity of the platinum electrode. It is not 
clear why the acetonitrile does not show any net orientation at 
the interface at the negative potentials at the moment. One 
possibility is that because the charge of the electrode surface is 
well-delocalized and uniformly distributed, the charge density 
may not be high enough to induce a particular orientation of 
acetonitrile with a detectable magnitude. It might also be 
possible that the solvated cation in the vicinity of the electrode 
disturbs solvent orientation at the negative potentials.

Lastly, we mention the importance of complementary 
theoretical study to obtain a complete molecular-level picture 
of the electrolyte/electrode interface. For the air/water 
interfaces, in fact, it has been shown that combination of HD-
VSFG spectroscopy and MD-simulation is indispensable for 
elucidating the interface structure. 61, 62 For the 
acetonitrile/platinum interface investigated in this study, for 
example, the orientation of CN cannot be determined only 
from the experimental Im(2) because the hyperpolarizability of 
cyanide is not known. DFT calculation of the system including 
the transition metal electrode is required for obtaining reliable 
hyperpolarizability of CN for discussing the orientation of the 
adsorbed CN.

 
Fig. 8 Electrode potential dependence of the amplitudes of the 
CH3 stretch (red circle), the CN stretch (green triangle) bands of 
free acetonitrile, the CN (purple diamond) and SO3

 (blue 
square) bands in the spectra of acetonitrile/platinum interface 
with 0.1 M LiCF3SO3 electrolyte. The data points are averages of 
two negative-going scans from 2.0 V to -0.8V. The error bars 
indicate the variations between the two experiments at each 
potential.

 

Fig. 9 Schematics of the structure of the acetonitrile/platinum 
interface with LiCF3SO3 electrolyte. 

Conclusions
We realized HD-VSFG measurements at an 
electrolyte/electrode interface by employing the in-situ 
reference method, and succeeded in the observation of the 
potential-dependent orientation of the interfacial molecule for 
the first time. Electrochemical HD-VSFG measurements at the 
acetonitrile/platinum interface with 0.1 M LiCF3SO3 electrolyte 
revealed that the acetonitrile is pointing their CH3 group toward 
the positively charged electrode. Because the signal intensity 
due to this oriented acetonitrile is well correlated with that of 
the CF3SO3

 anion adsorbed at the interface, we propose that 
this CH3-down orientation of the interfacial acetonitrile is 
induced by the anion adsorption on the electrode surface. The 
present study suggests that the essential role of the anion 
adsorption for determining the property of solvent molecules at 
the electrode interface. This work demonstrates that HD-VSFG 
spectroscopy is a very powerful method also for elucidating the 
structure at electrolyte/electrode interfaces at the molecular 
level.
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