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1. Estimation of the thickness of the solution layer
The thickness of the solution layer is estimated from the IR absorption of the CN stretch 

vibration of acetonitrile, which is observed in the un-normalized raw homodyne-detected VSFG 
spectrum of the acetonitrile/quartz interface, with the Lambert-Beer equation,

    ,                                                              (S1)𝐴 =  𝜀𝐶𝑙

where, A, , C, l are the absorbance, molar extinction coefficient, concentration of chemical 
species and optical path length, respectively.  The actual procedure of the estimation is as follows.

The absorption of acetonitrile was evaluated from the spectrum of the acetonitrile/quartz 
interface which was used as the reference spectrum. Figure S1 shows the un-normalized raw 
homodyne VSFG spectrum of the acetonitrile/quartz interface (red). The VSFG spectrum was fit 
to a Gaussian function (black), assuming a Gaussian spectral distribution of the input IR light. As 
clearly seen in this figure, a dip is recognized at 2250 cm-1, which is due to the absorption of the 
CN stretch of acetonitrile in the solution layer. The transmittance was calculated to be 0.877 by 
dividing the observed signal intensity (red) with the fitted value (black) at 2250 cm-1, and this 
evaluated transmittance was converted to absorbance,
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  .                                             (S2)𝐴 =  ‒ log10 0.877 = 0.0569

The molar extinction coefficient () is calculated from the reported absorption cross section 
(15×10-21 cm2, 1 of acetonitrile at 2250 cm-1 as,

𝜀 =  log10 𝑒 ∙ 𝜎 ∙ 𝑁𝐴 = 0.434 × 15 × 10 ‒ 21 × 6.022 × 1023

    ,              (S3)
= 3.922 × 103 [

𝑐𝑚2

𝑚𝑜𝑙
] = 3.922 × 10 ‒ 1 [

𝑚2

𝑚𝑜𝑙
]

where NA is Avogadro constant. The molar concentration of acetonitrile is calculated as,

𝐶 =  
𝑑 [𝑔 𝑚 ‒ 3]

𝑀 [𝑔 𝑚𝑜𝑙 ‒ 1]
=  0.786 [ 𝑔

𝑚𝐿] × 106 [𝑚𝐿

𝑚3] ×
1

41.05
 [𝑚𝑜𝑙

𝑔 ]
 .                      (S4)

= 19150 [
𝑚𝑜𝑙

𝑚3
]

Here, d and M are the density and molecular weight, respectively, and the values were taken from 
the safety data sheet (SDS) provided by Sigma-Aldrich.

Then, the optical path length was calculated using the obtained A,  and C as,

.                     (S5)
𝑙 =  

𝐴
𝜀𝐶

=
0.0569

3.922 × 10 ‒ 1 × 19150
= 7.58 × 10 ‒ 6 [𝑚] ≒ 7.6 [𝜇𝑚] 

Consequently, the thickness of the solution layer was estimated to be ~8 m, as described in the 
main text.

Fig. S1 Un-normalized raw homodyne-detected VSFG spectrum of the acetonitrile/quartz 
interface. The red curve shows the experimental data whereas the black curve is the fitting curve 
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using a Gaussian function. A dip due to the absorption of acetonitrile in the solution layer is 
clearly recognized at 2250 cm-1 (marked by the red arrow).  

2. Contribution of the (3) effect
At the charged interfaces, molecules not only at the topmost layer but also in the diffuse 

electric double layer (EDL) can be oriented by the electric field and may contribute to the (2) 
spectra. This contribution of the oriented molecules in the EDL is often called the (3) effect.  In 
order to show that the (3) effect is negligible in the spectra shown in this paper, we estimate the 
thickness of diffuse EDL as follows. 

The potential profile is obtained as a function of distance from the interface (x) by solving 
Poisson equation,2 and the result is given by the following equation:

  ,
𝜙 =

2𝑘𝐵𝑇

𝑧𝑒
ln {

1 + 𝑔𝑒𝑥𝑝( ‒ 𝜅𝑥)
1 ‒ 𝑔𝑒𝑥𝑝( ‒ 𝜅𝑥)

}

  ,

𝑔 =

exp (𝑧𝑒𝜙0

2𝑘𝐵𝑇) ‒ 1

exp (𝑧𝑒𝜙0

2𝑘𝐵𝑇) + 1

  ,                                                     (S6)
𝜅 = (

2𝑒2𝑁𝐴𝑐𝑧2

𝜀𝑟𝜀0𝑘𝐵𝑇
)1/2

where, r, 0, kB, T, e, c, z, and 0 are  the relative dielectric constant, vacuum dielectric constant 
(= 8.854×10-12 C2 J-1 m-1), Boltzmann constant (=1.381×10-23 J K-1), temperature (300 K), 
elementary charge (=1.602 ×10-19 C), concentration of electrolyte (in mol m-3), valence of ion and 
potential applied to the electrode (potential at x=0), respectively. Using the relative dielectric 
constant of acetonitrile (38.8 3),  is calculated as follows:

𝜅 = (
2 × (1.602 × 10 ‒ 19)2 × 6.022 × 1023 × 0.1 × 1000 × 12

38.8 × 8.854 × 10 ‒ 12 × 1.381 × 10 ‒ 23 × 300
)1/2

  .                                                   (S7)= 1.474 × 109 [𝑚 ‒ 1]

The potential profile for 0 = 0.2 V, 0.6 V and 2.0 V are calculated and shown in Fig. S2. As seen 
in Fig. S2, the potentials drop precipitously at the very vicinity of the electrode (x<< 1 nm), in 
particular when a large potential is applied. This means that the strong electric field exists only at 
the very vicinity of the electrode and that the electric field in the diffuse EDL (Gouy-Chapman 
layer) is small in the present electrochemical condition. Thus, it is considered that the 
contribution of the molecules in the diffuse EDL in the (2) spectra (the (3) effect) is negligible, 
and the observed vibrational bands are attributable to the molecules at the very vicinity of the 
electrode interface. 
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Fig. S2 Potential profile for the 0.1 M acetonitrile solution with various applied potentials.

3. Contribution of the CaF2/acetonitrile solution interface
In principle, it is possible that the CaF2 window/electrolyte solution interface in our spectro-

electrochemical cell contributes to the SFG signal. However, because the electrode potential is 
applied only at the electrolyte/electrode interface, any signals that are dependent on the applied 
potential are safely attributable to the electrode interface. In the present study, all the observed 
vibrational bands vary depending on the potential and completely disappear at certain potentials. 
This potential dependence assures that these bands originate from the electrolyte/electrode 
interface, not from the CaF2/electrolyte interface.

4. (2) spectra of the air/acetonitrile interface
As we describe in Section 3-2 and 3-3 in the main text, we measured the (2) spectra of the 

air/acetonitrile interface for experimentally discussing the relationship between the sign of the 
CH3 and CN stretch bands and the up/down orientation of the acetonitrile. Figure S3a shows the 
(2) spectra in the CH stretch region, where the CH3 symmetric stretch band appears with the 
negative sign. This indicates the CH3-up orientation at the interface, being consistent with the 
previous HD-VSFG study of monolayers having alkyl chains at the air/water interface.4 On the 
other hand, in the Im(2) spectrum in the CN stretch region (Fig. S3b) exhibits the CN stretch 
with the negative sign. These implies that the negative sign of the CN stretch indicates the CN-
down orientation (and hence the CH3-up orientation) of the acetonitrile molecule. 
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Fig. S3 (2) and |(2)|2 spectra of the air/acetonitrile interface in the (a) CH stretch and (b) CN 
stretch regions. The red and black solid curves represent Im(2) and Re(2) spectra, respectively. 
The blue broken curves represent |(2)|2 spectra which were calculated from the Im(2) and Re(2) 
spectra. At this interface, the acetonitrile is expected to be in the CH3-up (i. e., the CH3 group 
points toward the air side)5 and hence have the CN-down orientation.

5. Estimation of the IR loss due to the absorption by the CF3SO3
 anion in the solution layer 

in the SO3
 stretch region

Figure S4a shows the un-normalized raw homodyne-detected VSFG spectra of the 
electrolyte/quartz interface and the air/quartz interface. These spectra show two strong vibrational 
resonances at 1070 cm-1 and 1170 cm-1 due to the vibrational resonance of quartz itself, which 
prevents us to use quartz as the reference for the phase and amplitude calibration in this 
frequency region. The intensity ratio of these spectra is shown in Figure S4b. Although a peak-
like feature is recognized at around 1150 cm-1, this feature is an artifact originating from an 
incomplete normalization between the very small signals in the raw spectra in this frequency 
region. Except for this, the intensity ratio is almost featureless and, in particular, no spectral 
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feature is recognized at 1040 cm-1 where the absorption due to SO3
 stretch might appear. This 

indicates that the IR absorption by the CF3SO3
 anion in the solution layer does not affect the 

VSFG spectra in this frequency region.

Fig. S4 (a) Un-normalized raw homodyne-detected VSFG spectra of the air/quartz and 
electrolyte/quartz interfaces. (b) Intensity ratio between the VSFG spectra of the 
electrolyte/quartz interface and the air/quartz interface. 

6. Bulk IR and Raman spectra of 0.1 M LiCF3SO3 in acetonitrile solution
Figure S5a-c show IR and Raman spectra of 0.1 M LiCF3SO3 in acetonitrile. As described in 

Section 3-5 in the main text, the SO3
 symmetric stretch band appears at 1040 cm-1 in the IR and 

Raman spectra with high and middle intensities, respectively, being consistent with the 
substantial intensity in the VSFG spectrum. On the other hand, although the CF3 anti-symmetric 
band at 1160 cm-1 appears in the IR spectrum with a middle intensity, the corresponding band is 
hardly recognized in the Raman spectrum. It suggests very small intensity in the VSFG spectrum 
because the VSFG intensity is determined by the product of the IR and Raman intensities.



7

Fig. S5 Bulk IR (red) and Raman (blue) spectra of 0.1 M LiCF3SO3 in acetonitrile. (a) The CH3 
stretch region, (b) the CN stretch region, and (c) the anion band region. The assignments for the 
2940-cm-1, 2250-cm-1, and 1040-cm-1 peaks are the CH3 symmetric, CN, and SO3

 symmetric 
stretch mode, respectively.6-9 The peak around 3000 cm-1 in (a) is assigned to the CH3 
antisymmetric stretch, and the small peak at 2290 cm-1 in (b) is assigned to the combination band 
of the C-C stretch and CH3 deformation which is enhanced by Fermi resonance.6 The peak at 
1160 cm-1 in the IR spectrum in (c) is attributed to the CF3 anti-symmetric stretch.  Note that the 
peaks marked by ★ are due to solvent acetonitrile.6  
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7. Fitting analysis
In Fig. 8 in the main text, we plot the electrode potential dependence of the amplitude of the 

CH3 stretch and CN stretch bands of acetonitrile, CN band, and SO3
 band. In order to 

quantitatively evaluate the amplitude of each band for making this plot, we performed the 
following fitting analysis on the Im(2) spectra obtained in the CH and CN stretch regions as well 
as the |(2)|2 spectra in the frequency region of the SO3

 band of the CF3SO3
 anion.

    An Im(2) spectrum contains vibrationally non-resonant and vibrationally resonant 
contributions and is given by the following formula, assuming Lorentzian bandshapes:

  ,　　　　                    (S8)
𝐼𝑚𝜒(2) = 𝐼𝑚𝜒(2)

𝑁𝑅 +  ∑
𝑞

𝐴𝑞Γ𝑞

(𝜔𝑞 ‒ 𝜔𝐼𝑅)2 + Γ𝑞
2

 

where (2)
NR is a vibrationally non-resonant background, Aq, q, q are the amplitude, 

frequency and damping constant of q-th vibration mode, respectively. (2)
NR can take a 

complex value under the electronically resonance condition even if it is vibrationally non-
resonant ((2)

NR  = Re(2)
NR + iIm(2)

NR).  Eq. S8 is used for the fitting of Im(2) spectra in 
the CH stretch region in the main text, assuming a single vibrational resonance.

In case that inhomogeneous broadening of a resonant band is significant, a Gaussian 
distribution of the resonant mode needs to be considered. In the CN stretch region, a very 
broad negative band due to CN was observed, which is obviously broadened because of 
the inhomogeneity. For fitting this band, we simply replaced a Lorentz function with a 
Gaussian function, and the fitting function is represented in the following general form,

  .              (S9)
𝐼𝑚𝜒(2) = 𝐼𝑚𝜒(2)

𝑁𝑅 + ∑
𝑞

𝐴𝑞Γ𝑞

(𝜔𝑞 ‒ 𝜔𝐼𝑅)2 + Γ𝑞
2

+ ∑
𝑝

𝐵𝑝𝑒
‒ (𝜔𝑝 ‒ 𝜔𝐼𝑅)2/2𝛾2

𝑝

Here, Bp and p represent the amplitude and width of Gaussian function, respectively, 
which is used for fitting an inhomogeneously broadened p-th vibrational mode. Eq. S9 
was used for the fitting of Im(2) spectra in the CN stretch region, using two Lorentzian 
functions (for two CN stretch bands of acetonitrile) and one negative Gaussian function 
(for the CN band).

The homodyne-detected VSFG spectra, which correspond to |(2)|2 spectra, are 
represented by Eq. S10,

|𝜒(2)|2 =  |𝜒(2)
𝑁𝑅|2 +  ∑

𝑞

𝐴𝑞
2

(𝜔𝑞 ‒ 𝜔𝐼𝑅)2 + Γ𝑞
2

+ 2∑
𝑞

𝑅𝑒𝜒(2)
𝑁𝑅𝐴𝑞(𝜔𝑞 ‒ 𝜔𝐼𝑅) + 𝐼𝑚𝜒(2)

𝑁𝑅𝐴𝑞Γ𝑞

(𝜔𝑞 ‒ 𝜔𝐼𝑅)2 + Γ𝑞
2
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.                               (S10)
                       + ∑

𝑞 ≠ 𝑞'

𝐴𝑞𝐴𝑞'

(𝜔𝑞 ‒ 𝜔𝐼𝑅 ‒ 𝑖Γ𝑞)(𝜔
𝑞' ‒ 𝜔𝐼𝑅 + 𝑖Γ

𝑞')
         

Here, note that (2)
NR is a complex number, (2)

NR  = Re(2)
NR + iIm(2)

NR. Eq. S10 was used for 
the fitting of the SO3

 stretch band measured with homodyne-detected VSFG. 
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