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1. Experimental
Sample preparation: The silica sample used was a 3-mm thick plate of IR-grade fused silica
purchased from Pier Optics. While we used a few substrates through the period of this study
(months), neither substrate dependence nor long-term change of the spectra was recognized. The
silica samples were cleaned by concentrated sulfuric acid (>10 hr) and thoroughly rinsed by
copious amount of running water prior to use. To get dry and clean surface of the silica, the silica
plate was blow-dried by nitrogen gas in a clean room (Class 5 (JIS B9920)). The cleanliness of
the silica was confirmed by absence of any CH stretch bands in the 𝜒

spectrum. A 150-nm

thick gold film with 8-angstrom titanium adhesion layer was prepared on about half area of the
silica surface by electron-beam evaporation for reference measurements. The solutions used were
prepared with milli-Q water, or HOD-D2O which was made by mixing milli-Q water and D2O
(Kanto Chemical, 99.8 %D) with volume ratio of 1 : 4. The ionic strength of the solution was
controlled by the addition of NaCl (Alfa Aesar, 99.99 %), whereas pH was adjusted to 12.0 
or 11.8 forH2O or HOD-D2O solution, respectively by adding adequate amount of 1 M
NaOH (Junsei, 97.0 %) dissolved in the corresponding waters. The pH value was measured by a
pH meter (Horiba, B-212). For the HOD-D2O solution, although we used the term “pH” without
special attention for D+ (or “pD”) in this paper, we multiplied a factor of 0.943 to the pH meter
reading then added 0.3 for the isotopic correction.1-3 The same concentrations of NaOH and
NaCl were used for H2O and HOD-D2O solutions.
HD-VSFG spectroscopy: The experimental setup of HD-VSFG spectroscopy has been
described elsewhere.1,
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Briefly, the output of a regenerative amplifier (Spectra Physics,

SpitfireProXP, 3.5 W, 1 kHz) was split into two to obtain a narrow-band visible pulse (1) and a
broadband infrared (IR) pulse (2). A bandpass filter (Optoscience) was used to narrow the
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bandwidth of 1 (center frequency: 795nm, bandwidth: 1.5 nm, i.e. 25 cm-1, in full-width of halfmaximum). The broadband IR pulse was generated by an optical parametric amplifier combined
with a difference-frequency generation crystal (Spectra Physics, TOPAS C & DFG1). The 1
and 2 pulses were focused into a thin plate of y-cut quartz to generate sum-frequency (SF) used
as a local-oscillator (LO). Then, the transmitted three pulses of 1, 2, and LO were again
focused on the “buried” silica interface, after the LO passed through a 2-mm thick glass plate to
be delayed. To compensate the delay between 1 and 2 which is generated while they pass in
the sample silica substrate, a 0.2-mm thick glass plate was inserted to the 1 path between the ycut quartz and the sample. The SF generated from the silica/aqueous interface and LO reflected
at the same interface were introduced into a polychromator (HORIBA, HR 320) and were
detected by a liquid nitrogen-cooled CCD (Princeton Instruments, Spec-10). The polarizations of
the SF, 1, and 2 were set at s-, s-, and p-polarization, respectively (SSP polarization
combination). The 𝜒

spectra of the silica/aqueous interface were normalized with that of the

silica/gold interface, and the complex phase of the silica/gold interface was calibrated by using
the 𝜒

spectrum of the dry silica/air interface as the phase standard. For this silica/air

measurements, a small amount of D2O was placed under the silica to substitute all the hydrogen
atoms of surface silanol and adsorbed water into deuterium atoms.1 Thus, this silica/air interface
is non-resonant in the IR range examined, and hence the complex phase of χ(2) can be considered
zero (Previously, we have demonstrated that the complex phase of non-resonant (2) signal at the
air/silica interface is negative real (180 degree). Therefore, the phase of non-resonant(2) signal
at the silica/air interface, which is upside down, is positive real (0 degree).).1, 5 To verify that our
results and conclusion are not affected by the potential phase error, we calculated Imχ(2) spectra
with phases intentionally rotated by  10 degrees and confirmed that the essential features of the
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spectra in fact remained unchanged. At the very high salt concentration used in the present study,
the refractive index of the solution is not constant when the salt concentration is changed, and it
affects the reflectivity of LO. The spectra shown in this paper have been corrected for the
reflectivity as well as the Fresnel factor. The details of this correction procedure are described
later (section 5 in this SI).

𝟐

2. Intensity of the 𝝌𝐭𝐨𝐭𝐚𝐥 with respect to the surface potential
In this section, we describe the relation between the surface potential and the spectral
(i.e., eq. 1 in the main text). Because the observed 𝜒

intensity of the 𝜒

and 𝜒

can be decomposed into 𝜒
𝜒

𝜒
Here, 𝜒

is the 𝜒

can be represented as,6-8

,𝜒
𝜒

spectrum 𝜒

𝜒

𝜒

e

𝐸 𝑧 𝑑𝑧 .

(S1)

response of the water in EDL per unit electric field [𝐸 𝑧 ], which mainly

arises from the orientation of water induced by the electric field in the EDL.9 kz and 𝑧 are
inverse of coherence length and the distance from the surface, respectively, and e

describes

the phase-mismatch of the reflected SFG generated at the different depth in the EDL.6 For the
ionic strength examined in this study (

0.01 M), because the electric field 𝐸 𝑧 decays within a

few nanometers (see Figure S1b in the next section), the phase mismatch term e

in this

equation is negligible.1 Therefore, the equation can be simplified as
𝜒
where 𝜙

𝜒

𝜒

𝐸 𝑧 𝑑𝑧

𝜒

𝜒

𝜙

,

(S2)

𝐸 𝑧 𝑑𝑧 is the surface potential. This equation indicates that the observed 𝜒

intensity is linear to the surface potential if 𝜒

spectrum is independent of the ionic strength.
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3. Electric double layer properties calculated by the modified Poisson-Boltzmann theory:
Electric potential, electric field, and local concentration of hydrated ions
In this section, we describe calculation of the properties of the electric double layer, i.e.,
electric potential, electric field, and local concentration of hydrated ions, using the modified
Poisson-Boltzmann theory.6, 10
The modified Poisson-Boltzmann theory is a mean-field model to describe the electric field
and the electric potential in the Gouy-Chapman layer, based on the Poisson-Boltzmann equation:
𝜌 z

𝜀𝜀

d 𝜙 𝑧
d𝑧

,

(S3)

where 𝜌 𝑧 , 𝜀 , 𝜀 , and 𝜙 are the local charge density, relative dielectric constant, dielectric
constant in vacuum, and the electric potential, respectively. While the traditional PoissonBoltzmann theory treats ions as point charge, the modified Poisson-Boltzmann theory takes
account of finite ion-size effect. This modification enables the theory to describe saturation of
the local ion concentration. The local ion concentration is given by modified Poisson-Boltzmann
theory as:

𝑛

where 𝑛

and 𝑛

𝑚𝑒𝜙
𝑘 𝑇
𝑚𝑒𝜙
2𝜈 sinh
2𝑘 𝑇

𝑛 exp ∓
1

,

(S4)

are the local ion concentration (number density) of cation and anion,

respectively. 𝑛 , 𝑘 , 𝑇, 𝑚, and 𝑒 are the ion concentration in the bulk, the Boltzmann constant,
the absolute temperature, the ionic valence, and the elementary charge, respectively. ν is the
parameter to introduce the finite-ion size effect, which is defined as:
ν

2𝑎 𝑛

,

(S5)
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where 𝑎 is the “ion size” including the hydration shell. This means that the volume of one
hydrated cation (𝑉) is represented as 𝑉

𝑎 , and hence the maximum concentration (𝑛

which the hydrated cations are packed without any vacant space, is described as 𝑛
𝑎

. Thus, the parameter ν is represented also as ν

2𝑛 /𝑛

), at
𝑉

, which is considered as the

mean volume fraction of ions in the bulk. For negatively charged interfaces, the potential 𝜙 is
given as:
2𝑘 𝑇
sinh
𝑚𝑒

𝜙 ≡𝜙 0

𝜎 𝜈
1
exp
4𝑛 𝜀𝜀 𝑘 𝑇
2𝜈

1

,

(S6)

and
𝑑𝜙 𝑧
𝑑𝑧

where 𝜆

2𝑚𝑒𝑛 𝜆
𝜀𝜀

2
ln 1
𝜈

2𝜈 sinh

𝑚𝑒𝜙
2𝑘 𝑇

,

(S7)

is the Debye length, which represents the thickness of the Gouy-Chapman

layer calculated with the traditional Poisson-Boltzmann theory. 𝜎 is the surface charge density in
dimension of C/m2.
To calculate the surface potential 𝜙 by eq. S6, the “ion size” 𝑎 and the surface charge
density 𝜎 are required. From refs. 6 and 7, we adopted 𝑎

7 Å and σ

0.87𝑒 C/nm ,

respectively. Note that the surface charge density 𝜎 is still under debate,7, 11 and this surface
charge of 0.87e was the one determined for the planar silica/water interface by second harmonic
generation measurements.7 We also need the dielectric constant , which depends on the ion
concentration. Because the local ion concentration in the Gouy-Chapman layer varies with the
distance from the surface, the dielectric constant in the Gouy-Chapman layer was estimated as
follows. First, the dielectric constant of the bulk NaCl solution was taken from literature.12-13 For
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bulk solutions, it was reported that sodium ions contribute to the change of the dielectric constant
than chloride ions, and that the relative contribution is Na+ : Cl- = 8 : 3.12, 14 Thus, we describe
the dielectric constant 𝜀 in the EDL as
𝜀
where 𝜀

𝜀

1
8Δ𝜀 𝑛
11

3Δ𝜀 𝑛

,

(S8)

78.36 is the dielectric constant of neat water, and Δ𝜀 𝑛 is the difference of the

dielectric constant of neat water and that of NaCl solution12 having ionic strength of 𝑛. Because
𝜙, 𝑛 , and 𝜀 are related with each other, they were numerically determined to be self-consistent
through iteration of the calculation.
The obtained electric potential 𝜙 , the electric field 𝐸

𝜙 , and the local cation

concentration 𝑛 are summarized in Figure S1. Interestingly, in the range of the bulk ionic
strength of 0.01-1 M, the calculated electric field 𝐸 and cation concentration 𝑛 at the topmost
region (ca. z < 3 angstrom) are almost independent from the bulk ionic strength, although the
surface potential 𝜙 is highly dependent on the bulk ionic strength. This result is consistent with
our conclusion that the increase of the bulk ionic strength only gives rise to the decrease of the
χ

component in the ionic strength range of 0.01-2 M. On the other hand, at the bulk ionic

strength higher than 2 M, the cation concentration 𝑛 in the topmost region shows significant
increase with the bulk concentration while the surface potential 𝜙 is more or less saturated. This
also accords with our argument that the topmost water structure in very high ionic strength range
(> 2 M) varies from that at lower ionic strength.
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Figure S1. Electric double layer properties obtained by the modified Poisson-Boltzmann
theory. (a) The electric potential 𝜙 obtained by numerical integration using eqs. S4-S8. (b)
The electric field 𝐸 obtained by numerical differentiation of 𝜙. (c) The local concentration of
the hydrated cation (𝑛 ) near the surface, obtained by eq. S4.
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4. Imχ(2) spectra measured with HOD-D2O solution

Figure S2. (a) Im𝜒

spectra of silica/HOD-D2O aqueous interfaces at pH 12 with ionic

strength from 0.01 to 5 M. (b) The area-normalized difference spectra.
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5. Fresnel and reflectivity correction
All the spectra shown in this paper have been corrected for the Fresnel factor and reflectivity
which depend on the ionic strength. In this section, we describe this correction procedure in detail.
Because the detected light is the sum of the sum-frequency (SF) from the sample and the
local oscillator (LO) reflected at the interface, the total intensity of the probed light is described
as:
𝐼

𝐸

|𝐸

𝑅𝐸 𝑒

|

|𝑅𝐸 |

𝑅∗𝐸 𝑒

𝐸

𝐸 ∗ 𝑅𝐸 𝑒
, (S9)

where 𝐸

and 𝐸

are the electric field of the sample SF and the LO, 𝑅 is the Fresnel reflection

coefficient of LO at the interface, and 𝑇 is the delay between the sample SF and the LO. By
𝑅∗𝐸 𝑒

picking up the 𝐸

term4 and comparing it with that of the reference measurement,

we obtain

χ

where 𝜒

,

,𝜒

,

, and 𝑅

𝑅∗𝜒
𝑅

∗

𝜒

,

,

(S10)

,

are the effective second-order susceptibility at the sample and

reference interfaces and the reflection coefficient of LO at the reference interface, respectively.
For SSP polarization combination used in the present study, the effective second-order
susceptibility is described as
χ
where 𝐿 𝐿 𝐿

,

is the Fresnel factor, 𝜃

𝐿 𝐿 𝐿

sin 𝜃 𝜒

,

is the reflection angle of 2 (IR) beam, and 𝜒

(S11)
is the

corresponding tensor element of the second-order susceptibility of the interface. The Fresnel
factor is given15 as
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𝐿
𝐿

𝐿

𝑛

𝑛

2𝑛 cos 𝜃
cos 𝜃
𝑛 cos 𝜃

𝑛

2𝑛 cos 𝜃
cos 𝜃
𝑛 cos 𝜃

2𝑛 cos 𝜃
cos 𝜃
𝑛 cos 𝜃

(S12)

𝑛
𝑛

with
𝑛
2 𝑛

𝑛

where 𝑛 and 𝑛

𝑛
𝑛

4
1

,

(S13)

are the refractive indices of medium a (silica) and b (solution) at the frequency

of 𝜔 , and 𝜃 and 𝜃 are the reflection and transmission angle of 𝜔 beam, respectively. 𝑛 is the
refractive index of the interface, which is defined as first proposed by Shen et al. 15
Combining eqs. S10 and S11, the experimentally observed spectrum, 𝜒
𝜒

∝ 𝑅∗𝐿 𝐿 𝐿 𝜒

, is represented as:

.

(S14)

Therefore, for comparing the spectra measured with various ionic strengths (which lead to
different refractive indices), we need to divide the experimentally observed spectra by the factor
of 𝑅 ∗ 𝐿 𝐿 𝐿 . The refractive indices were taken from several references.16-20 Because the
literature does not cover all the conditions of our measurements, we interpolated the refractive
index given in the literature, especially in the infrared region. The term 𝐿 𝐿 𝐿

is insensitive

to the ionic strength: only about 5 % change by addition of 5 M NaCl. In contrast, the reflection
coefficient 𝑅 ∗ is sensitive to the change of the ionic strength. For the calculation of 𝑅 ∗ (the
reflection coefficient of visible light at ~630 nm), we assume that the refractive indices of NaCl
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solution in HOD-D2O are the same as those of H2O in the visible region. The calculated total
correction factors, 𝑅 ∗ 𝐿 𝐿 𝐿 , for H2O solutions are shown in Figure S3.
To confirm the reliability of the correction, we compared the corrected 𝜒

spectra with

homodyne-detected spectra at high ionic strength. This is because the homodyne-detected spectra
are measured without the LO so that they are not affected by the reflectivity 𝑅 ∗ . The corrected
𝜒

spectra for the H2O solutions are well overlapped with the homodyne spectra as shown in

the left panels of Figure S4. For HOD-D2O solutions, however, the same correction method
somehow failed to reproduce the homodyne spectra. Therefore, we experimentally determined
the reflectivity |𝑅| at the silica/HOD-D2O solution interfaces using the SFG signal obtained in
the region of 2 > 3750 cm-1, where the SFG from this interface is negligibly weak so that the
observed SFG signal is considered to arise solely from the LO reflected at the silica interface.
The 𝜒

spectra corrected with this reflectivity reasonably reproduced the homodyne spectra

as shown in the right panels of Figure S4, and hence this correction was used for discussion on
the silica/HOD-D2O solution interfaces.

Figure S3. The 𝑅 ∗ 𝐿 𝐿 𝐿

components calculated at various NaCl concentration in H2O.
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Figure S4. Comparison of 𝜒

spectra reconstructed from the complex 𝜒

spectra

(broken lines) and those directly measured by homodyne-detected VSFG measurements
(solid lines). Left: H2O, right: HOD-D2O solution. Ionic strength for each measurement is
given in the figure. Fresnel correction (𝐿 𝐿 𝐿

derived from eq. S12) is applied for both of

homodyne- and heterodyne-detected spectra. The reflectivity correction is applied only to the
heterodyne-detected spectra.
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6. 𝝌 𝟐

𝟐

spectra

Figure S5. 𝜒

spectra reconstructed from the heterodyne-detected complex χ(2) spectra.

(a) H2O, (b) HOD-D2O solution.
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