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SFG Setup 

SFG measurements were performed on a femtosecond Ti: Sapphire amplified laser system 

(Coherent Libra, ~800 nm, ~50 fs, 1 kHz) with 5 W output power. We used 2 W to pump an 

optical parametric amplifier (TOPAS, light conversion) with a noncollinear DFG stage to 

generate the broadband IR pulse. Another 1 W of the laser output was passed through an 

etalon to generate the narrowband visible pulse (~20 cm-1). The visible and IR beams 

overlapped spatially and temporally at the sample surface with their incident angles of 64⁰ 

and 40⁰ with respect to the surface normal, respectively. Subsequently, the SFG signal is 

dispersed in a spectrometer and detected by an EMCCD camera. The visible and IR beams had 
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pulse energies of roughly 20	𝜇J and 1 𝜇J, respectively, at the sample position. All spectra were 

collected in the ssp (denoting s-, s-, and p-polarized SFG, visible and IR, respectively) 

polarization combination.  

 
SFG Measurement at the Water-Air Interface 

For the isotopic dilution experiments, we prepared H2O/D2O mixture solutions with various 

ratio, H2O/D2O=1/0, 2/1, 1/1, 1/2, and 0/1. H2O is ultra-pure water from a MilliQ machine 

(18.2 MΩ cm). D2O (>99.9%) was purchased from Eurisotop and used as received. We poured 

the solution into a rotating trough and measured the H-O-H bending mode signals for 15 × 20 

min at the water-air interface with the rotating trough (11 rpm, 8 cm in a diameter). To avoid 

the effect of water vapor absorption of IR, we started the measurements after flushing with 

N2 for 7.5 min. The spectra for water-air were normalized to the non-resonant signal taken 

from z-cut quartz after subtracting a background spectrum. 

 

SFG Measurement at the Water-CaF2 Interface 

The low and high pH solutions were prepared by diluting HCl or NaOH with NaCl aqueous 

solution to the corresponding pH solutions used in this work. For instance, the high (low) pH 

solution with a pH of roughly 12 ± 0.5 (2 ± 0.5) was obtained by diluting NaOH (HCl) in NaCl 

aqueous solution down to a concentration of 0.01 M for NaOH (HCl) and 0.1 M for NaCl. Here, 

we would like to note that the 𝜒(") contribution is crucial at charged interfaces. As is widely 

accepted, high concentration of salt screens the 𝜒(") contribution. Therefore, to suppress the 

𝜒(") contribution, we added NaCl salt into the water-CaF2 system. A previous report shows 

that above 0.1 M of NaCl, the spectral feature is unchanged.1  

  Before use, a fluorite window was soaked in saturated CaF2 aqueous solution 

overnight to reconstruct the CaF2 surface. Subsequently, we cleaned the CaF2 window with 

Ar-plasma treatment for 10 minutes to remove organic contaminants, and generate the fresh 

surface by facilitating dissolution of CaF2 under HCl solution at pH 2 for 2-3 hours. A similar 

treatment was also used in the previous studies2,3 Then, we measured the H-O-H bending 

mode signals for 8 × 5 min at the water-CaF2 interface after flushing with N2 for 7.5 min. We 
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would like to note that for water-CaF2 interface to avoid position specificity as much as 

possible we measured eight different positions by rotating CaF2 window around its surface 

normal with 45 degree for each measurement and averaged these spectra. For stretch mode 

measurements of water-CaF2, we measured the SFG signal for 8 × 2 min in a similar manner 

to the bending mode measurements for water-CaF2 and combined three different frequency 

regions to obtain the whole spectra shown in Fig. 3(b). To avoid vibrational coupling effects, 

we used isotopically diluted water with mixture ratio of H2O/D2O = 1/2. The spectra for water-

CaF2 were normalized to the non-resonant signal taken from gold-CaF2 interface after 

subtracting a background spectrum. 

 

SFG Measurement at the Water-Air Interface in the Presence of HSA 

We dissolved HSA powder (Sigma Aldrich) into pure D2O solution at a concentration of 10 µM. 

Then, we poured 20 mL of the isotopically diluted water with various H2O/D2O mixture ratio 

(H2O/D2O = 1/0, 3/1, 1/1, 1/3, and 0/1.) into a rotating trough. To generate an HSA layer on 

water, we added a controlled amount (25 µL) of the HSA solution onto the isotopically diluted 

water using a click syringe. The final concentration of HSA was adjusted to be 0.0125 µM. The 

isoelectric point of HSA in bulk water is pH=5.14. Since we have used the Milli-Q water 

(pH~6.0), it is reasonable to assume that the protein is not strongly charged. As such, the 𝜒(") 

contribution for the water at the protein-water interface is negligibly small. Since the strong 

amide I mode overlaps with the H-O-H bending mode, we focused on the H-O-D bending 

mode. After flushing with N2 for 20 min, we measured the H-O-D bending mode signals for 20 

min at the water-HSA interface with the rotating trough (11 rpm, 8 cm in a diameter) 5 to 

avoid excess heating effects of the sample by laser irradiation. The measured spectra were 

normalized to the non-resonant signal taken from z-cut quartz after subtracting a background 

spectrum. Similarly, the C-H stretch region was measured for 2 x 10 min as shown in Fig. S1. 

Peak signatures at ~2860 cm-1 and ~2920 cm-1 are mostly attributed to symmetric and anti-

symmetric C-H stretch mode of CH3 groups, and a peak at ~3050 cm-1 is attributed to an 

aromatic C-H stretch mode of the proteins. Based on these observed vibrational signatures, 

we confirmed that HSA protein was present at the water-air interface even at such low 

concentration of protein. 
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Fig. S1 SFG spectrum in the C-H stretch region obtained at the water-air interface in the 
presence of HSA protein. 

 

Fitting Procedure for SFG Spectra of the Water Bending Mode at the Water-air Interface 

We performed the spectral fitting for the SFG spectra at H2O-air and D2O-air interfaces via; 

%c$%%
(&)(𝜔)%

&
= %𝐴'(𝑒)*!" + c+$,-.

(&) (𝜔) + c+$,-&
(&) (𝜔)%

&
 

(S1) 

and 

|c$%%
(&)(𝜔)|& = |𝐴'(𝑒)*!" + 𝜒/01234

(&) (𝜔)|&, 

(S2) 

respectively. For the fitting, we assumed the Lorentzian model to describe the vibrational 

modes as 

c+$,-.
(&) (𝜔) 	= 	

𝐴+$,-.
𝜔 − 𝜔+$,-. + 𝑖Γ+$,-.

, 

(S3) 

c+$,-&
(&) (𝜔) 	= 	

𝐴+$,-&
𝜔 − 𝜔+$,-& + 𝑖Γ+$,-&

, 

(S4) 
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and 

𝜒/01234
(&) (𝜔) 	= 	

𝐴/0
𝜔 − 𝜔/0 + 𝑖Γ56

. 

(S5) 

For the H2O-air interface, we use two Lorentzians, which represent the bending modes of the 

water molecules with two hydrogen-bond donors (DD) and with one donor and the other free 

OH group (D).6–9 Based on parameters previously obtained in ref. 10., we made constraints 

for Eq. (S3) and (S4), Γ+$,-. = Γ+$,-& = 65, 𝜔+$,-. = 1612 , and 𝜔+$,-& = 1661, where the 

units of Γ and 𝜔 are cm-1. We also constrained  𝜔/10 and Γ/10 as 2397 cm-1 and 73 cm-1, 

respectively, which were independently determined by fitting hydrogen-bonded O-D stretch 

region for the D2O-air interface. The phase of the non-resonant contribution (𝜙'( ) was 

constrained to have the same value for fitting the spectra. Through this fit, we obtained 

𝐴+$,-. = 1.2 and 𝐴/10 = 80.2. For fitting the other isotopic dilution composition, we used 

three Lorentzians (Eq. S6) with constraints on the bending mode contribution of D-type water 

and O-D stretch contribution by considering the mole fraction of H-O-H chromophore [HOH] 

and O-D stretch chromophore [OD] calculated based on the equilibrium constant of 3.86 for 

H2O + D2O ⇄ 2HDO.11–13    

%c$%%
(&)(𝜔)%

&
= %𝐴'(𝑒)*!" + c+$,-.

(&) (𝜔) + c+$,-&
(&) (𝜔) + [𝑂𝐷]𝜒/01234

(&) (𝜔)%
&
 

(S6) 

Similarly, by making constraints on 𝜔/10, Γ/10, and 𝜙'(, we performed global fitting. The 

phase of the non-resonant contribution (𝜙'() was constrained to have the same value by 

assuming that the phase of non-resonant contribution does not change upon isotopic dilution. 

The fit residuals and the obtained parameters are displayed in Fig. S2 and Table S1, 

respectively. 
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Fig. S2. The fit residual obtained from the global fitting. The residuals are offset by 0.03 for 

clarity. 

 

Table S1. Fitting parameters for the vibrational SFG spectra at the water-air interface with 
various isotopic composition. The fitting parameters of pure H2O and D2O are based on the 
ref. 10 and O-D stretch region, respectively. For other isotopic mixtures, the bend 1 and O-D 
stretch contribution are assumed to linearly depend on H2O fraction. 

 

  

 

0.12

0.09

0.06

0.03

0.00

Fi
t r

es
id

ua
ls

 (a
rb

. u
ni

t)

180017001600

Wavenumber (cm-1)

H2O/D2O = 
 1/0
 2/1
 1/1
 1/2
 0/1

H2O fraction 100% 44.7% 25.3% 11.4% 0%

ANR -0.30 ± 0.01 -0.26 ± 0.01 -0.24 ± 0.01 -0.20 ± 0.01 -0.14 ±0.01

φNR (rad) -0.04±0.05 -0.04±0.05 -0.04±0.05 -0.04±0.05 -0.04±0.05

Abend1 1.23 0.55 0.31 0.16 ––

ωbend1 (cm-1) 1612.0 1612.0 1612.0 1612.0 ––

Γbend1 (cm-1) 65.0 65.0 65.0 65.0 ––

Abend2 -10.8 ± 0.4 -4.8±0.7 -2.6 ± 0.6 -1.5 ± 0.6 ––

ωbend2 (cm-1) 1661.0 ± 10.4 1659.3 ± 5.9 1659.0 ± 9.4 1647.1 ± 14.9 ––

Γbend2 (cm-1) 65.0 56.3 ± 7.3 51.0 ± 3.1 48.2 ± 16.1 ––

AO-D –– 26.7 40.7 53.4 80.2

ωO-D (cm-1) –– 2397 2397 2397 2397

ΓO-D (cm-1) –– 73.0 73.0 73.0 73.0
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Fitting Procedure for SFG Spectra of Water Bending Mode at Water-CaF2 Interface 

We performed the spectral fitting for the SFG spectra at water-CaF2 interface at different pH 

via; 

%c$%%
(&)(𝜔)%

&
= %𝐴'(𝑒)*!" + c+$,-

(&) (𝜔)%
&
 

(S7). 

 For the fitting, we assumed Lorentzian model to describe the vibrational modes as 

c+$,-
(&) (𝜔) 	= 	

𝐴+$,-
𝜔 − 𝜔+$,- + 𝑖Γ+$,-

 

(S8). 

The phase of the non-resonant contribution (𝜙'() was constrained to have the same value 

for fitting the spectra by assuming that the phase of non-resonant contribution does not 

change upon the pH variation. The obtained parameters are displayed in Table S2. 

 

Table S2. Fitting parameters for the vibrational SFG spectra at the water-CaF2 interface at 
different pH.  

 

 

 

Fitting Procedure for SFG Spectra of O-H stretch Mode at Water-CaF2 Interface 

We performed the spectral fitting for the SFG spectra at water-CaF2 interface at different pH 

via; 

H2O fraction pH2 pH12

ANR 0.26 ± 0.02 0.27 ± 0.02

φNR (rad) -0.29 ± 0.05 -0.29 ± 0.05

Abend 12.1 ± 1.0 -12.1 ± 0.8

ωbend (cm-1) 1632.6 ± 1.2 1661.9 ± 2.5

Γbend (cm-1) 48.0 ± 1.7 76.5 ± 4.0
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%c$%%
(&)(𝜔)%

&
= %𝐴'(𝑒)*!" + c/7.

(&) (𝜔) +	c/7&
(&) (𝜔)%

&
 

(S9). 

 For the fitting, we assumed Lorentzian model to describe the vibrational modes as 

c/7.
(&) (𝜔) 	= 	

𝐴/7.
𝜔 − 𝜔/7. + 𝑖Γ/7.

 

(S10) 

and 

c/7&
(&) (𝜔) 	= 	

𝐴/7&
𝜔 − 𝜔/7& + 𝑖Γ/7&

 

(S11). 

The phase of the non-resonant contribution (𝜙'() was constrained to have the same value 

for fitting the spectra by assuming that the phase of non-resonant contribution does not 

change upon the pH variation. The obtained parameters are displayed in Table S3. The lower 

frequency contribution at pH2 is assumed to be the residual coupling contribution in O-H 

stretch region. Here, we would like to note that because the O-H stretch mode is much 

stronger than the non-resonant contribution unlike the H-O-H bending mode, the non-

resonant contribution is nearly zero for the O-H stretch spectra, in particular at pH2, while 

the non-resonant contribution is certainly large for the H-O-H bending mode spectra.   
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Table S3. Fitting parameters for the vibrational SFG spectra at the water-CaF2 interface at 
different pH.  

 

  

Fitting Procedure for SFG Spectra of the Water Bending Mode at the Water-Air interface in 

the presence of HSA 

Firstly, to extract the interfacial water contribution from complex protein contributions, we 

performed the spectral fitting for the SFG spectra at H2O-air, H2O/D2O mixture-air, and D2O-

air interfaces in the presence of HSA via: 

%c$%%
(&)(𝜔)%

&
= %𝐴'(𝑒)*!" + c789.

(&) (𝜔) + c789&
(&) (𝜔) + c7/0_+$,-

(&) (𝜔)%
&
. 

(S12) 

For the fitting, we assumed Lorentzian model to describe the protein features of the signal 

around 1410 cm-1 (c789.
(&) ), the signal around 1500-1550 cm-1 (c789&

(&) ), and H-O-D contribution 

as 

c789./&
(&) (𝜔) 	= 	

𝐴789./&
𝜔 − 𝜔789./& + 𝑖Γ789./&

, 

(S13) 

and 

c7/0_+$,-
(&) (𝜔) 	= 	

𝐴7/0_+$,-
𝜔 − 𝜔7/0_+$,- + 𝑖Γ7/0_+$,-

, 

(S14) 

H2O fraction pH 2 pH 12
ANR -0.01 ± 0.01 0.12 ± 0.01

φNR (rad) -0.16 ± 0.09 -0.16 ± 0.09
AOH1 10.5 ± 2.2 12.6 ± 0.5

ωOH1 (cm-1) 3425.9 ± 2.9 3654.6 ±1.8
ΓOH1 (cm-1) 86.9 ± 6.6 49.0 ± 1.9

AOH2 25.5 ± 2.7                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
-2 ± 0.3

-49.8 ± 3.4
ωOH2 (cm-1) 3320.1 ± 5.5 3362.7 ± 14.6
ΓOH2 (cm-1) 134.6 ± 5.1 279.3 ± 10.7
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respectively. First, to describe protein features, we performed the spectral fitting for the SFG 

spectra at H2O-air and D2O-air interfaces. The phase of the non-resonant contribution (𝜙'() 

was constrained to have the same value for fitting the spectra by assuming that the phase of 

non-resonant contribution does not change upon isotopic dilution. The obtained parameters 

are displayed in Table S4. 

 

Table S4. Fitting parameters for the vibrational SFG spectra at the water-air interface in the 

presence of HSA. 

 

 

Based on these fitting parameters for HSA contributions, we further performed the 

spectral fitting to extract H-O-D contribution for the SFG spectra at H2O-air, H2O/D2O mixture-

air, and D2O-air interfaces with HSA via Eq. (S12). Here, we assumed the protein contributions 

(amplitude and frequency) are linearly variated depending on H/D mixture ratio from 100% 

to 0%. The phase of the non-resonant contribution (𝜙'() was constrained to have the same 

value for fitting the spectra by assuming that the phase of non-resonant contribution does 

not change upon isotopic dilution. For H-O-D bending contributions, the 𝜔7/0_+$,-  and 

Γ7/0_+$,- were set to be the same for fitting the spectra because the intermolecular coupling 

between bending modes of interfacial water is negligibly  small. The obtained parameters are 

displayed in Table S5. 

 

H2O fraction 100% 0%
ANR 0.14 ± 0.01 0.10 ± 0.01

φNR (rad) -0.48 ± 0.05 -0.48 ± 0.05
AHSA1 7.1 ± 0.5 6.4 ± 0.4

ωHSA1 (cm-1) 1416.4 ± 1.4 1410.8 ± 0.9
ΓHSA1 (cm-1) 30.2 ± 1.3 24.7 ± 1.0

AHSA2 1.1 ± 0.3 0.9 ± 0.3
ωHSA2 (cm-1) 1513.6 ± 2.2 1519.0 ± 3.1
ΓHSA2 (cm-1) 21.8 ± 5.5 20.0 ± 6.2
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Table S5. Fitting parameters for the vibrational SFG spectra at the water-air interfaces in the 

presence of HSA with various ratio of H2O and D2O. The HSA parameters of pure H2O and D2O 

are based on the Table S4. For other isotopic mixture, the HSA contributions are assumed to 

linearly depend on H2O fraction. 

 

 

SFG Spectra Calculation for the Water Bending Mode via Surface-Specific Cross-Correlation 

Formalism 

We computed the SFG spectra of water at the water-air interface by using the AIMD 

trajectories obtained from ref. 14. In short, the systems used in the AIMD simulations 

contained 160 D2O molecules in a 16.63 x 16.63 x 44.1 cell. We used the B3LYP-D3(0) and 

revPBE0-D3(0) levels of theory for the AIMD simulation. The auxiliary density matrix method 

was used to accelerate the calculation of Hartree-Fock exchange.15 The trajectories have a 

total length of 160 ps. The obtained vibrational frequencies were corrected according to the 

frequency correction scheme of water vibration. The D-O-D bend frequencies were converted 

to the H-O-H bend frequencies by using a factor of 1/0.735. We used the scaling factors of the 

frequency axis of 0.985 and 0.977 for B3LYP-D3(0) and revPBE0-D3(0), respectively, which is 

given in ref. 16. 

H2O fraction 100% 44.7% 25.3% 11.4% 0%

ANR 0.14 ± 0.01 0.15 ± 0.01 0.13 ± 0.01 0.10 ± 0.01 0.10 ± 0.01

φNR (rad) -0.47 ± 0.01 -0.47 ± 0.01 -0.47 ± 0.01 -0.47 ± 0.01 -0.47 ± 0.01

AHSA1 7.1 6.9 6.7 6.6 6.4

ωHSA1 (cm-1) 1416.4 1415.0 1413.6 1412.2 1410.8

ΓHSA1 (cm-1) 30.1 ± 0.5 30.9 ± 0.5 31.5 ± 0.6 31.5 ± 0.6 24.6 ± 0.3

AHSA2 1.1 1.0 1.0 0.9 0.9

ωHSA2 (cm-1) 1513.6 1515.0 1516.3 1517.7 1519.0

ΓHSA2 (cm-1) 21.3 ± 1.8 26.1 ± 4.6 34.5 ± 13.8 33.7 ± 12.0 20.3 ± 2.6

AHOD_bend ––– 1.7 ± 0.3 3.2 ± 0.5 2.6 ± 0.5 –––

ωHOD_bend (cm-1) ––– 1506.0 ± 3.0 1506.0 ± 3.0 1506.0 ± 3.0 –––

ΓHOD_bend (cm-1) ––– 42.0 ± 7.0 42.0 ± 7.0 42.0 ± 7.0 –––
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For computing the bending mode SFG spectra at the water-air interface, we modified 

the surface-specific velocity-velocity correlation function (ssVVCF) formalism;17 

𝜒<<=
(&),((𝜔) =

𝑄(𝜔)𝜇?𝛼?

𝑖𝜔& A 𝑑𝑡𝑒1)@A
B

C
〈E𝑔DEG𝑧)(0)I𝑔AG𝑟)F(0); 𝑟AI𝑟̇=,)5G(0)

𝒓̇F5G(𝑡) ∙ 𝒓F5G(𝑡)
O𝒓F5G(𝑡)O),F

〉, 

(S15) 

where 𝑄(𝜔)  is the quantum correction factor, 𝜇?  ( 𝛼? ) is transition dipole moment 

(polarizability), 𝑧)(𝑡) is the z-coordinate of the ith oxygen atom at time t, and 𝑔DE(𝑧)) is the 

function for the dividing surface to selectively extract the vibrational responses of D2O 

molecules near the interface. 𝜇? and 𝛼? are not sensitive to the bending mode frequency, and 

thus are frequency-independent unlike the O-H stretch mode.6 𝒓F5G(𝑡) is the vector pointing 

from the oxygen atom (O) to the middle point of the two hydrogen atoms (M) for water 

molecule i at time t. 𝑔AG𝑟)F(0); 𝑟AI excludes the correlation of the different water molecules, 

i and j, when the oxygen-oxygen distance of water molecules i and j (𝑟)F(0)) is larger than the 

cutoff distance 𝑟A.18 

 Here, we would like to note that previously Khatib and Sulpizi computed the water 

bending mode spectra at the water-air interface by using the AIMD trajectories at the BLYP-

D3(0) level of theory.19 Their spectrum showed a positive ImG𝜒(&)I  feature, unlike the 

positive and negative feature we obtained in this work. This difference can be attributed to 

the different formulation of the ssVVCF. In the current study, we formulated the ssVVCF based 

on the H-O-H bending motion for computing the bending mode SFG spectra, while their 

spectral calculation employed the formulation based on the O-H stretch motion. In fact, when 

we computed the ssVVCF SFG spectra based on the O-H stretch motion,17  

𝜒<<=
(&),((𝜔) =

𝑄(𝜔)𝜇?𝛼?

𝑖𝜔& A 𝑑𝑡𝑒1)@A
B

C
〈E𝑔DEG𝑧)(0)I𝑔AG𝑟)F(0); 𝑟AI𝑟̇=,)56(0)

𝒓̇F56(𝑡) ∙ 𝒓F56(𝑡)
O𝒓F56(𝑡)O),F

〉, 

(S16) 

the spectrum showed a positive feature (see Fig. S3). Thus, to compute the SFG spectra of the 

bending mode via the ssVVCF formalism, one needs to use the formalism for the bending 

motion. 
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Fig. S3 SFG spectra calculated at the revPBE0-D3(0) level of theory with Eqs. (S15) and (S16) 

for the H-O-H bending and O-H stretch motions, respectively.	𝑟A was set to 0, meaning that 

only autocorrelation functions are considered.  
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