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SFG Measurements
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 noncolinear 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 pulse energies of roughly 10 𝜇J and 1 𝜇J, respectively, at the sample position. All the
spectra are taken in the ssp (denoting s-, s-, and p-polarized SFG, visible and IR, respectively)
polarization combination and normalized to the non-resonant signal taken from z-cut quartz
after subtracting a background spectrum. We measured the SFG signal for 20 min at the
water/DPTAP interface, 2×20 min at the water/DPPG, and 6×20 min at the water/air
interfaces. For all the samples, we started the measurements after 7.5 min flushing with N2.
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Sample Preparation
We dissolved DPPG (sodium salt) and DPTAP (chloride salt) obtained from Avanti Polar
Lipids in a mixture of 90% chloroform (Fischer Scientific, stabilized with amylene, >99%)
and 10% methanol (VWR Chemicals, 99.8%) at a concentration of 4.3×10−4 mol/L. Sodium
chloride (Sigma Aldrich, >99.5%) was baked in an oven for 8 hours at 650 °C. D2O (>99.9%)
was purchased from Eurisotop and used as received. H2O is ultra-pure water from a MilliQ
machine (18.2 MΩ cm). The solutions were poured into a rotating trough.48 For generating the
water/charged lipid interfaces, a controlled amount of lipid solution was added onto the
solution using a click syringe. The surface area per lipid was 78 Å2 for both DPTAP and
DPPG.

Supplementary Method 1. Fitting Procedure for SFG Spectra of Water Bending Mode
at Water/DPPG Interface
We performed the spectral fitting for the SFG spectra of H2O/DPPG and D2O/DPPG
interfaces via;
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respectively. Here, 𝐴𝑁𝑅 (𝜙𝑁𝑅) and (2)
C = O(𝜔) are the amplitude (phase) of the non-resonant
contribution and the second-order susceptibility of the C=O stretch mode of DPPG carbonyl
(3)
group, respectively. (2)
bend(𝜔) and bend(𝜔) represent the second-order and third-order

susceptibilities of the H-O-H bending mode, respectively. 𝜎 and 𝑐 represent surface charge
density and ion concentration, respectively. (𝜎,𝑐) is the surface potential, and (𝑐) is

2

inverse of the Debye length. 𝑘𝑧 denotes the mismatch of the wave-vectors along z axis in the
reflected SFG configuration.
In the Gouy-Chapman model, the surface potential (𝜎,𝑐) is given by2
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The inverse of the Debye length (𝑐) is given by2
𝜅(𝑐) =
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where 𝑘𝐵, 𝑇, 𝑒𝑐, 𝑁𝐴, 𝜀0, and 𝜀𝑟 represent the Boltzmann constant, temperature, the elementary
charge, the Avogadro’s number, the vacuum permittivity, and the relative permittivity of
water, respectively. The surface charge density (-0.20 C/m2) was obtained from the lipid
concentration (4.3×10−4 mol/L, 25 µL) and the surface area of the trough (8 cm in a diameter).
The mismatch of the wave-vectors, 𝑘𝑧, was calculated via;

𝑘𝑧 = 𝑘𝑆𝐹𝐺,𝑧 + 𝑘𝑣𝑖𝑠,𝑧 + 𝑘𝐼𝑅,𝑧,
(S5)
and 𝑘𝑖,𝑧 =
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𝑛2𝑖 –𝑠𝑖𝑛2𝜃𝑖 (𝑖 = 𝑆𝐹𝐺, 𝑣𝑖𝑠, or 𝐼𝑅),
(S6)

where 𝑘𝑖,𝑧, , 𝑛𝑖, and 𝜃𝑖 indicate wave-vector at z-plane for the beam (i), wavelength,
refractive index of water corresponding to the beam (i), and beam angle with respect to the
surface normal, respectively. We obtained 𝑘𝑧 = 1/56 (nm-1).
(2)
(3)
For each resonant vibrational contribution ((2)
C = O(𝜔), bend(𝜔), and bend(𝜔)), we

assumed the Lorentzian shapes of
𝐴C = O

(2)
,
C = O(𝜔) = 𝜔 ― 𝜔
C = O + 𝑖ΓC = O
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(S9)
We conducted the global fitting for SFG spectra at H2O/DPPG and D2O/DPPG
interfaces with various ion concentrations under some constraints. The phase of the nonresonant contribution (𝜙𝑁𝑅) was set to be the same for fitting the spectra. For the C=O
stretching mode contribution ((2)
C = O(𝜔)), 𝜔C = O and ΓC = O were shared between H2O/DPPG
(3)
and D2O/DPPG interfaces. For the water bending mode contributions ((2)
bend and bend), we

use the same parameters for all the ion concentrations. Furthermore, we made a constraint that
3
Im((2)
C = O) is positive. This constraint allows us to determine the sign of the 𝐴bend(𝜒(2)) and

―6.8

(3)
𝐴bend(𝜒(3)) uniquely. Finally, we obtained spectra of (2)
bend(𝜔) = 𝜔 ― 1653 + 25𝑖 and bend(𝜔) =
―44.2
,
𝜔 ― 1655 + 25𝑖

where the unit of 𝜔 is cm-1. The other obtained parameters are listed in Table S1.

In the previous SFG study on water/charged lipids interfaces,3 Dreier and co-workers
found two peaks for the C=O stretch mode of the lipid; one is a positive ~1720 cm-1 peak with
large amplitude, while the other is a negative ~1740 cm-1 peak with small amplitude. Here, we
used only a positive peak for the fit, because this is the dominant contribution for the C=O
stretch mode. Furthermore, since we focus on the water bending mode at ~1650 cm-1, the
~1740 cm-1 peak does not affect the fitting. As such, to reduce the degrees of freedom for the
fitting, we used only one Lorentzian for the C=O stretch mode. Nevertheless, we note that
there is a small discrepancy between our fit with one Lorentzian for the C=O stretch mode
and the experimental data, which is marked by the arrows in Figure S1. This signifies the
existence of the 1740 cm-1 peak for the C=O stretch mode.
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Figure S1. SFG spectra at the D2O/DPPG interface at the concentrations of 0.1 mM and 1 M
NaCl. These spectra are offset for clarity. The solid black lines indicate fits to the model using
one Lorentzian mode for C=O stretch mode. Arrows in the plot indicate the discrepancy of the
fits and the measured spectra.

Table S1. Fitting parameters for the vibrational SFG spectra at
the water/DPPG interface with various ion concentrations.
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Supplementary Method 2. Fitting Procedure for SFG Spectra of Water Bending Mode
at Water/DPTAP Interface
We further performed the fit of the SFG spectra at the water/DPTAP interface with various
ion concentrations. For this fitting, we needed to introduce another vibrational resonance (
(2)

(2)

1784cm ―1) to adequately describe the broad peak at ~1784 cm-1, in addition to the C = O(𝜔),
(2)
(3)
bend(𝜔), and bend(𝜔) contributions as well as the non-resonant contribution.3 The spectra

were fitted with the equations as below.
2
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For the (2)
1784cm ―1(𝜔) contribution, we assumed the Lorentzian shape of
(2)
1784cm ―1(𝜔)

=

|

2


,
 ― 𝑖𝑘𝑧

𝐴1784cm ―1

,
𝜔 ― 1784 + 𝑖Γ1784cm ―1
(S12)

(2)
(3)
where the (2)
C = O(𝜔), bend(𝜔), and bend(𝜔) contribution employs the forms expressed by

Eq. (S7)-(S9).
In analogous to the fit for the SFG spectra at the water/DPPG interface, we also used
the constraints for the fit. We linked the phase information of the non-resonant contribution,
𝜙𝑁𝑅 in each spectrum. For the C=O stretching mode contribution ((2)
C = O(𝜔)), 𝜔C = O and
ΓC = O were shared between the H2O/DPTAP and D2O/DPTAP interfaces. For (2)
1784cm ―1(𝜔)
contribution, Γ1784cm ―1 was shared for the spectra with various ion concentrations.
Furthermore, we used the same 𝐴bend(𝜒(3)) and 𝜔bend(𝜒(3)) values for the (3)
bend spectrum at the
water/DPTAP interface as those at the water/DPPG interface. This is rationalized by taking
into account the fact that the (3)
bend spectrum is governed by the bulk properties and not
(3)
affected by the surface properties.4 For the water bending mode contributions ((2)
bend and bend
6

), we use the same parameters for all the ion concentrations. Under these constraints, our fit
provided spectra of (2)
bend(𝜔) =

1.5
𝜔 ― 1645 + 35𝑖

and (3)
bend(𝜔) =

―44.2
𝜔 ― 1655 + 35𝑖

for the

water/DPTAP interface. The other obtained parameters are listed in Table S2.

Table S2. Fitting parameters of the vibrational SFG spectra at the
water/DPTAP interface with various ion concentrations.

Supplementary Method 3. Fitting for SFG Spectra Water Bending Mode at Water/Air
Interface
7

On the basis of previous studies,5–8 we assumed that the SFG spectrum at the water/air
interface was composed of two different water contributions with a positive sign (a water
molecule with two hydrogen-bond donors, named as DD-type species) and with a negative
sign (a water molecule with one donor and the free O-H group, named as D-type species). The
DD-(D-)type species are known to provide a high (low) frequency of the H-O-H bending
mode.7 We performed the spectral fit of the SFG spectrum at the water/air interface using the
equation described as
2
2
(2)
𝑖𝜙𝑁𝑅
|(2)
+ (2)
eff (𝜔)| = |𝐴𝑁𝑅𝑒
bend1(𝜔) + bend2(𝜔)| .

(S13)
For the fitting, we assumed Lorentzian model to describe the vibrational modes as
𝐴bend1

(2)
,
bend1(𝜔) = 𝜔 ― 𝜔
bend1 + 𝑖Γbend1

(S14)
and
𝐴bend2

(2)
.
bend2(𝜔) = 𝜔 ― 𝜔
bend2 + 𝑖Γbend2

(S15)
Under the constrains of Γbend1 = Γbend2 = 65 cm-1, we obtained the best fit parameter of
5.4

(2)
(2)
bend1(𝜔) = 𝜔 ― 1612 + 65𝑖 and bend2(𝜔) =

―9.2
,
𝜔 ― 1661 + 65𝑖

respectively. This peak separation

|𝜔bend1 ― 𝜔bend2| of ~50 cm-1 is well consistent with the previous simulation studies.6–8
Although the obtained Γbend1 and

Γbend2 are slightly larger than the reported fitting

parameters (45-60 cm-1),5 the obtained 𝜔bend2 shows good agreement with the previous
experiment and simulation works.5,6

Supplementary Method 4. Relation of Bending Mode Frequency and Stretch Mode
Frequency
8

The bending mode frequency (𝜔𝑏) and the stretch mode frequency (𝜔𝑠) averaged over the two
O-H stretch vibrational frequency was given;9
ref
𝜔ref
𝑏 ― 𝜔𝑏 = ―0.2583(𝜔𝑠 ― 𝜔𝑠),

(S16)
ref
where 𝜔ref
are the reference frequencies of the bending and stretch modes,
𝑏 and 𝜔𝑠

respectively. The coefficient of -0.2583 was also confirmed by the theory calculation,6
ref
whereas the choice of 𝜔ref
𝑏 and 𝜔𝑠 is somehow arbitrary. For 𝜔𝑏 and 𝜔𝑠 close to the gasref
phase water vibrational frequencies, 𝜔ref
𝑏 and 𝜔𝑠 can be reasonably chosen from the gas-

phase water vibration data (𝜔g𝑏 and 𝜔g𝑠) as;
𝜔g𝑏 ― 𝜔𝑏 = ―0.2583(𝜔g𝑠 ― 𝜔𝑠),
(S17)
On the other hand, for 𝜔𝑏 and 𝜔𝑠 close to the liquid-phase water vibrational
frequencies, one should take the liquid water data of 𝜔l𝑏 and 𝜔l𝑠.
𝜔l𝑏 ― 𝜔𝑏 = ―0.2583(𝜔l𝑠 ― 𝜔𝑠),
(S18)
Here, 𝜔g𝑏=1595 cm-1, 𝜔g𝑠 = 3710 cm-1, 𝜔l𝑏=1650 cm-1,10 𝜔l𝑠 = 3400 cm-1.11 Since equations
(S17) and (S18) are not identical, we connected these two equations with a smoothing
function in the frequency region of 𝜔g𝑏 < 𝜔𝑏 ≤ 𝜔l𝑏, while (S18) was used for 𝜔𝑏 > 𝜔l𝑏. The
resulting functions for estimating the stretch mode frequency thus read;
sin2𝜑(𝜔l𝑏 ― 𝜔𝑏) + cos2𝜑(𝜔g𝑏 ― 𝜔𝑏) = ―0.2583(sin2𝜑′(𝜔l𝑠 ― 𝜔𝑠) + cos2𝜑′(𝜔g𝑠 ― 𝜔𝑠))
for 𝜔g𝑏 < 𝜔𝑏 ≤ 𝜔l𝑏,
𝜔l𝑏 ― 𝜔𝑏 = ―0.2583(𝜔l𝑠 ― 𝜔𝑠) for 𝜔𝑏 > 𝜔l𝑏,
(S19)
𝜋𝜔𝑏 ― 𝜔g𝑏

𝜋𝜔𝑠 ― 𝜔g𝑠

where 𝜑 = 2𝜔l ― 𝜔g and 𝜑′ = 2𝜔l ― 𝜔g.
𝑏

𝑏

𝑠

𝑠

Supplementary Discussion 1. Density Functional Theory Calculation for Understanding
the Relation of Water Orientation and Sign of Water Bend Mode SFG Signal
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The relation of the water orientation and the sign of the SFG peak of the water bending mode,
Im((2)
bend), is complicated, because of the induced effects of the dipole moment and
polarizability. This has already been pointed out in the bulk; the different sign of the transition
dipole moment for the permanent dipole moment and induced dipole moment, causing a
smaller IR bending mode peak in ice than that in the liquid water.12 The interplay of the
transition dipole-moment and the polarizability is more complicated. Thus, to check the sign
of the Im((2)
bend) at the water-DPPG and water-DPTAP conformations, we performed the
density functional theory (DFT) calculations of water in various environments.
The DFT calculation was done with Gaussian 16.13 First, we optimized the structure of
a single water molecule, a water molecule hydrogen-bonded to two other water molecules,
and a water molecule near the core parts of the DPPG and DPTAP headgroups (CH3-O-PO2O-CH3- and N-(CH3)4+). The level of the calculation was B3LYP/cc-pVTZ. The obtained
coordinates are listed in Table S3-6, while their structures are displayed in Table S7.
Subsequently, we computed the normal modes of water bending mode for geometryoptimized water molecules for these conformations. By using the normal modes, we
computed the transition dipole moment and the transition polarizability at the B3LYP/aug-ccpVTZ level of theory. The augmented function for the basis sets is crucial for computing the
molecular polarizability.
The calculated transition dipole moment and polarizability of the water bending mode
are summarized in Table S7. This table indicates that, when the orientation of the target water
molecule is the same, the phase of the transition dipole moment is the same. However, the
transition polarizability is not so simple; when a water molecule is a DD-type species (two
∂𝛼 ⊥

hydrogen atoms are both hydrogen-bond donors), the magnitude of the negative ∂𝑄bend is larger
than that of the positive

∂𝛼 ∥
∂𝑄bend

, while in other cases, the magnitude of the negative

∂𝛼 ⊥
∂𝑄bend

is

∂𝛼 ∥

smaller than that of the positive ∂𝑄bend.
To connect these transition dipole moment and transition polarizability in the
molecular frame with the SFG responses in the lab frame, one needs to take an ensemble
average of the different water conformations by rotating the transition dipole moment and
transition polarizability in the molecular frame. By assuming that the orientation of a water
molecule is uniformly distributed in the lower half part of the sphere (see Figure S2), the SFG
amplitude can be written as;
10

𝐴(2)
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〈 (

)〉
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1 ∂𝜇𝑍 ∂𝛼𝑋𝑋
+
2 ∂𝑄bend ∂𝑄bend ∂𝑄bend

(

)

(

∂𝜇𝑧
∂𝛼 ⊥
∂𝛼 ∥
∂𝜇𝑧 ∂𝛼 ⊥
1 𝜋/2
sin𝜃
cos𝜃
cos2𝜃 +
sin2𝜃 𝑑𝜃 ∝
2 0
∂𝑄bend
∂𝑄bend
∂𝑄bend
∂𝑄bend ∂𝑄bend
∂𝛼 ∥
+
,
∂𝑄bend
=

∫

)

(S20)
where 𝛼 ∥ = 𝛼𝑧𝑧 and 𝛼 ⊥ = (𝛼𝑥𝑥 + 𝛼𝑦𝑦)/2, and (X, Y, Z) represents the lab-frame and (x, y, z)
represents the molecular frame. Here, we used the relation of
𝜇lab = 𝐴𝜇mol
(S21) 𝛼lab = 𝐴𝛼mol𝐴 †
(S22)
where A is the rotation matrix converting from the molecular frame to the lab-frame.

Figure S2. Low half sphere marked in red represents the area for the integration in Eq. (S20).
The blue arrow shows direction of the transition dipole moment of water molecule. 𝜃
indicates the angle between the transition dipole moment and the Z-axis.

The sign of the SFG amplitude can be readily understood from the signs of
∂𝛼 ⊥

∂𝛼 ∥

∂𝜇𝑍
∂𝑄bend

and

based on Eq. (S20). For a water molecule bonded to the two water molecules
∂𝑄bend + ∂𝑄bend
11

(DD-type water molecule), up-(down-)orientation of the dipole moment of water provides the
negative (positive) sign of the SFG amplitude. This is consistent with the SFG signal at the
water-air interface.6–8 On the other hand, the water molecule near the DPPG and DPTAP
headgroups as well as the single gas-phase water molecule shows the opposite trend; the up(down-) orientation of the dipole moment of water provides the positive (negative) sign of the
SFG amplitude. Now, these data are compared with the sign of Im((2)
bend) obtained from the
experiments. Since the DPTAP is on the top of the water molecules at the water/DPTAP
interface, the sign of the transition dipole moment of water should be flipped. Thus, Im

((2)
bend) at the water/DPTAP interface should have a negative sign, based on Table S7. This is
consistent with the negative Im((2)
bend) obtained from the experiment. For the water/DPPG
interface, Table S7 predicts the positive sign for Im((2)
bend), again consistent with the
experiment.

Table S3. Atom coordinates of single gas-phase water molecule.

Table S4. Atom coordinates of a water molecule hydrogen-bonded to two
water molecules.
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Table S5. Atom coordinates of a water molecule near the core part of the
DPPG headgroup.
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Table S6. Atom coordinates of a water molecule near the core part of the
DPTAP headgroup.
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Table S7. Transition dipole moment, transition polarizability,
and their product. The H-O-H angular bisector forms the zaxis.

Supplementary Discussion 2. Constructive vs Destructive Interference of Water Bending
Mode and C=O Stretch Mode
From the fit of the SFG spectra, we have obtained the different sign of the bending mode
(𝑐)

(3)
contributions ((2)
bend(𝜔) + bend(𝜔)(𝜎,𝑐) (𝑐) ― 𝑖 𝑘 ) at low ion concentrations. This can be

 𝑧

confirmed not only from the fit but also from the lineshapes of the SFG intensity spectra
through the interference of the bending mode contribution and the C=O stretch mode
contribution. Here, by using the model calculations, we examine how the constructive
interference (both bending mode and C=O stretch mode contributions have positive signs) and
destructive interference (bending mode and C=O stretch mode contributions has negative and
positive signs, respectively) affect the lineshape of the SFG spectra.
Figure S3 displays the imaginary part and real part spectra of two Lorentzians with
resonant frequencies of 1655 and 1714 cm-1. The linewidths were set to be 35 and 20 cm-1,
respectively. When destructive interference occurs between the bending mode and C=O
stretch mode, the real part signal is enhanced in the frequency region between bending mode
frequency and the C=O stretch frequency (see solid blue line in Figure S3(b)). In contrast,
16

when constructive interference occurs, real part signal is suppressed (see solid blue line in
Figure S3(e)). As such, the resulting SFG intensity spectra show a shoulder for the bending
mode region for the destructive interference (Figure S3(c)) and an independent peak for the
constructive interference (Figure S3(f)).
Here, we turn our focus on the SFG spectra. Figure S4 shows the SFG spectra at the
H2O/DPPG and H2O/DPTAP interfaces at 0.1 mM concentration. One can clearly see that the
SFG spectrum at the H2O/DPPG interface shows a shoulder, while the SFG spectrum at the
H2O/DPTAP interface exhibits an independent peak. Given that the sign of the C=O stretch
mode peak in the Im(2) spectrum is positive,3 the sign of the bending modes at the DPPG
and DPTAP interfaces can be assigned to the negative and positive, respectively. Since the
(3)
bend contribution is dominant at 0.1 mM concentration, one can conclude that the sign of

Im((3)
bend) is negative at the DPPG interface and positive at the DPTAP interface. This is
consistent with the fit results (see Figure 2(c) in the main text).

Figure S3. Destructive and constructive interference between two resonant vibrational modes.
(a, b, d, e) The imaginary and real parts of simulated (2)spectra of two overlapping peaks
with the opposite sign (destructive interference) (a, b) and the same sign (constructive
2

interference) (d, e). (c, f) Intensity spectra |(2)| .
17

Figure S4. SFG spectra at the H2O/DPPG and H2O/DPTAP interfaces with a concentration of
0.1 mM NaCl solution. The spectra are offset for clarity.

Supplementary Discussion 3. Peak Shifts of C=O Stretching Mode
The other important consequence from the analysis in the Supplementary Discussion 1 is that
the peak around 1710 cm-1 in the SFG intensity spectra is red-shifted from the frequency of
the intrinsic C=O stretch mode for the destructive interference and is slightly blue-shifted for
the constructive interference as shown in Figure S3(c, f). Since the intrinsic C=O stretch mode
frequency can be obtained from the SFG spectra at the D2O/DPPG and D2O/DPTAP
interfaces, comparison of the C=O stretch mode frequency between the SFG spectra of D2O
and H2O provides the information on the destructive and constructive interference, clarifying
the sign of the spectrum for the bending mode of water.
Figure S5 plots the frequency shift ∆𝜔 = 𝜔C = O,H2O ― 𝜔C = O,D2O of the peaks for the
C=O stretch mode at the water/DPPG and water/DPTAP interfaces. The water/DPPG
interface clearly shows the negative ∆𝜔 at the ion concentration < 1 mM, while ∆𝜔 is positive
at the ion concentration > 0.1 M. This strongly suggests that the sign of the water bending
mode at the water/DPPG interface is changed by varying the ion concentration. This is
consistent with the fit results. Because, a contribution from the peak at ~1784 cm-1 also affects
the peak position of the C=O stretch mode for the water/DPTAP interface, it is not
straightforward to connect ∆𝜔 with the sign of the bending mode peak.
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Figure S5. The frequency shift (∆𝜔) of C=O stretch mode at the water/charged lipids
interfaces vs. NaCl concentration.
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