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Sum Frequency Generation (SFG) spectroscopy is a powerful tool to probe molecular environments of oth-
erwise nearly inaccessible buried interfaces. Theoretical spectroscopy is required to reveal the structure-
spectroscopy relationship. Existing methods to compute theoretical spectra are restricted to the use of time-
correlation functions evaluated from accurate atomistic molecular dynamics simulations, often at the ab-initio
level. The interpretation of the computed spectra requires additional steps to deconvolve the spectroscopic
contributions from local water and surface structural populations at the interface. The lack of a standard
procedure to do this often hampers rationalization. To overcome these challenges, we rewrite the equations
for spectra calculation into a sum of partial contributions from interfacial populations, weighted by their
abundance at the interface. We show that SFG signatures from each population can be parameterized into
a minimum dataset of reference partial spectra. Accurate spectra can then be predicted by just evaluating
the statistics of interfacial populations, which can be done even with force field simulations as well as with
analytic models. This approach broadens the range of simulation techniques from which theoretical spectra
can be calculated, opening toward non-atomistic and Monte Carlo simulation approaches. Most notably, it
allows constructing accurate theoretical spectra for interfacial conditions that can not even be simulated, as
we demonstrate for the pH-dependent SFG spectra of silica/water interfaces.

INTRODUCTION

Sum Frequency Generation (SFG) spectroscopy1,2

serves as an effective tool for interface characterization.
As a non-linear vibrational spectroscopy technique, SFG
depends on the second-order susceptibility χ(2)(ω), which
is zero in centrosymmetric media (e.g. bulk of liquids and
many solids). Thanks to its surface specificity, SFG spec-
troscopy has been widely utilized to investigate aqueous
interfaces to unravel their structural, vibrational and dy-
namical properties at a molecular level3–10.
Interpreting SFG spectra in terms of microscopic sur-

face structures requires theoretical analyses. Extensive
research has been dedicated for theoretical χ(2)(ω) calcu-
lation via molecular dynamics (MD) simulations, which
are based on correlation functions between molecular
dipole moment and polarizability tensor11–15 or velocity-
velocity correlation functions (VVCF)16–22. However,
the interpretation of SFG spectra remains challenging
due to the overload of information contained in the sig-
nals.

Taking the example of the 3000–4000 cm−1 spectral
domain, both water OHs and surface OH groups (e.g.
silanols on silica surface) contribute to the SFG signal.
Dissecting these contributions requires specific deconvo-
lution of the spectrum and the assignment of the differ-
ent spectroscopic fingerprints into the structural popula-
tions of both water and surface. In Heterodyne-detected

(HD)-SFG, the interpretation of the signal is furthermore
complicated by the compensation of positive and nega-
tive peaks due to different orientations of the OH groups,
which also requires specific theoretical deconvolution.
Moreover, the SFG signals arising from water have

spectral contributions from different water layers, each
one with distinct structural properties. An aqueous inter-
face can be separated into three layers18,19,23: the Bind-
ing Interfacial Layer (BIL), i.e. the water layer directly
in contact with the surface together with the top-surface
contribution, the Diffuse Layer (DL), i.e. the subsequent
water layer with bulk-like water reoriented by the surface
charges23, and liquid bulk water. Only BIL and DL are
SFG active with broken centrosymmetry. By calculating
separately the SFG signals arising from water and top-
surface OHs in the BIL and DL, the total SFG spectrum
can be deconvolved: 19

χ(2)(ω) = χ
(2)
BIL(ω) + χ

(2)
DL(ω) (1)

where χ
(2)
BIL(ω) and χ

(2)
DL(ω) are spectral contributions

from BIL and DL.
The physics behind χ

(2)
BIL(ω) and χ

(2)
DL(ω) are different.

χ
(2)
DL(ω) arises solely from a population of bulk-like wa-

ter molecules reoriented by the electric field generated by

the surface charges. χ
(2)
DL(ω) is thus a universal two-band

signal centered at 3200 cm−1 and 3400 cm−1, which sign
(in HD-SFG) and amplitude depend on the surface po-
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tential19,23. χ
(2)
BIL(ω) is composed of contributions from

the surface functional groups (e.g. OH terminations)
and the water molecules (denoted BIL-water) interact-
ing with both the surface and the subsequent water layer
(DL). The interactions between BIL-water and surface
depend on the types and local distribution of the surface
functional groups, the surface morphology, the topology,
etc..., resulting in a variety of structural populations pro-
viding the surface-specific fingerprints in the SFG spec-
trum.

Because of these complexities, just computing theo-
retical SFG spectra is usually far from sufficient. Their
interpretation indeed requires deconvolution steps to dis-
sect BIL from DL signals, and to dissect the contributions
from distinct BIL populations. This is based on the struc-
tural knowledge extracted from MD simulations. This is
however limited to systems that can be simulated with
good enough accuracy for the theoretical spectroscopy
calculation, e.g. usually at the DFT-MD electronic level
of representation for instance for aqueous oxide interfaces
(where water-surface interactions are hard to describe
with sufficient accuracy for spectroscopy by classical force
fields). Many relevant interfacial conditions can however
not even be realistically simulated, such as variations in
pH conditions or electrolyte solutions with low ionic con-
centrations. It is thus highly challenging to accurately
calculate and interpret the SFG spectra of interfaces in
the wide range of conditions that they experience in na-
ture and in common applications.

We hereby propose a simplified theoretical method de-
noted the “pop model”, that constructs SFG spectra of
aqueous interfaces as the sum of spectral contributions
from identified populations located in the different in-
terfacial SFG active layers. It consists in rewriting the
standard equations to compute a theoretical spectrum
into a sum of partial contributions arising from the dif-
ferent interfacial populations, weighted by the abundance
of these populations. We will show that it is possible to
parameterize the SFG signatures of a minimum dataset
of populations from DFT-MD simulations, and predict
with high accuracy the SFG spectrum of a given interface
only from the knowledge of the statistics of the popula-
tion at that interface. The statistics on the population
can be obtained with classical force fields simulations,
which enlarges the complexity of interfaces over which
theoretical spectra can be simulated. More importantly,
the “pop model” provides a way to calculate theoreti-
cal SFG spectra even in cases where simulations are not
available, as long as the abundance of interfacial popu-
lations can be deduced from existing analytical models.
We provide a proof of principle for this exciting perspec-
tive by predicting pH-dependent surface SFG spectra of
silica/water interfaces as a function of pH in excellent
quantitative agreement with experiments.

METHOD AND APPLICATIONS

In the following, we introduce the equations for the
“pop model” in order of increasing complexity. We start
from the DL, which can be described by a single water
population, and then extend the approach to the BIL,
where the signals of multiple water and surface popu-
lations overlap. Hereafter, we define these populations
based on local (first shell) coordination and orientation
of water and surface OH groups.

A. SFG Signal in the Diffuse Layer (DL)

As shown in refs.19,23–25, the SFG χ
(2)
DL(ω) response

from water in the DL region of the interface can be
rewritten in terms of the bulk liquid water third order

susceptibility χ
(3)
Bulk(ω) contribution, hence providing

the generic two bands at 3200 and 3400 cm−1 of any
DL-SFG spectrum, weighted in sign and magnitude by
the potential difference ∆ϕDL across the DL:

χ
(2)
DL(ω) = χ

(3)
Bulk(ω) ·∆ϕDL (2)

where χ
(3)
Bulk(ω) is the third order susceptibility of liquid

water and ∆ϕDL is:

∆ϕDL =

∫ ∞

za

dz · EDC(z)e
i∆kzz (3)

with za the vertical (i.e. perpendicular to the surface)
boundary between the BIL and DL and ∞ is the bound-
ary between DL and bulk water, EDC(z) the electrostatic
field, and ∆kz a phase factor that takes into account in-
terferences between the emitted light at different depths
from the surface.
When theoretical DL-SFG spectra are calculated from

MD simulations using the approach we have developed

and validated in ref. 19, the knowledge of χ
(3)
Bulk(ω)

and ∆ϕDL is not required anymore. χ
(2)
DL(ω) is sim-

ply obtained from the Fourier transform of the dipole-
polarizability correlation function (i.e. the standard
time-dependent method introduced by Morita et al.,11,12)
and by considering only the contribution of the DL-water
molecules (identified based on a clear definition of the
evolution of water density as a function of the vertical
distance from the instantaneous surface26, as detailed in
ref. 18,19), so that:

χ
(2)
DL(ω) =

iω

kBT

NDL∑
i=1

NW∑
j=1

∫ ∞

0

dteiωt⟨αj
xx(t)µ

i
z(0)⟩


(4)

where all the possible cross-correlation terms between
the NDL water molecules located in the DL layer and
all the NW water molecules of the simulated system
(NW = NBIL + NDL + NBulk) are explicitly included.
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The xxz component of the χ
(2)
DL(ω) tensor is here con-

sidered, corresponding to ssp polarization of the SFG
lasers. µi

z(0) and αj
xx(t) respectively refer to the indi-

vidual dipole and polarizability of the i -th and j -th wa-
ter molecules, j and i are indices respectively running
over the total number of water molecules in the simula-
tion box (Nw) and over the number of water molecules
in the DL (NDL). Recent applications of DFT-MD for
SFG calculations replace the polarizability-dipole cor-
relation function in eq. 4 by a time correlation of ve-
locities weighted by APT and Raman tensors (VVCF
approach17, often including self-correlation terms only).
Hereafter, the derivation of the “pop model” is done from
eq. 4.

The iω
kBT

∑NW

j=1

∫∞
0

dt exp(iωt)⟨αj
xx(t)µ

i
z(0)⟩) term in

the equation represents the contribution to the total SFG
spectrum of the i-th water molecule located in the DL.
This is labeled βi

DL(ω) hereafter.
We can thus rewrite Eq. 4 as:

χ
(2)
DL(ω) =

NDL∑
i=1

βi
DL(ω) (5)

where βi
DL(ω) = βi

DL,xxz(ω) for the ssp SFG polarization
of interest in this work.

As demonstrated in refs.19,23,24,27, the SFG activity of
the DL is due to a pure second order effect, dominated by
bulk-water reorientation induced by the static-field aris-
ing from the charged surface. Any difference between DL-
SFG spectra of interfaces with different surface charges
can thus be related to the difference in the average ori-
entation of the DL-water molecules.

In order to explicitly show the dependence of the DL-
SFG signal on the water orientation in Eq. 5, βi

DL(ω) can
be divided and multiplied by the orientation of each i-th
water molecule, denoted by cosθi. Specifically, cosθi is
the cosine of the angle formed between the dipole direc-
tion of the i-th water molecule and the normal to the sur-
face (defined from the liquid to the solid/vapor phase).
Assuming that differences between the SFG-activity of
the DL-water molecules only arise from their orienta-
tion and that βi

DL(ω) linearly depends on cosθi, so that
βi
DL,xxz(ω)

cosθi
=βeff

DL,xxz(ω) is a constant for each given ω, we
obtain:

χ
(2)
DL(ω) =

NDL∑
i=1

βi
DL(ω)

cosθi
· cosθi (6)

= βeff
DL (ω) ·

NDL∑
i=1

cosθi (7)

where
βi
DL(ω)
cosθi

=βeff
DL (ω) is defined as the effective hyper-

polarizability of the i-th DL-water molecule, constant for
all DL-water molecules for each given ω, i.e. a function
of ω only.
This equation allows separating the orientation part of

any DL-SFG spectrum (due to the surface charge), i.e.

∑NDL

i=1 cosθi, from the βeff
DL (ω) term which is the contri-

bution to the SFG spectrum of a DL water molecule per
unitary orientation. This latter is identical for all DL-
water molecules at the charged interface. It is important
to stress here that Eq. 7 and Eq. 2 are equivalent under
the assumption that orientation dominates the DL-SFG
activity (which is indeed the usual assumption). The∑NDL

i=1 cosθi orientation term in Eq. 7 is hence the coun-
terpart of ∆ϕDL in Eq.2, at the origin of the sign and

intensity of DL-SFG spectra, while βeff
DL (ω) is the coun-

terpart of χ
(3)
bulk(ω), providing the two bands structure of

any DL-SFG spectrum.

In order to prove that βeff
DL (ω) is, as χ

(3)
bulk(ω), a uni-

versal term at any aqueous interface, and therefore that
Eq. 2 and Eq. 7 are equivalent formulations, we now con-
sider the same DFT-MD simulations of charged aqueous
interfaces as the ones used in refs. 19 and 28, which al-

lowed us to obtain the theoretical χ
(3)
bulk(ω) using Eq. 2.

The same trajectories are used to calculate βeff
DL (ω) from

the theoretical χ
(2)
DL(ω) via Eq. 7. The systems consid-

ered include both neat and electrolytic silica-water inter-
faces with different surface charge values and ions con-
centrations. The neat interfaces are: the fully proto-
nated (0001)-α-Quartz-water (QW) interface, QW with
3% of surface SiOH sites being deprotonated, and QW
with 12% of deprotonated sites. Three electrolytic inter-
faces are generated by adding different concentrations of
KCl ion-pairs in the simulation box of the fully hydroxy-
lated QW interface. The resulting excess concentrations
[K+]BIL of K+ in the BIL, are 1.6 M, 4.2 M and 7.2 M
for the investigated three systems. We refer to ref. 28 for
more details on these DFT-MD simulations.
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FIG. 1. βeff
DL (ω) spectra (imaginary, Im and real, Re com-

ponents) calculated using Eq.7 for the DFT-MD simulations
already used to parametrize χ3(ω) in refs.19,28: Quartz-water
interfaces with different degrees of surface deprotonation (0%,
3% and 12%) and ions (KCl) concentrations, reported as ex-
cess cation (K+) concentration in the BIL (1.6, 4.2 and 7.1
M).
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As shown in Fig. 1, similar βeff
DL (ω) spectra are ob-

tained for all considered systems. They have the same

shape as the χ
(3)
Bulk(ω) spectrum reported in refs.19,28,

with the same two positive bands at 3200 and 3400

cm−1. With this universal βeff
DL (ω) parameterized based

on these DFT-MD simulations, we can now calculate any
DL-SFG spectrum from any MD simulation (DFT-MD
or classical MD) or even from Monte Carlo simulations

by simply evaluating the orientation term
∑NDL

i=1 cosθi
(Eq. 7) for the water molecules located in the DL.

B. SFG Signal in the Binding Interfacial Layer (BIL)

Contrary to the DL, the water structural organization
in the Binding Interfacial Layer (BIL) cannot be sim-
ply described by the orientation of the water molecules.
Because of the actual balance between water-water and
water-surface interactions at a given aqueous surface,
several distinct water populations contribute to the BIL
spectrum, each one characterized by specific local coor-
dination and orientation. We hereby define such popu-
lations simply based on the water OH groups being ei-
ther H-bonded to the surface, or to the water, or non
H-bonded at all, together with their orientations with
respect to the surface normal (oriented from the liquid
to the surface as is the convention in SFG spectroscopy).
These criteria are easily obtained as output of simula-
tions, making the classification of BIL populations and
their statistical analysis straightforward. The types and
relative abundances of such BIL-populations are surface
specific as they depend on their interaction strength with
surface functional groups as well as on the local surface
morphology, topology, hydrophilicity, charge state, etc.
However, we will show in the following that a small num-
ber of spectroscopically relevant populations is sufficient
to describe various families of aqueous interfaces (e.g.
hydrophobic interfaces, interfaces between water and or-
ganic monolayers). As for the DL, we need to extract
the βeff (ω) of each defined population located in the
BIL, which requires building a database for each fam-
ily of surfaces. In this work, the SFG fingerprints of a
series of BIL-populations have been calculated from our
database of DFT-MD simulations on various aqueous in-
terfaces. The BIL-SFG spectrum of each population has
been obtained with the VVCF method18–22,28.
As summarized in Fig. 2 and demonstrated hereafter,

a limited set of 6 BIL-water populations were required as
building blocks for the “pop model” to describe the SFG
spectra of a large number of liquid/solid, liquid/vapor
and liquid/organic aqueous interfaces. These interfaces
include charged and neutral surfaces, ranging from pure
hydrophobic to hydrophilic, with in between the in-
terfaces having coexistent local hydrophobic and hy-
drophilic patches.

BIL-water OH groups are first categorized into (1) OH
groups pointing towards the subsequent water layer (op-
posite to the conventional SFG normal vector, denoted

“OH-down”, with cosθ < 0 where θ is the angle between
an OH group and the SFG normal vector, i.e. perpendic-
ular to the surface, pointing from water to the surface,
see fig. 2), resulting in a negative SFG band, and (2) OH
groups pointing towards the surface (along the conven-
tional SFG normal vector, denoted “OH-up” with cosθ >
0), leading to a positive SFG band. The spectroscopic fin-
gerprint of “OH-down” groups (Fig. 2A, solid cyan line)
is generalizable for any investigated aqueous interface as
these groups are systematically HB-donors to bulk (or
DL) water molecules with the same interaction strength,
as demonstrated in ref. 22. This population is denoted
by pop 1 in the following.

The “OH-up” fingerprints are system dependent due
to the strength of interaction between BIL-water and the
top-surface sites.

At hydrophobic interfaces, the “OH-up” groups are
dangling, i.e. pointing towards the surface without form-
ing H-bonds, resulting in a free-OH peak located at above
3600 cm−1 in SFG. Note that the free-OH peak is usually
recognized as a molecular proof of hydrophobicity22,29,30.
In the case of the air/water interface, the prototype hy-
drophobic interface, the dangling OH groups pointing to-
wards the air is free, corresponding to a positive SFG
peak at 3700 cm−1, denoted pop 2 (Fig. 2B, solid red
line).

At other hydrophobic interfaces, e.g. graphene, or hy-
drophilic interfaces with local hydrophobic patches, like
the amorphous silica with low hydroxylation degree, the
dangling OH groups point towards the hydrophobic func-
tional groups (i.e. siloxanes) with weak interactions (e.g.
van der Waals forces), leading to a red-shifted free OH
peak (denoted quasi-free, Fig. 2B, dashed red line) com-
pared to that of the air/water interface22. The repre-
sentative fingerprint depicted in Fig. 2B with the dashed
red line is parameterized from the SFG fingerprint aris-
ing from OH groups pointing to hydrophobic patches of
the amorphous silica surface with a hydroxylation degree
of 4.5 SiOH/nm2.20,22 Note that this quasi-free OH peak
frequency shows very little variation between hydropho-
bic interfaces (± 15 cm−1) investigated in ref. 22, which
makes the representative fingerprint semi-transferable to
other hydrophobic interfaces. This quasi-free OH popu-
lation is denoted pop 3.

In the case of hydrophilic interfaces, “OH-up” groups
are H-bonded to surface hydrophilic functional groups,
corresponding to a positive band in the H-bonded fre-
quency range (below 3600 cm−1). The band shape and
frequency center of this peak is system specific, depend-
ing on the types of surface hydrophilic functional groups.
Here, we present two examples of H-bonded OH-up fin-
gerprints, one parameterized from the water OH groups
forming donor H-bonds with surface SiOHs at an amor-
phous silica/water interface with a hydroxylation de-
gree of 4.5 SiOH/nm220,22 (denoted pop 4, Fig. 2C,
dashed blue), and the other from water OH groups form-
ing donor H-bonds with oxygen atoms of the organic
self-assembled monolayer (SAM) composed of polyethy-
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FIG. 2. Spectroscopic fingerprints βeff (ω) of BIL-water OH groups and surface SiOH groups in the OH stretch frequency range,
parameterized from various aqueous interfaces including the air/water, amorphous silica/water, self-assembled monolayer/water
interfaces. Parameterization on DFT-MD trajectories and VVCF SFG calculations (see text, section B).

lene glycol (PEG, CH3(OCH2CH2)7CH2SiCl3), denoted
pop 5, see Fig. 2C, solid blue. While being system de-
pendent, these fingerprints can be utilized to reconstruct
the SFG spectra of interfaces within the same family but
with different parameters, e.g. with different degrees of
hydroxylation and crystallinity of silica/water interfaces,
with different ratios of PEG polymer chains involved in
the SAM monolayer composition. These examples will
be demonstrated in the following section of applications.

One last population is hereby defined for SFG signals
in the OH stretch frequency range arising from the sur-
face O-H functional groups. As for pop 4 and pop 5,
this population is system dependent. Among the inves-
tigated interfaces in our database, the only SFG-active
surface group in the OH stretch range arises from sur-
face SiOHs20,21,31, which is hence defined as pop 6 in the
present work (Fig. 2D, solid brown line).

With the βeff (ω) of different populations being pa-
rameterized from DFT-MD simulations of various aque-
ous interfaces through the VVCF-based SFG calculation
method and shown in Fig. 2, we are now able to construct
the SFG spectrum of any given interface within the fam-
ilies present in our current (small) database. It requires
the knowledge of the statistics of each population given
by MD simulations (either DFT-MD or standard classi-

cal MD). In analogy to Eq. 7 for the DL, the χ
(2)
BIL(ω) is

calculated by summing up the contributions arising from

each of identified i-th population:

χ
(2)
BIL(ω) =

Npop∑
i=1

βeff
i (ω) ·

npopi∑
j=1

cosθij

 (8)

Note that unlike the DL where water orientation dom-
inates the χ

(2)
DL(ω) SFG activity, the orientation of the

water OH groups is dictated by the balance between
water-surface and water-water interactions. This balance
is intrinsically taken into account in the definition of the
populations and is ultimately accounted for in equation 8
with the summation over the cosine values.

C. Applications

In the following we present a series of DFT-MD and
FF-MD simulations of aqueous interfaces for which the

χ
(2)
BIL(ω) SFG signal is calculated by using the simpli-

fied ’pop model’ of βeff
i (ω) fingerprints described in the

previous section.
The protocole is the following. Stage 1- The DFT-

MD/FF-MD trajectory is analyzed in terms of the struc-
tures adopted by the water molecules in the BIL and
of the structures of the solid/polymer/air top-surface in
order to extract the population(s) of the O-H groups
regarding their orientational and H-Bonding properties.
The O-H populations hence uncovered are attributed to
one of the populations that have been described in the
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FIG. 3. BIL-SFG ℑ(χ(2)
BIL(ω)) spectra of various hydrophobic/hydrophilic interfaces calculated using “pop model” approach

in solid green lines. (A) Hydrophobic interfaces. Top: the air/water interface calculated over a classical MD simulation of 20
ns (SPCE32 water); Middle: graphene/water interface calculated over a DFT-MD simulation of 50 ps. Bottom: OTS/water
interface calculated over a DFT-MD simulation of 400 ps. (B) Organic SAM/water interfaces SFG spectra calculated over
DFT-MD simulations of 400 ps using the “pop model”. Top: OTS/water interface; Middle: PEG/water interface; and Bottom:
homogeneously (1:1) mixed OTS-PEG/water interface. (C) Silica/water interfaces with different degrees of crystallinity and
hydroxylation. Top: amorphous silica/water interface with a hydroxylation degree of 3.5 OHs/nm2; Middle, amorphous
silica/water interface with a hydroxylation degree of 4.5 OHs/nm2; Bottom: α-Quartz (0001)/water interface with added DL
contribution (in pink) for a direct comparison with the DFT-MD calculated spectrum reported in ref. 21. The “pop model”
SFG spectra are calculated over DFT-MD trajectories, respectively of 20 ps (top), 20 ps (middle) and 15 ps (bottom). These
trajectories can be found in refs. 20,21. The spectral contributions from each population are depicted for each system using
the same color code and line style as in Fig. 2. In all plots, the VVCF based DFT-MD calculated spectra are plotted in dashed
black for comparison with the “pop model” spectra in green.

previous section and which βeff
i (ω) spectral fingerprints

have been presented in figure 2. This provides the knowl-
edge of the density of each population found in the BIL

(i.e. the ensemble of Npop in eq. 8). Stage 2- The βeff
i (ω)

spectral fingerprint from the database is associated to

each density population. Stage 3- The χ
(2)
BIL(ω) SFG sig-

nal of the BIL is calculated through equation 8 of the
’pop model’.

In the following applications, when the ’pop model’ is
applied on a DFT-MD trajectory that served for the pa-

rameterization of a βeff
i (ω) fingerprint, the validity of

eq. 8 is tested in terms of the βeff
i (ω) fingerprint per

unitary orientation. When the ’pop model’ is applied on
a FF-MD trajectory that was not used in the parameter-

ization of a βeff
i (ω) fingerprint, the transferrability of a

DFT-MD based βeff
i (ω) to a classical FF-MD trajectory

is tested together with the final accuracy of the FF-MD-
pop model signal for the positions, intensities and shapes
of the spectral bands.

1. Hydrophobic Interfaces

We start our demonstration of the “pop model”
for SFG calculations by hydrophobic aqueous inter-

faces. The air/water interface has been extensively stud-
ied through SFG spectroscopy4,30,33–35 during the last

decades: the ℑ(χ(2)
BIL(ω)) of the air/water interface is

composed of a positive peak located at ∼3680 cm−1

(in the free OH region) and a negative band centered
at ∼3400 cm−1 (in the H-bonded region). Apart from
the free OH peak, a two-dimensional collective H-bonded
network (2DN)18 composed of interconnected interfacial
water molecules through H-Bonds being oriented par-
allel to the water surface was uncovered. The 2DN is
another molecular hydrophobic descriptor, as shown in
refs. 18,22,36, which is however SFG inactive in ssp or
ppp polarization due to the orientation of the OH groups
of water being perpendicular to the SFG normal vector.

The theoretical ℑ(χ(2)
BIL(ω)) of the air/water interface

calculated from DFT-MD simulation using the VVCF
based method17,18 was shown in good agreement with
the experimental SFG spectrum.18

The deconvolution of the two SFG-band spectrum
made in ref18 showed that the O-H groups of the water
in the 2DN that are pointing towards the air contribute
to the ∼ 3700cm−1 free O-H positive band, while the
O-H groups of the water in the 2DN that are pointing
towards and making H-Bonds with the subsequent bulk
water layer are responsible for the ∼ 3400cm−1 negative
band.
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A classical FF-MD simulation using the SPC/E force
field32 of the air-water interface has been accumulated
with the same box size and same number of water
molecules as in the DFT-MD simulation used for the
SFG calculation in ref. 18, but larger time scale (20 ns),
(see ref. 37 for simulation details). This trajectory is
analyzed for the water O-H density populations in the
BIL as described in the protocole above, finding without
surprise the two building block populations identified in
our ’pop model’ as respectively OHdown population (pop
1, Fig. 2A for βeff (ω)) and OHup free (pop 2, Fig. 2B
for βeff (ω)). The SFG signal of this FF-MD air/water
interface can then be reconstructed by using these two
populations with our “pop model” of Eq. 8. The result is
shown in Fig. 3A, upper panel. The excellent agreement
between the FF-MD-pop model SFG spectrum calculated
over a classical MD trajectory with the DFT-MD calcu-
lated spectrum using the VVCF method validates the
“pop model”. This shows that the “pop model” hence
makes it possible to construct a SFG spectrum in ex-
cellent quality using classical MD simulations without a
specialized force field and without calculating any kind
of correlation functions.

The SFG spectrum of other hydrophobic interfaces,
e.g. graphene/water, are similar to that of the air/water
interface, as demonstrated in ref. 22. Taking the exam-
ple of the graphene/water SFG spectrum calculated from
DFT-MD (fig. 3A middle panel), one indeed recognizes a
similar positive free OH peak at 3644 cm−1 and a nega-
tive H-bonded band at ∼ 3550 cm−1, similar to the ones
in the air/water SFG spectrum. The decomposition of
these peaks in ref. 22 revealed the same two populations,
OHdown population (pop 1, Fig. 2A) and OHup free (pop
2, Fig. 2B), as the two sole contributors to the SFG spec-
trum. Hence, we use the same two-population model as
for the air/water interface to construct the SFG spectrum
of the graphene/water by extracting the density of each
population from the DFT-MD simulation (see ref. 22 for
simulation details).

However, the free OH peak, in this case, is slightly red-
shifted compared to that of the air/water interface due
to the weak interactions between water and the surface.
This is well captured by the OHup quasi-free population
(pop 3, Fig. 2B for βeff (ω)), while the negative band
arises from the same OHdown (pop 1, Fig. 2A for βeff (ω))
). The SFG spectrum deduced from the “pop model” in
Fig. 3A (middle panel) matches extremely well the one
calculated from the DFT-MD simulation using the VVCF
method in terms of frequency, intensity and band-shape.

2. Organic (SAMs) Aqueous Interfaces

To increase complexity in the application of the ”pop
model” to more complex and more dynamical aque-
ous interfaces, the SFG spectroscopy of a set of aque-
ous interfaces composed of self-assembled monolayers
(SAMs) is now investigated. SAM/water interfaces

have attracted considerable attention as a model plat-
form to study hydrophobicity and hydrophilicity both
theoretically38–40 and experimentally12,41–43. In ref.36,
the water SFG spectrum of three different silane-based
SAM/water interfaces have been measured and calcu-
lated from DFT-MD simulations for (1) pure octade-
cyltrichlorosilane (OTS, CH3(–CH2)17–SiCl3) monolayer
(intrinsically hydrophobic), (2) pure polyethylene glycol
(PEG, CH3(OCH2CH2)7CH2SiCl3) monolayer (intrinsi-
cally hydrophilic with oxygens at the interface), and (3)
homogeneously mixed OTS-PEG monolayer (1:1 mixing
ratio in the calculation).
We start with the hydrophobic OTS/water interface.

The structural analysis of the BIL in the DFT-MD tra-
jectory (see details in ref.36) reveals the same water pop-
ulations as found in the other hydrophobic interfaces,
i.e. the OHup free (pop 2) or the quasi-free (pop 3),
and the OHdown (pop 1). The water SFG spectrum of
the OTS/water interface is reconstructed with the ”pop
model” over the same DFT-MD simulation as in ref. 36.
The result is displayed in Fig. 3B, upper panel together
with the DFT-MD spectrum calculated with the VVCF
method. As for the graphene/water interface, the fre-
quency shift of the OHup with respect to that of the
air/water interface is taken into account by the OHup

quasi-free (pop 3) fingerprint. The good agreement with
the DFT-MD calculated SFG spectrum once again vali-
dates our choice of the two populations for hydrophobic

interfaces and of eq. 8 for reconstructing the χ
(2)
BIL(ω).

The small discrepancy in the frequency of the OHup be-
tween the DFT-MD calculated and the “pop model” con-
structed SFG spectrum (within 15 cm−1) does not pre-
vent us from correctly interpreting the spectrum.
Turning now to a hydrophilic interface, the

ℑ(χ(2)
BIL(ω)) of the PEG/water interface calculated

from DFT-MD surprisingly shows an almost zero signal
(Fig. 3B, middle panel, dashed black). As shown in
ref. 36, this is due to the compensation between the
contributions of 2 populations: OHdown (pop 1) and the
specific OHup-O(PEG) (pop 5). The spectral contri-
butions arising from each population are also depicted
in Fig. 3B, middle panel, using the same color coding
and line style as in Fig. 2, with pop 1 in solid cyan and
pop 5 in dashed blue. The compensation of the two
contributions results from: (1) the OHup-O(PEG) and
OHdown spectra having the same vibrational frequency,
implying the same strength of the hydrogen bonds
for water-water and water-O(PEG) and (2) having an
equivalent density of population.
The homogeneously (1:1) mixed OTS-PEG/water in-

terface has both OHup-O(PEG) (pop 5) and OHup quasi-
free (pop 3) as OH-up populations, depending on whether
the OH-up is in proximity and H-bonded to a PEG or
pointing to an OTS and remaining dangling. Three pop-
ulations (pop 1, 3, 5) thus contribute to the SFG spec-
trum. Once evaluating each corresponding population
density from the DFT-MD simulation, the water SFG
spectrum at the interface is obtained using Eq. 8. The
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result in Fig. 3B, lower panel is in perfect agreement with
the one calculated from the DFT-MD simulation using
the VVCF method.

The resulting SFG spectrum has a tiny free OH peak
corresponding to the few dangling OH groups pointing
towards the OTS chains and a negative peak in the H-
bonded region, whose intensity is reduced compared to
other hydrophobic interfaces. This is due to the compen-
sation of signals arising from up OHs H-bonded to PEGs
and down OHs H-bonded to the subsequent water layer,
as indicated by the separated population contributions
from pop 1 (solid cyan) and pop 5 (dashed blue).

3. Aqueous Silica

For the systems demonstrated above, the SFG signals
in the OH stretch region solely arise from the O-H stretch
of water molecules. However, for some aqueous inter-
faces with the presence of surface hydroxylated functional
groups (e.g. silica/water interface), the surface OHs also
contribute to the SFG spectra, whose signals are often
overlapped with contributions from water OHs in the H-
bonded region.

This is the case with silica-water interfaces. The or-
ganization of interfacial water molecules and the corre-
sponding SFG spectra varies from system to system as a
function of degrees of hydroxylation and crystallinity of
the silica surface19–21,27,44,45. We show in Fig. 3C that
these variations are fully captured by the “pop model”
and can be rationalized in changes in the relative abun-
dance of hydrophilic and hydrophobic populations.

Though being macroscopically hydrophilic, local hy-
drophobic patches consisting of siloxane bridges (Si-O-Si)
can coexist with hydrophilic functional groups (SiOH) at
the silica surface (especially amorphous silica). Similar
to the mixed OTS-PEG/water interface, there are three
BIL-water populations that are responsible for the SFG
spectrum of a set of silica/water interfaces proposed in
Fig. 3C: OHdown (pop 1), OHup quasi-free (pop 3) and
OHup-SiOH (pop 4). In addition to BIL-water popula-
tions, surface silanol groups perpendicular to the surface
pointing out-of-plane to water (pop 6) also contribute to
the SFG spectrum in the O-H stretch frequency range.

Three silica/water interfaces are presented here: two
amorphous silica surfaces with a hydroxylation degree of
3.5 OHs/nm2 and 4.5 OHs/nm2, together with one crys-
talline surface of α-quartz (0001), all fully hydroxylated
(corresponding to pH < 4 conditions). All interfaces have
been analyzed for structures at the interface and SFG
spectroscopy through the VVCF method by DFT-MD in
refs. 20,21. Here with the knowledge of the individual
populations, SFG spectra are calculated with eq. 8 with
the “pop model”. Results are in Fig. 3C, with each popu-
lation contribution illustrated in the corresponding color
code and line style as used in Fig. 2. The SFG spectra
of amorphous silica/water interfaces of both 3.5 and 4.5
OHs/nm2 are in excellent agreement with that from the

VVCF DFT-MD method. The individual spectral con-
tributions from each population manage to capture the
decrease of ratio between the spectral intensities of OHup

quasi-free (pop 3) and OHup-SiOH (pop 4), with the in-
crease in the degree of hydroxylation of the surface (from
3.5 to 4.5 OHs/nm2). This informs us that more BIL-
water OHs are H-bonded to SiOHs and less are pointing
to the siloxane bridge (hence being quasi-free), when the
hydroxylation degree increases.

Unlike the neutral amorphous silica/water interfaces,
the aqueous α-quartz (0001) surface is slightly charged
despite under PZC condition, because of the alterna-
tively distributed in-plane and out-of-plane silanols at

the surface21,46,47. This results in a ℑ(χ(2)
DL(ω)) contri-

bution to the total ℑ(χ(2)(ω)) compared to the other two

amorphous silica/water interfaces, for which ℑ(χ(2)
DL(ω))

equals zero. The DL-water contribution calculated with
the “pop model” from Eq. 7 is thus added to the

ℑ(χ(2)
BIL(ω)) of Eq. 8 for direct comparison with the

VVCF DFT-MD calculated spectrum. Note that the
“pop model” confirms that SFG-DL equals zero for the
amorphous surfaces. The “pop model” calculated SFG
spectrum shown in Fig. 3 C-bottom panel has a blue-
shifted positive peak by 100 cm−1 compared to the
VVCF DFT-MD calculation. Since the OHup-SiOH
βeff (ω) is parameterized from an amorphous silica/water
interface with a hydroxylation degree of 4.5 OHs/nm2,
this frequency shift due to stronger H-bonds between
BIL-water and SiOHs of the crystalline silica surface can
not be captured by the parameterization done here. How-
ever, this does not impede us from interpreting the spec-
trum by attributing each spectral contribution to the
corresponding population and capturing the population
variation of the interface components under different con-
ditions.

4. The “Pop Model” Applied to Surface Chemistry in the
Phonon Range

As regards surfaces, only one population (pop 6) cor-
responds to the surface in terms of out-of-plane silanol
groups pointing towards and H-bonded to water as an
SFG-active population in the O-H stretch range. This
population does not inform on the actual surface struc-
ture organization of silica. To unravel the surface struc-
ture and chemistry of silica in contact with water, we now
go from the high O-H stretch range (3000 – 3800 cm−1) to
the lower phonon frequency range, corresponding to the
Si-O stretch region (750 – 1100 cm−1) and parameterize
our pop model also on this vibrational range.

The molecular understanding of surface chemistry of
silica surfaces in contact with water has long been a hard
nut to crack due to difficulties in probing buried oxide
surfaces48. In 1992, Eisenthal and coworkers49 first em-
ployed the second harmonic generation (SHG) technique
to monitor the silica/water interface under different pH
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conditions to uncover surface chemistry. They discov-
ered two pKa values associated with surface silanol de-
protonation, giving rise to the historical bimodal titra-
tion behavior, which has been extensively discussed in
the literature. A substantial amount of both experimen-
tal50–52 and theoretical works53–56 have been dedicated to
investigating the microscopic origins of such bimodal be-
havior of silica surface acidities. As a result, the surface
chemistry behind the bimodal behavior has been highly
debated.

In order to fully uncover the surface chemistry of silica
in contact with water, we have carried out in ref.57 DFT-
MD simulations in conjunction with calculation of SFG
spectra in the Si-O stretch frequency range to elucidate
the silica surface structure under different pH conditions.
The simulations revealed an unexpected surface chem-
istry of the silica surface. In the pH range between pH∼2
(Point of Zero Charge for silica) to 6.7, the surface is fully
hydroxylated. At 6.7 < pH < 11.6, the acidic silanols
start to be deprotonated. The simulations showed that
each deprotonated oxygen attacks and covalently bonds
to a neighboring Si-O(H), forming a five-coordinated and
negatively charged Si species, denoted Si(5c)O−. When
pH rises above 11.6, the basic SiOH groups are now de-
protonated to SiO− (i.e. the normal four-coordinated
and negatively charged Si(4c)O−, denoted SiO−) while
Si(5c)O− species become unstable, split up and form
SiO−.

With this picture, the surface coverages of each surface
species/population, i.e. SiOH, Si(5c)O− and SiO−, as a
function of pH is known through Henderson-Hasselbalch
equations (Fig. 4A). The βeff (ω) SFG fingerprints of
each surface population are calculated using the same
VVCF method as for water in the O-H stretch region in
the previous applications. They are displayed in Fig. 4B.
(all detailed in Section computational methodology).

The pH-dependent theoretical SFG spectra of the silica
surface in the Si-O stretch region can thus be constructed
using the “pop model”, as for water O-H spectra before,
without requiring DFT-MD simulations at a given pH.
These DFT-MD (as well as FF-MD) would be impossi-
ble to obtain because of the limited box sizes that can
not take into account varying pH and ionic strength con-
ditions.

In Fig. 4C, we hence observe that at pH 2, where the
silica surface is fully hydroxylated and covered by SiOH
groups, the spectrum showed a single peak arising from
Si-OH stretching vibrations at ∼920 cm−1. As pH in-
creases, the silica surface starts to be deprotonated, re-
sulting in a decrease in the intensity of the Si-OH peak,
accompanied by a redshift to ∼840 cm−1 before disap-
pearing at ∼pH 10. This corresponds to the active zone
of the Si(5c)O− species in the spectroscopy. Above pH
10, a new mode at ∼1000 cm−1 emerged, which is due to
the Si-O− stretching mode only.

An experimental scheme enabling in situ vibrational
spectroscopy of oxide surfaces in liquid water was devel-
oped by Liu et al. in ref.57 and applied to the amorphous

A B

C D

pH
ExpDFT-

MD

FIG. 4. Theoretical pH-dependent SFG calculation: (A) Sur-
face coverages of each population as a function of pH deduced
by Henderson-Hasselbalch equations based on the pKa values
of surface silanols from metadynamics simulations. (B) SFG
fingerprints in the Si-O stretch frequency range of each surface
population calculated from DFT-MD simulations based on
VVCF method. (C) Theoretical pH-dependent SFG spectra
of amorphous silica surface in contact with water in the Si-O
stretch frequency range constructed by “pop model” through
combination of (A) and (B). (D) Experimental pH-dependent
SFG spectra of amorphous silica surface in contact with water
in the Si-O stretch frequency range probed by Liu et al. in
ref.57.

silica surface in water to record the pH-dependent SFG
spectroscopy of silica in the Si-O stretch region (fig. 4D).
The agreement between experimental pH-dependent SFG
spectroscopy and theoretical SFG spectroscopy obtained
through the “pop model” validates at the same time the
“pop model” and the newly discovered Si(5c)O− species.
Note that the shifts in the absolute positions of the peaks
between theory and experiment are due to the DFT func-
tional. More details are in ref57.

CONCLUSIONS

In conclusion, the ”pop model” presents a simplified
and efficient method for constructing and simultaneously
interpreting SFG spectra of aqueous interfaces. Our ap-
proach has the potential to broaden the scope of theoret-
ical SFG calculations, as well as simplify (and in the near
future automatize with the help of machine learning tech-
niques) the interpretation of experimental spectra, in var-
ious scientific and technological applications. It allows to
calculate accurate spectra from any simulation type, in-
cluding the cheapest force field-based molecular dynam-
ics as well as Monte Carlo simulations. Strikingly, the
”pop model” is even able to construct theoretical spec-
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tra without simulations, directly from analytical models.
Thanks to this, the ”pop model” opens theoretical spec-
troscopy at various interfacial conditions that are out of
reach of the current methods, such as pH and low elec-
trolytic concentrations.

COMPUTATIONAL METHODOLOGY

The details of DFT-MD and classical MD simulations
with the SPC/E force field for the air/water interface are
presented in ref. 37. The DFT-MD simulation details
of the graphene/water interface and the silica/water in-
terface with a hydroxylation degree of 3.5OHs/nm2 are
presented in ref. 22. We refer to ref. 21 for the DFT-
MD simulation details of silica/water interface with a
hydroxylation degree of 4.5OHs/nm2 and of α−quartz
(0001)/water interface. The simulation details for the
SAM/water interfaces are presented in ref. 36. We re-
fer to ref. 57 for all the simulation details related to the
surface chemistry of aqueous silica and the phonon range
spectroscopy, including details on the DFT-MD metady-
namics that were performed for the pKa calculations of
surface silanols.

All the VVCF-based DFT-MD theoretical SFG spec-
tra are calculated following the approach introduced in
ref. 17. For the water contribution to χ(2)(ω), individual
molecular dipole moments and polarizability tensors are
calculated with the model from ref. 17, supposing that
only the O-H stretching motions contribute to the spec-
trum in the high frequency region (> 3000 cm−1). All
details of derivation for the theoretical expression of a
SFG spectrum can be found in refs. 19,21 with the pa-
rameterization of APT (Atomic Polar Tensor) and Ra-
man tensors of water found in ref. 17. For the out-of-
plane SiOH contribution to the SFG spectrum in the O-H
stretch region, the parameterization of APT and Raman
tensors is adopted from ref. 21. For SFG spectra calcu-
lated in the Si-O stretch region, the parameterization of
APT and Raman tensors are set to unity since we are
more interested in the influence on the SFG intensity as
the result of a change in group population (as it happens
when changing the pH) than in the actual change in the
SFG activity of the group. For a more accurate descrip-
tion of the activity, the APT and Raman tensors must
be rigorously evaluated from ab initio calculations as in
ref. 17 for water.

For all structural analyses of H-bonds, the H-bond def-
inition proposed by White and co-workers58 has been
adopted, with O(−H) · · ·O ≤ 3.2 Å and the O−H · · ·O
angle between 140° and 220°. We have shown that any
other definition from the literature leads to the same final
conclusions.
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