Downloaded viaUNIV AUTONOMA DE MADRID on February 6, 2025 at 12:14:20 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

P HYSI CAL Editors’ Choice
CHEMISTRY Operncee

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/JPCC

Sum-Frequency Generation Spectroscopy of Aqueous Interfaces:
The Role of Depth and Its Impact on Spectral Interpretation

Published as part of The Journal of Physical Chemistry C special issue “Alec Wodtke Festschrift”.

Alexander P. Fellows,* Alvaro Diaz Dugque, Vasileios Balos, Louis Lehmann, Roland R. Netz,
Martin Wolf, and Martin Thamer™*

Cite This: J. Phys. Chem. C 2024, 128, 20733-20750 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Vibrational sum-frequency generation (SFG) has
become a dominant technique in the study of molecular interfaces
owing to its capabilities for molecular recognition and specificity to
anisotropic structure. Nevertheless, one crucial and influential
aspect of the interfacial structure, namely, its inherent three-
dimensional, depth-dependent nature, cannot be obtained through
conventional SFG measurements. Furthermore, not only has this
depth information been so far experimentally inaccessible through
SFG, the simple existence of extended anisotropic depth also
complicates the analysis and interpretation of any obtained spectra.
In this Perspective, we analyze the role of depth-dependent
structural anisotropy in second-order vibrational spectroscopy and
explore various possibilities for how the desired depth information
can be experimentally attained. Using aqueous interfaces as an important and widespread example system, we highlight the
prevalence of such spatially extended depth profiles, demonstrate how signals from these regions can cause significant spectral
distortions, and show the entanglement between experimental parameters with the overall nonlinear response. Finally, we evaluate
recently developed measurement concepts that can yield depth information, emphasizing their particular strengths, and provide an
outlook for future studies employing these methodologies for the vital elucidation of depth-dependent interfacial structure.

1. INTRODUCTION While SFG investigations have led to many crucial revelations
about the structure of a wide range of interfaces,” ™ the
molecular level interpretation of their spectra is nevertheless
highly demanding, necessitating an exceptional understanding
of the underlying theoretical concept giving rise to the signals. In
this context there are two specific challenges, the first being to
obtain a characteristic quantity (i.e., a material parameter) that is
independent of the experimental settings and contains the
desired structural information on the interface, and the second is
then actually extracting the structural information from this
parameter. For SFG, the material parameter governing the
output signals is the second-order susceptibility, FP o780
Therefore, the ultimate aim of SFG measurements is to extract
2 for the interface, more precisely its frequency dependent
dipolar, vibrationally resonant part. This task is already a

Molecular interfaces are widespread across many natural and
technological processes, where the unique properties of the
interface strongly control their underlying function.' ™ A central
factor in determining these unique properties is the structure
and dynamics of the interfacial molecules which, in contrast to
the bulk, exhibit altered kinetics, orientational distributions, and
intermolecular environments. Isolating the properties of this
thin molecular boundary is, however, a veritable challenge
requiring specialized techniques. One such technique that has
been particularly elucidative is vibrational sum-frequency
generation (SFG) spectroscopy. As a second-order optical
process, the sign of the output SFG response (under the electric
dipole approximation, EDA) is dependent on the molecular
orientation, making any signals from structurally isotropic
environments vanish.°® For most media, this renders the

technique interface-specific (in the dipolar limit), making it an Received:  October 1, 2024
excellent probe of the anisotropic interfacial structure. In Revised:  November 6, 2024
addition to these symmetry selection rules, the output SFG Accepted: November 7, 2024

signals also yield characteristic vibrational spectra for the Published: November 29, 2024

molecules being probed, giving the technique molecular
recognition and environment sensitivity.
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Figure 1. Snapshot of the air—water interface and the corresponding depth-dependent density and second-order susceptibility calculated from
molecular dynamics simulations. The depth-dependent susceptibility highlights the regions with anisotropic structure within the interfacial layer. GDS:

Gibbs dividing surface.

formidable challenge due to the common presence of non-
resonant and quadrupolar signal contributions.””"** However,
an additional great challenge is to remove the influence of
specific experimental settings on the measured spectra, and to
correctly interpret the resulting spectral information in terms of
the interfacial structure. For completely homogeneous non-
centrosymmetric media, this may be possible, but as soon as
there is any spatial inhomogeneity, especially as a function of the
distance from the interface (depth, z), 7 will depend on the z-
coordinate. In fact, in basically all applications where SFG
spectroscopy is performed to investigate interfacial properties,
2? decays to zero toward the bulk on some characteristic
length-scale. As a result, the desired spectroscopic quantity that
is needed to properly describe the interfacial properties is at least
two-dimensional (y®(w, z)). In a regular SFG experiment,
however, it is not this two-dimensional quantity that is
measured, but its (along z) integrated form, the effective
susceptibility of the interface. Any information on the evolution
of the nonlinear signal with depth is consequently lost, and with
this, a large portion of the desired structural insight.
Furthermore, this integration can also lead to important
distortions of the vibrational line-shapes which obstruct an
unambiguous interpretation of the obtained spectra. Finally, the
integration in z leads to an intrinsic convolution between the
nonlinear responses and experimental parameters (such as
angle(s) of incidence) that cannot be disentangled without
precise depth information. In order to obtain a fully unbiased
view on interfacial molecular structures it is therefore clear that
suitable experiments should additionally include depth
information.

In this Perspective, we directly discuss the impact of the depth
dependency of y?(w, z) in SFG investigations, with a specific
focus on one particularly prevalent class of interfaces, namely
those involving water. It is divided into four main sections. In
section 2, the role of depth is examined by considering its
connection to the accessible quantity in SFG measurements,
with examples discussed for the pure air—water interface as well
as those with a net surface charge. In doing so, we also explicitly
demonstrate the entangled nature of the material properties with
experimental parameters, showing how signal contributions
from nonzero depth generally lead to their inseparability.
Thereafter, in section 3, we critically explore how structural
information can be extracted from measured SFG spectra,
focusing particularly on both the nonresonant contribution and
quadrupolar mechanisms, showing how they are linked to depth

and can alter the structural interpretations of any obtained
spectra. With these important discussion points in hand, we
review in section 4 the latest developments in SFG spectroscopy
in terms of overcoming some of these complications and gaining
access to depth information. Finally, in section S, we then discuss
the potential of these methods in the perspective of the future
directions for more advanced structural interpretations at
aqueous interfaces.

2. THE IMPORTANCE OF DEPTH IN SFG
MEASUREMENTS

The structural anisotropy at interfaces and its evolution with
depth is a prominent and defining parameter controlling many
properties. Due to its selection rules, SEG primarily probes this
anisotropy, so the depth-dependent y®(z) that governs the
output SFG signals is directly representative of the depth-
dependent anisotropy at the interface. In this section, we present
the structural insight that can be gained by accessing X(Z)(z) ,and
analyze the relation between the measured signal and this
quantity, as well as how depth is intrinsically intertwined in their
relation.

2.1. The 2D “Picture” of the Interface. State-of-the-art
molecular dynamics (MD) simulations can generally yield the
complete spatially resolved (2D) susceptibility (#¥(z)), and
thus give a “full” picture of the interfacial region.””~>> An
example of this is shown in Figure 1 for the air—water interface,
including a snapshot of an ab initio-parametrized MD simulation
of the structural transition between the two phases and the
calculated depth and frequency-resolved 2D second-order
susceptibility, shown in the O—H stretching region.

This 2D picture of the interfacial structure clearly shows the
same spectral features as observed from previous Fhase-resolved
SFG measurements of the air—water interface,”"**™" with a
sharp positive (yellow/red) resonance at ~3700 cm™ arising
from non-H-bonded (“free”) OH groups pointing “up” toward
the air phase and a broader negative (cyan/blue) resonance at
~3400—-3600 cm™' from H-bonded OH groups pointing
“down” toward the bulk water phase. Beyond this, however,
far more insight can be obtained from this spatially resolved
picture. For example, the entire SFG signal arises from a region
of ~6 A, corresponding to 2—3 molecular layers, showing that
the entire structural anisotropy is restricted to this region.
Furthermore, it is clear that both of the aforementioned moieties
exist through this entire region since both the positive and
negative signals appear from the same depths. This shows, for
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example, that the picture of a sharp transition between the gas
and condensed phases with the topmost condensed layer
containing all of the “free” OH and the molecules beneath solely
contributing strongly H-bonded signals is clearly inaccu-
rate.”®™>* On closer inspection, there is some slight indication
of the “free” OH signal starting from closer to the air-phase than
the H-bonded signal, aligning with expectation, but also that
both contributions appear to somewhat red-shift on increasing
depth, indicating a gradient in H-bonding strength when
approaching the bulk. This observation is in line with the idea
of the interface having a “healing depth” over which the loss of
H-bonding induced by the interface is recovered.””*" Overall,
Figure 1 clearly showcases the complementary information
obtained by comparing the simulation snapshot and its
associated temporally averaged density profile with the
calculated second-order susceptibility )((2)(2). The former
clearly embodies the molecular density, its inhomogeneities,
and specific local structural motifs. However, the anisotropy in
molecular orientation and interconnectivity only becomes
apparent upon inspection of the y®(z) image.

2.2. The Experimentally Accessible Quantity in SFG.
Evidently, having access to the depth dependency of 21P(2)
would provide a highly detailed structural view of the interface.
Regular SFG measurements, however, do not yield this two-
dimensional quantity, but rather a single spectrum of the output
SFG field that often has some characteristic line-shape from
which structural information can be inferred. As it is not the
second-order susceptibility that is measured, it is thus important
to know how the obtained SFG signals precisely relate to the
intrinsic properties of the medium, ie., what exactly is the
measured quantity in an SFG experiment?

Generally, the output SFG field (under the EDA) is produced
by the induced second-order polarization oscillating at the SEG
frequency, p(z)(a)3 = w, + w,), which is generated by the
coupling of the two incident fields, E, and E,, as in eq 1,

2 2
PP (0= w0, + @) = 7P (w5, 0, w)E,E, 1)
where €, is the vacuum permittivity.”"******* Importantly,
however, the detectable quantity rather arises from the sum of all
individual second-order polarization in the medium, hence
represented by a 3D spatial integral, as in eq 2.

@) _ f @ qy
P = d
eff VP (2)

Given that the vast majority of substrates, including aqueous
systems, possess in-plane homogeneity, contributions from the
same depth (distance from the interface) are only modulated by
the lateral field distribution (e.g., spatial beam profile and spot
size). Thus, the lateral integration in eq 2 can be typically
reduced to a beam-dependent amplitude prefactor. For
contributions arising from different depths, however, not only
are the local structures potentially different, leading to differing
induced local second-order polarizations, but the input and
output beams also have an increased path length. This increased
beam propagation results in a depth-dependent phase shift
(propagation phase) that is linked to the z-component of the
wave-vector mismatch (reciprocal of the coherence length), Ak,
which must be incorporated into the spatial integral.”***~*"
Overall, therefore, the detectable output field is actually
governed by an effective second-order susceptibility, 2%, that
is given by eq 3.

19 = [TREL@L @@ 4 a2 5

This definition also includes the local field correction factors,
f(z), to account for the dielectric inhomogeneity which must
also be present at the boundary between the two bulk phases.”
As the integral in eq 3 cannot be generally solved, the accessible
quantity in SFG measurements is restricted to this integrated
quantity. In consequence, the entire depth information is
inaccessible through regular SFG measurements.

2.3. Obtaining Absolute Units. While the effective
susceptibility given in eq 3 represents the accessible quantity
in SFG measurements, it is still not the measured quantity, as
this also includes the strength of the incident fields and an
instrument-dependent prefactor. In order to extract the pure y%
from a measurement, therefore, the measured signals must be
referenced. This is usually achieved by comparing the measured
signal to the analogous output from a bulk nonlinear crystal.” In
doing so, therefore, the obtained spectra can also be converted
into absolute units by using the known value for the second-
order susceptibility of the reference, e.g., for z-cut quartz, the aaa
tensor component of the second-order susceptibility (using the
coordinates defined by its crystal symmetry) is widely accepted
to be 6 X 1073 m V™1.° As the effective susceptibilities for both
sample and reference are depth-integrated quantities, and
therefore formally not true second-order susceptibilities, it is
important to notice that they also possess different units: m* V™"
instead of m V™" as for the regular second-order susceptibility.
Therefore, for proper referencing and obtaining absolute units
for the sample response, the known reference susceptibility must
also be combined with experimental parameters (e.g,, angle(s)
of incidence) and integrated, just as in eq 3, effectively leading to
a coherence length-modulated amplitude.

The two responses, sample (S°) and reference (S™), can be
written as in eqs 4 and 5, respectively, with the indices i, j, k
representing the specific spatial components of the fields and
susceptibility tensor, and L, being the Fresnel factors for the
input and output beams which account for the change in field
amplitudes between the incident and sample medium.

§ « LOL @I @)Liw) x [ ()

(03, 2)f (@, Z))(,-f,f)’s(Z) '™ dz E(w,)E(w))
(4)

Sref - Iref(H)Liref(wa)L;ef(wz)L’:ef(wl) X A firef (w3) Z)

£ @) D (0, 2D () € e

E(w,)E(w,) (3)

Here, these signals are given neglecting the instrument-
dependent proportionality constant (being the same for both
sample and reference), but include a prefactor, I(6), to account
for the dependency of the output on the incident angle, with its
functional form also depending on the specific tensor element
being probed (i.e., the spatial components of the incident and
output fields). As an example, using quartz as a reference in the
commonly used SSP polarization combination, eqs 4 and 5 can
be rewritten as in eqs 6 and 7. Note, as the susceptibility for the
reference is constant, the integral can be directly solved.

https://doi.org/10.1021/acs.jpcc.4c06650
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Ak, (7)

Here, the SSP polarization combination probes both the YYX
and YYZ tensor components, thh the former vanishing in the
case of in-plane isotropy.””**" Therefore, for typical sample
interfaces such as aqueous systems, the YYZ component is the
only contribution. In contrast, z-cut quartz yields the YYX
contribution in SSP.* Division of the two responses then yields
the expression in eq 8 that has removed any field dependency
and thus provided a known amplitude and phase reference.

S end Ly(w;)Ly(@y)Li(w,) Ak,
— = tan
s¢ L}?(wz,)LyQ(wz)LS(wJ i){y(;z'Q

Amf; (0)3, Z)f; (wZI Z)fzs (wll Z)}{}E;Z)’S (z) eiAkzZ dz
(8)

Rearrangement of eq 8 then yields the accessible quantity of
interest for the sample (y2)), as in eq 9.

2 = [y o 220, 200 e

L)L (0 )L (o) #S §¢
Ly(w3)Ly(w2)Lz (wl)

sQ
Ak, S (9)

This expression can then be used to yield absolute units by
using known values for the susceptibility of z-cut quartz (taken
tobe 6 X 107®*m V™', as mentioned above), the wavevectors of
the incident beams, and calculated Fresnel factors (e.g., using the
two- or three-layer model”). Importantly, eq 9 highlights that
referencing by simple dividing the sample spectrum by the
quartz response does not correctly scale the amplitudes. This is
clear, for example, as the amplitude scaling of the quartz
response is dependent on the coherence length and thus is
highly sensitive to the experimental settings and the specific
probing frequencies. Therefore, by simply dividing by the quartz
response, this dependency on input frequencies and exper-
imental settings enters into the obtained sample spectrum.
Instead, by implementing the referencing shown in eq 9, these
effects are accounted for, along with the impact of the incidence
angle and Fresnel factors.

The above discussion shows that proper referencing is not a
straightforward task, requiring not just a simple division but also
the incorporation of the beam geometry and frequency-
dependent coherence length and Fresnel factors. Nevertheless,
reporting spectra in absolute units (m*V™") has crucial benefits
as it enables better comparisons between the results from
different experimental setups, as well as testing the accuracy of
simulations. In general, the absolute amplitude of the
susceptibility is determined by three factors. First, there is
obviously the intrinsic size of the molecular hyperpolarizability,
second, there is the density of noncanceling chromophores per

molecular layer, which reports on the amount of orientational
order, and finally there is the number of contributing molecular
layers, i.e. the anisotropic depth. Therefore, being able to
compare the absolute amplitudes of SFG signals from different
systems gives some insight into these structural parameters. In
principle, different samples can be categorized as one of three
distinct cases: (i) those with only a single (or very thin)
contributing layer, (ii) those with effectively infinite contribu-
tions in depth (e.g., for non-centrosymmetric crystals such as
quartz), and (jii) anything in between.

An example of comparing two systems in the category (i) is
given in Figure 2 which shows the imaginary parts of the SFG

Air-Water Interface OTS Monolayer

1

El
g
S,
5 0
N
oS
=
4 imag
L L L O
g ﬁ?j f?j
7 %
>
= 4 D,O Stretch CH, Stretch
o
: O—Wh\/_/\‘
(7]
8%
= 2
ima
4 - T T ] T
2400 2600 2800 2800 3000

frequency [cm’']

Figure 2. Imaginary parts of the heterodyned SFG spectra recorded in
the SSP polarization combination for the air-H,O interface in the H—
O—H bending region, air—D, O interface in the O—D stretching region,
and OTS self-assembled monolayer on fused silica in the C—H
stretching region. Reprinted in part with permission from ref 24.
Copyright 2024 American Chemical Society.

spectra recorded in the O—D stretching region for the air-D,0
interface and the C—H stretching region for a self-assembled
monolayer of octadecyltrichlorosilane (OTS) formed on fused
silica. These spectra are first shown alongside one another in
arbitrary units (black traces) in a similar fashion to what is
commonly presented in the literature.*'~* Only when
compared in absolute units however (as shown underneath in
red), does it become clear that the OTS CHj resonances from
the terminal methyl group that dominate the spectrum are
substantially stronger than the signals from the air—water
interface. This is remarkable given that the O—D stretch
response of water has a significantly larger molecular hyper-
polarizability than aliphatic C—H stretches, similar interfacial
density, and even has 2—3 contributing layers rather than just 1,
as for OTS.** The weak signals from water thus show that the
interfacial structure must contain either a significant amount of
canceling out-of-plane contributions, suggesting a broad
orientational distribution, or a substantial in-plane structure
(which also cancel and yield no net SFG signal). It is therefore
clear that there cannot be a significant preferential out-of-plane
orientation of water molecules at the interface. These

https://doi.org/10.1021/acs.jpcc.4c06650
J. Phys. Chem. C 2024, 128, 20733—-20750
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Figure 3. SFG from charged interfaces showing (a) a schematic of the Gouy-Chapman-Stern model describing the electrostatics of the interfacial
region, with the depth evolution of the electric field and potential as well as the two-layer regime, and (b) imaginary parts of the heterodyned SFG
spectra of the pure air—water interface (right axis) and that covered with a negatively charged surfactant monolayer (dihexadecylphosphate, DHP, left

-1 .

axis), thus with no added subphase electrolyte, both recorded in the SSP polarization combination. The sharp positive contribution at ~2320 cm™" is
not a feature of the sample, but arises from the spectral referencing to quartz. Reprinted in part with permission from ref 24. Copyright 2024 American

Chemical Society.

observations align with expectation and other findings from
simulations, which suggest that a majority of the water dipoles at
the interface lie in-plane, and the residual out-of-plane
populations are almost equally distributed between “pointing
up” and “pointing down”.”> However, such insight into the
structural properties of the interface only becomes possible from
an analysis of the SFG signals reported in absolute values.

While this analysis of the SFG amplitudes from systems in
category (i) can be used to obtain important structural
information, this can, however, not be generalized to include
other systems in category (iii). In such cases, the amplitudes are
modulated both by the orientational distribution and the
thickness of the anisotropic structure (number of contributing
layers). Therefore, without depth information, insight into the
orientational distributions cannot be extracted.

2.4. Charged Interfaces. Prominent examples with ¥ (z)
extending up to 100s of nanometers in depth (i.e., category (iii)
above) are charged aqueous interfaces, where the electric field
induces far-reaching structural anisotropy. These are found in
numerous relevant systems ranging from physiological mem-
branes and oceanic surfaces, to electrochemical devices, thus
being of enormous scientific and technological interest.”® As
such, many SFG investigations have been performed on charged
interfaces to elucidate their structural and dynamical proper-
ties."¥**7>% As the role of depth in the SEG spectra from such
systems becomes immensely influential, however, interpretation
of the obtained data remains challenging.

The presence of such excess surface charge generates a static
electric field which can penetrate into the bulk water and act on
any electric charges or dipoles, resulting in altered ion
distributions and, importantly, the alignment of strongly dipolar
water molecules. This field-induced orientational order within
the otherwise isotropic water environment can thus give rise to
SEG signals originating several 100s of nm away from the
interface.”

The theoretical description of the response from charged
interfaces can be found in many places in the literature,*¥*"*%~¢
However, it is important to note that in many cases, the
presented derivations are shown with a final equation that
neglects aspects about the depth-dependent electrostatics in

20737

such systems and their connection to the SFG re-
spons.es.38’51’55’56 It is therefore important to present the
derivation and its associated assumptions in full detail so as to
avoid any future misconceptions.

If we include the field-induced response, the effective
susceptibility becomes as in eq 10, with Epc(z) being the static
(DC) field from the interface which is combined with a third-
order susceptibility, %), to generate SFG photons.***”>> This
description comes from including the first term in the Taylor
expansion with the DC field, thus in the limit of the response of
water to the field being linear.

1 = Lk [T @A EREG @ + V)
Epc(z)) e dz (10)

The resulting integral can clearly be split into two
components, with the first arising from the direct solvation
(chemistry driven) 7 contribution that behaves the same as in
the earlier discussion and generally will only be relevant over a
few molecular layers, and the second being the field-dependent
27 contribution which follows the depth of the static electric
field, thus potentially representing 1000s of molecular layers. It
is this latter contribution, therefore, that makes depth a crucial
parameter in SFG measurements from such systems.

In order to evaluate the field-induced contribution, it is
important to note that the static field is nothing other than the
negative gradient of the electric potential, ¢, allowing eq 10 to be
rewritten as in eq 11.

4 =l [R50 -

d¢(z)) eiAkzz dz

dz (11)

Clearly, however, to perform the integration, not only does
the depth-dependency of both susceptibilities need to be known,
but also that of the electric potential. For this, it is common to
resort to electrostatic models of the interface such as the Gouy-
Chapman-Stern (GCS) model, a schematic of which is
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presented in Figure 3a.*®*’7% This shows two distinct
electrostatic regimes, the compact layer (CL, often also referred
to as the Stern layer, SL, or bonded interfacial layer,
BIL>*****) in the immediate vicinity of the surface charges
which accounts for direct solvation at the interface, and a second
regime beneath, the diffuse layer (DL), which describes the
screening of the residual electric field due to dissolved ions in an
otherwise bulk-like environment, with the characteristic Debye
length, zp,; . Within the GCS model description, the CL acts as a
pseudocapacitor and thus presents a linearly changing electric
potential from the surface (¢,) to the Stern layer (¢bs, sometimes
also referred to as the outer Helmholtz potential®®®),
which it decays exponentially in the DL due to screening.

In the GCS model, however, the molecular nature of water is
neglected, with its role being treated as a homogeneous
dielectric medium.”® The impact the molecular water inter-
actions have on the electrostatic potential in the system is a
complex problem and it is thus hard to evaluate the accuracy of
this approximation. Nevertheless, the GCS model likely
represents a reasonable mean field approach for describing the
water response as any inherent anisotropy induced by the
presence of the interface and any direct solvation to the charged
headgroup or their counterions should be contained within the
CL, being represented as by ®. On the other hand, both the CL
and DL can generate field-induced responses, which can be
distinguished not only because they likely have different
electrostatic regimes, but also different molecular structures
(and thus potentially different susceptibilities). The overall
effective susceptibility can therefore be written as in eq 12,
including distinct 2 tensors for the two layers.

after

A2 =k, [T

(3)( )+X(3)( )) d¢(2§)) iAkz dz (12)

The integral in eq 12 can be split across the two distinct layers,
separated at the Stern layer boundary, z, resulting in eq 13
where two simplifying assumptions have been made. First, as the
DL structure can be assumed to be isotropic in the absence of
the field, any depth dependence to 23 is neglected. Second, as
the CL is typically much thinner than the coherence length, any
propagation phase is very small and can thus be neglected in
such a case (see Supporting Information).

do(z)
4= [CA0 e 0 )
_/°° dep(z) bz g,
Zg dz (13)

While performing the integration over the CL contributions
requires knowledge of the depth-dependency of the CL water
structure (i.e, both susceptibilities) and thus cannot be
generally performed, the integration over the DL can be
evaluated just with knowledge of the depth-dependent potential.
With the potential being described by eq 14 under the GCS
model, integration by parts then yields eq 15 for the effective
susceptibility, with the overall integrated CL contribution being
written as an effective susceptibility from this region, ;((CZL),eff.

pubs.acs.org/JPCC
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In the fourth line of eq 15, the propagation phase associated
with the CL thickness, zg, is once again neglected as it will
generally make little impact due to the CL thickness being small
compared to the coherence length (see Supporting Information
for details). Importantly, eq 15 shows that the DL contribution
contains potentially large phase-shifts depending on the Debye
length, and is modulated by the Stern potential, ¢)5, and not the
surface potential, ¢y, as is frequently stated in various
publications.'**”~"" This dlstmctlon, having been also noted
previously in passing,””**°° naturally arises from the fact that
the DL field does not start directly at the charged surface, but
below the CL at the boundary to the DL. While this inaccuracy
may seem trivial, the large potential drop across the CL makes
this difference in fact substantial. Therefore, using the correct
expression is crucial for an accurate electrochemical description
of the interface and any thermodynamic quantity extracted from
suchsomeasurements, for example surface charge density or local
pK..

Eq. 15 highlights the role that depth contributions play in the
SEG spectra from charged interfaces. Specifically, it shows that
the presence of the static field adds a second, potentially
significant, contribution to the overall response arising from
larger depths which could have a substantially different spectral
line-shape for two reasons. First, the DL contribution arises from
water in a different molecular environment compared to the CL,
thus could show frequency shifts and bandwidth changes to the
resonant features. Second, as the DL contribution is phase-
shifted (originating from the propagation phase) by a potentially
significant amount dependent on the Debye screening length
(and thus the salinity of the system), the spectral line-shape will
be distorted.

An example of these effects is given in Figure 3b which shows
the SFG spectra for the pure air-D,O interface (just as in Figure
2) as well as that covered with a monolayer of a negatively
charged surfactant (dihexadecylphosphate, DHP). On first
comparison, the two spectra appear substantially different.
Unlike the pure air—water interface, the surfactant-covered
interface shows strong, sharp resonances between 2800 and
3000 cm™! which predominantly arise from the terminal CH,
groups of the well-packed surfactant monolayer.”” Beyond this,
however, the water response (in the lower frequency range,
<2700 cm™") also appears notably different. Specifically, the OD
resonances appear highly red-shifted, falling at ~2400 cm™
compared to ~2550 cm™" for pure air—water, significantly larger
in amplitude, and entirely positive (unlike pure air—water which
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shows significant positive and negative resonances). These
observations align well with expectations at the charged interface
as the solvation of the charged surfactant head-groups and DL
contribution will present greater overall H-bonding compared to
the hydrophobic air interface, lowering the overall resonant
frequency.”””’* Furthermore, the static field will cause
significant orientational alignment of water, thus boosting the
amplitude, and the alignment with the field from the negatively
charged interface will be such that the molecular dipoles are
pointing “up”, yielding only positive resonances. Finally, and
importantly, while the pure air—water spectrum will show no
noticeable phase distortion as it arises from an ultrathin
interfacial layer, the spectrum from the charged interface clearly
shows a broad negative feature above the main (positive)
resonance, between 2600 and 2800 cm ™. This dip-like feature is
a clear manifestation of a depth-related phase distortion, with
some of the dispersive (real) line-shape entering into the
imaginary part. Overall, this demonstrates that the large Debye
length associated with having low salinity conditions in this
sample leads to significant effects on the line-shape of the overall
response.

2.5. Entanglement with Experimental Parameters.
From the above discussion on a specific class of sample system
where depth is highly relevant, we now turn to a fundamental
consequence of the integrated nature of the effective
susceptibility. As shown in eq 3, 7% is a function of the
coherence length, which is a parameter that depends on the
experimental settings such as the specific beam geometry and
input frequencies of the probing fields. As such, two measure-
ments with varying coherence lengths can yield very different
spectra. This dependency of % on Ak, cannot simply be
removed since the terms containing the coherence length are
functions of the integration variable so they cannot be moved
outside the integral and therefore their values directly influence
the line-shape of the obtained spectra. Hence, the depth-
dependent structure and the experimental settings are entangled
in the observed response. However, the impact of this
entanglement is highly variable.

In the case that the interfacial signals originate entirely from a
negligibly thick layer (which could be approximated by a delta
function, category (i) above), there is no significant propagation
phase to be considered and the sensitivity to experimental
parameters would almost completely vanish on the assumption
of minimal dispersion for the nonresonant fields. In such cases,
the )(E%? spectra (when considering only a single contributing
tensor component) obtained from measurements with varying
experimental settings should be identical, with examples being
OTS on fused silica or even the resonant O—D stretching
response of the air—water interface where only ~2—3 molecular
layers form the anisotropic structure.”” The added propagation
phase for such a thickness is negligible for typical values of the

coherence length (e.g., forz < 1 nm and Alk ~ 50 nm, the added

propagation phase is contained with ~1°). Therefore, the
resulting SFG spectra here show minute phase distortions and
the signals from each layer are essentially purely additive.
However, the moment where nanoscale depth contributions
are present (e.g., for water at charged interfaces), the spectra
from measurements employing different experimental settings
will significantly deviate due to the modulation of the signals
from different depths by propagation phase-shifts and local field
corrections. In this case, it is impossible to remove the impact of
the experimental parameters and report an unbiased single

spectrum that could easily be compared to other measurements
with different experimental settings (frequencies, geometry,
etc.). The only characteristic, unbiased “spectrum” would be the
experimentally inaccessible full two-dimensional representation,
7?(2), which can typically only be obtained from simulations.
As shown in section 4, however, advanced methods can recover
some of this information by modulating contributions from

different depths.

3. COMPLICATIONS FOR STRUCTURAL
INTERPRETATIONS AND MOLECULAR
RECOGNITION

In the previous section, we emphasized the difference between
the idealized measured quantity, the 2D second-order
susceptibility, and the true measured quantity in experimental
SFG investigations, namely the spatially integrated signal. In
doing so, we highlighted the critical role that depth plays in the
response, entangling the material properties with experimental
parameters and leading to potentially significant line-shape
distortions. In this section, we will now turn to an examination of
the challenges for identifying specific molecular motifs and
obtaining structural information from this measured quantity.
Specifically, we discuss the impact of possible line-shape
distortions that can originate from the depth-integrated nature
of the effective second-order susceptibility (as mentioned
above), but also from the interference from multiple sources,
including the vibrationally resonant response with other
nonlinear signal contributions. These cases are each individually
addressed in the following and their impact is demonstrated
using specific examples.

3.1. Depth Related Line-Shape Distortions. The
interpretation of spectral features within a measured SFG
spectrum can easily be misled by the presence of phase
distortions. As phase-shifts lead to mixing between real
(dispersive) and imaginary parts (absorptive) of the vibrational
line-shapes, single resonance peaks can appear as doublets (dip-
peak features) in a measured spectrum. As an example, we refer
to the spectrum of charged water interfaces in Figure 3b. The
spectrum could easily be evaluated without considering this
effect, concluding that the negative feature between 2600 and
2800 cm™ arises from a weakly H-bonded water environment
with pointing “down” molecular dipoles. This conclusion,
however, contradicts expectations given that the negatively
charged interface leads to a strong preference for pointing “up”
molecules, and pointing “down” molecules would not be
expected to have such weak H-bonding.”””® In reality, this
negative feature simply originates from the dispersive (real) part
of the intrinsic sample response that enters the measured
imaginary spectrum through depth-induced phase-shifts. This
example clearly demonstrates that a correct interpretation of the
observed spectral features requires at least some knowledge on
the length-scale on which the nonlinear signal contributions
decay as a function of depth.

3.2. Interference between Multiple Contributions.
Many sample systems of interest contain multiple SFG
contributions that can have very different spatial origins, e.g.
CL and DL from charged aqueous interfaces, as in the example
discussed above. The presence of such multiple contributions
can also lead to major challenges in the data analysis. Within the
example above (charged aqueous interfaces), it is important to
point out that even with information on the depth evolution in
hand, it is not possible to simply phase-correct the obtained
overall SFG spectra and evaluate the unperturbed spectrum. As
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Figure 4. SFG spectra of the air—D,O interface recorded in the SSP polarization combination showing (a) phase-resolved response split into real and
imaginary parts, highlighting the significant nonresonant contribution (NR), and (b) intensity spectrum for the overall response (resonant +
nonresonant) and the resonant-only response, having subtracted the H,O NR spectrum. Reprinted in part with permission from ref 24. Copyright

2024 American Chemical Society.

shown in eq 15, the overall SFG response from such an interface
is composed of two contributions, one from the CL and a second
contribution from the DL. As only the second contribution
contains significant phase-shifts, the only way to remove the
effect of depth induced phase distortions is to first correctly
decompose the overall spectrum into CL and DL contributions
and subsequently only phase-correct the DL spectrum. Such a
decomposition clearly cannot be done based on a single SFG
measurement.

In their recent work, however, Gibbs and co-workers showed
that, by combining phase-resolved SFG spectra with hetero-
dyned, off-resonant second harmonic generation (SHG) and
streaming current measurements, the two components (CL and
DL) can be isolated.*>”” Furthermore, by using the maximum
entropy method (MEM) of obtaining complex SFG spectra
from homodyned experiments, they also proposed that the
depth information is entirely contained within the associated
error phase that generally complicates such analysis, therefore
leading to interesting possibilities for depth-related studies.
Equally, other methods which combine multiple SFG measure-
ments from systems with altered subphase concentrations have
also been proposed as an approach to separate the CL and DL
contributions from charged interfaces.”” While these methods
do indeed represent progress in the separation of these multiple
depth-dependent signals, it is important to note that they are not
without crucial assumptions. These include, for example,
equating the Stern potential that modulates the DL contribution
to either the surface or zeta potentials, or that the CL
contribution is unvarying with changing subphase salt
concentrations. While these may well be good approximations
for very specific cases, they are not generally applicable.
Nevertheless, as shown later, experimental advancements in
SFG spectroscopy have now made these decompositions
possible without the need for such assumptions.

Another source of interference between multiple SFG
contributions is that between the vibrationally resonant and
nonresonant responses. These contributions are always present
and can lead to difficulties in data analysis and interpretation,
even for the case where there is no extended anisotropic depth,
such as the air—water interface. Unlike the resonant (R)

contribution which is dominated by interactions with the
vibrational part of the molecular wave function and thus the
asymmetry in the Morse potential, the NR contributions are
dominated by higher lying states and are therefore sensitive to
the asymmetry in the polarizable electron cloud.”® In
consequence, the two contributions probe vastly different
aspects of the molecular structure and can thus potentially
originate from different spatial regions within the interface.
Additionally, the two contributions will have different spectral
line-shapes, with the former vibrationally resonant part
presenting strong amplitude and phase modulations as a
function of frequency (due to the resonances), but the NR
contribution being largely independent of the IR frequency. In
phase-resolved (heterodyned) spectra the output of multiple
contributions is purely a linear-superposition. Therefore, in the
case of the NR contribution, it simply adds a constant offset to
the spectra, as shown in eq 16. This is demonstrated in Figure 4a
for the air—water (D,0) interface which shows the real and
imaginary parts of the phase-resolved spectrum. Note that, the
NR contribution can clearly be seen to predominantly result in a
constant negative offset in the real part.

Sheterod)me x )(e(fi) = )(IEZ) + )(IEI%R) (16)

In such phase-resolved SFG measurements, the presence of
the NR contributions obviously does not affect peak positions
and line-shapes of the resonant responses. The situation is,
however, fundamentally different for intensity (homodyned)
SFG measurements, which continue to be prevalent in SFG
research.””~®” The output signal is then related to the square of
the effective susceptibility, as shown in eq 17, meaning the R and
NR contributions interfere and can significantly alter the
observed line-shape.

Shomodyne & l/l/e(é) |2 = I)([gZ) |2 + U{IEIZR)lz + ZLYéZ)%IEIZI{)*l (17)

While in some cases this distortion effect may well be
negligible, in many prominent cases the NR contribution is
significant, leading to complete deformation of the vibrational
spectrum. One example of this is clearly shown in Figure 4b
which presents the intensity spectrum of the overall response
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from the air-D,0O interface, which has become the well-known
showcase spectrum of the SFG technique,'”** =" along with the
same but having removed the NR contribution through
subtraction of the air-H,O spectrum, ie., obtained through
isotopic substitution measurements (green trace).24’91 This
comparison shows that the line-shape and peak positions of the
SFG intensity spectrum are drastically affected by the
interference of the R part with the NR contribution, making it
in fact a poor and misleading representation of the vibrational
spectrum of the interface without correction for the NR
background. The resulting spectral distortions are meanwhile
quite comparable to the distortions originating from the phase-
shifts discussed above. As the NR contribution is predominantly
located in the real part of the response, the interference makes
some part of the dispersive resonant line-shape enter the
intensity spectrum. If only such an overall intensity spectrum is
obtained from a measurement, the interference effect can only
be removed by correctly decomposing the spectrum into its R
and NR contributions by performing a multiparameter fit. To
obtain reliable results from such a fit, however, significant prior
knowledge of the center-frequencies and spectral shapes of the
different resonant features is required. For a complex system
such as the air—water interface, such knowledge is generally not
available. The impact of the NR contribution on the resonant
line-shape has therefore often been neglected, which has e.g.
resulted in the misled initial assessments of the air—water
interface spectrum, where the large red-shifted peak (here at
~2500 cm ™! for D,0) was interpreted as being indicative of
significant “ice-like” water that is strongly H-bonded.**”* More
recently, the strong interference effect with the NR contribution
and the resulting spectral distortions has been noted,'””* and
this structural interpretation was shown to be inaccurate, with
the main H-bonded resonance being substantially higher in
frequency, more in-line with the expectation of liquid water.

From the discussion above, it is clear that the analysis of SFG
spectra can become highly demanding whenever multiple
contributions are present. This is particularly true for
homodyned intensity SFG measurements where no phase
resolution is obtained. In the case of complex sample systems
including multiple depth contributions, such as charged aqueous
interfaces, it is therefore evident that phase-resolved (hetero-
dyned) SFG has substantial benefits over conventional intensity
approaches.

3.3. Quadrupolar Contributions. In all of the discussion
above, just as with the vast majority of SFG research, the output
signals are assumed to arise from structurally anisotropic
regions, i.e., from a thin region at the interface (for most
media such as water). This assumption thus only considers the
purely electric dipole-driven transitions (EDA) and neglects any
higher order spatial contributions. Beyond this approximation,
however, second-order signals can also arise from electric
quadrupolar-driven transitions which, despite their generally
lower transition probabilities, can become significant as they are
not restricted to structurally anisotropic regions.””" This means
that they are not subject to the cancellation of signals from
oppositely oriented molecules and can thus, in principle, yield
signals from in-plane molecules and even throughout the entire
bulk. Unlike the dipolar contribution which arises from the
coupling of the electric fields of the two incident fields, the
electric quadrupolar contributions source from the coupling
between a field and a field gradient.7’21'94 In this sense, there are
two aspects of the electric fields that lead to field gradients which
can yield quadrupolar signals. First, there is the sharp change in

field amplitude that occurs at the interface due to the anisotropy
in the dielectric function (i.e., the gradient in the local field
factors). This contribution is hence tightly bound to the
interface, with a depth profile of only a few angstroms, and is
thus named the interfacial or anisotropic quadrupolar signal
(IQ). While this signal only arises from a few molecular layers, it
could become significant due to the sheer magnitude of the field
gradient at the interface. Second, there is the field gradient
arising from the oscillatory nature of the field, which clearly
persists throughout the entire medium, yielding a bulk or
isotropic quadrupolar contribution (QB). A schematic of the
source mechanisms and different spatial origins of the different
contributions is illustrated in Figure S.

Anisotropic Field Field
Structure Amplitude  Oscillation

air

ID 1Q
C‘t’b@' -
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Figure S. Schematic showing the spatial and mechanistic origins of the
electric dipolar and quadrupolar signals to the overall SFG response.
ID: interfacial dipole, IQ; interfacial quadrupole, QB: bulk quadrupole.”

The presence of either contribution interfering with the
purely dipolar (structurally anisotropic) signal complicates the
analysis for several reasons. First, the quadrupolar contributions
are governed by rank-4 tensors (due to the field gradient
direction coupling into )((2)) so, as mentioned above, the signs of
the output signals are independent of the molecular orientation,
unlike dipolar signals. Therefore, the quadrupolar spectrum
arising from the same molecular environments will generally
yield a different line-shape than the dipolar spectrum. Second, as
demonstrated schematically in Figure S, the three contributions
generally arise from different spatial regions, and thus likely
probe different molecular structures and environments. This will
hence further alter their relative line-shapes. Finally, due to their
different spatial profiles and mechanistic origins, the apparent
depth-related phase distortions will be different. Specifically, as
the IQ_ contribution is tightly bound to the interface, it will
experience a very minimal phase distortion due to propagation
effects, with the dipolar signal likely arising from a thicker region.
The QB contribution in contrast contains a 90° propagation
phase-shift due to its bulk origin. The intrinsic QB response is,
however, also phase-shifted by 90° due to the coupling to the
oscillatory component of the field gradient which leads to an
overall 180° phase shift, i.e., manifesting purely as a sign-flip in
the local response.”** It will therefore show similar behavior as a
purely interfacial signal from electric dipolar sources, with no
mixing between real and imaginary parts. This property makes it
in turn very challenging to distinguish the two contributions
(interfacial and bulk) and to extract the typically desired
interfacial response of the system. The most characteristic
difference between the dipolar and the QB responses is their
different spatial origin which further underlines the necessity to
obtain depth information on the SFG signal sources.
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As many structural investigations of interfaces rely on the
interpretation and comparison of experimental SFG spectra to
the analogous calculations from simulations, it is also important
to mention that many simulations, including those yielding the
results shown in Figure 1, typically do not fully address the
quadrupolar contributions. This hence limits the possible
insights into the structural motifs present at the interface that
can be obtained from quantitative or even qualitative
comparison to calculated SFG spectra. For such comparisons,
it is clearly crucial to include all potential contributions to the
observed signals.

The analysis of SFG spectra in terms of quadrupolar signal
contributions is further hampered by the fact that the size of the
quadrupolar moments can highly vary with infrared frequency.
This means different vibrational modes as well as the NR
contribution may have largely different weightings between the
dipolar and different quadrupolar signals. For aqueous systems,
this variability across different spectral transitions seems to be
substantial, with the NR contribution having been previously
suggested from both experimental measurements and accom-
panying theory to be dominated by quadrupolar contributions,
with a particularly significant role from the IQ mechanism,”>*°
and more recently being experimentally shown to have also have
a significant QB contribution.”* By contrast, the OH stretching
mode of water (R contribution) seems to mainly arise from
dipolar signals owing to its blue-shifted frequencies being
indicative of a weaker H-bonding environment (as expected for
the interface), as well as the observed sign-flip for oppositely
oriented molecules. This too differs from the resonant H-O—H
bending mode which, like the NR contribution, also appears to
be dominated by quadrupolar signals.”” Such observations
highlight that the role of quadrupolar contributions in SFG
investigations, particularly for aqueous interfaces, cannot be
simply neglected, and must be treated separately for each feature
of the overall response.

4. RECENT DEVELOPMENTS IN PROBING AQUEOUS
INTERFACES

In the discussion above, various challenges associated with SFG
measurements have been identified. A key point within this
discussion is the role of signal contributions from extended
sample depths as well as the necessity to acquire such depth
information for a correct interpretation of SFG spectra and to
obtain detailed understanding of interfacial molecular struc-
tures. Additionally, the importance of separating different signal
contributions such as R and NR responses was emphasized.
Recently, several advancements in SFG spectroscopy have been
developed to address these challenges and we review and discuss
a selection of the most promising approaches among these
developments.

One very crucial technical advancement and milestone in SFG
spectroscopy already dates back more than two decades, namely
the advent of phase-sensitive measurements.””*~'"" The clear
advantage of this technique is twofold: first, it doubles the
information content of measured SFG spectra by revealing
amplitude and phase information, and second, it makes all
different signal contributions become linearly superimposed in
the final spectra without the rise of any complex interference
terms between them. This linearity highly simplifies the data
analysis and allows for performing advanced measurements
protocols such as difference spectroscopy in a straightforward
manner.”'? Like for all vibrational spectroscopy techniques,
isotope labeling approaches are of particular importance in this

context because this enables the unambiguous identification of
molecular species and the decomposition of congested spectra
into specific vibrational modes.'%'%* Furthermore, comparison
between vibrational spectra of different isotopologues also
allows for the precise decomposition of SFG spectra into the
vibrationally resonant and nonresonant parts, as demonstrated
with the example of the air—water interface in Figure 4 and in
reference.”™" It should be noted that the additional phase
information obtained in phase-sensitive measurements in
principle also already contains the desired depth information
which is encoded in the propagation phase. However, from such
measurements alone, the propagation phase cannot be isolated
as it is convoluted with the intrinsic spectral phase of the
vibrational resonances.’>”” For the determination of the
propagation phase, additional information from experimental
measurements or from theory is therefore required.

One powerful experimental concept to directly obtain depth
information from SFG measurements is the modulation of the
coherence length. While the entangled nature of the material
properties with experimental parameters due to signal
contributions from extended sample depths is, on the one
hand, not ideal for isolating the structural properties from the
interface, it does, on the other hand, provide a useful route for
accessing the depth dependency of the susceptibility, and thus
the depth-dependent structure. As discussed earlier, signal
contributions from below the interface contain the propagation
phase factor, 22 which, after integration in z, leads to phase-
shifts and amplitude changes in the observed spectrum.’® An
illustration of the evolution of spectral amplitude and
propagation phase with increasing anisotropic depth is given
in Figure 6a for two selected values of Ak,. From this plot two
things become apparent: first, both observables clearly vary with
the anisotropic depth, as expected, and second, they also both
highly depend on the value of Ak,. Therefore, by modulating the
coherence length, 1/Ak,, the depth information becomes in
principle separable from the intrinsic (local) susceptibility.
Obviously, for the best sensitivity of this method, the
modulations should be as large as possible. The scale of the
differences in these two observables are depicted in Figure 6b
which shows the resulting amplitude ratio (black) and phase
difference (red) as a function of anisotropic depth for the two
selected values of the coherence length (see Supporting
Information for more details). While these plots are clearly
not generally applicable to all experimental settings and sample
systems, they nonetheless give an idea of the expected
modulations that would be observed for an interface with a
given anisotropic depth.

Interestingly, while the amplitude scales with the modulus of
the coherence length, the resulting phase-shift scales with Ak,
(inverse of coherence length), including its sign. Therefore, two
different modulation regimes exist for the phase, which are each
presented in Figure 6b: one with the same signs of the two Ak,
values (shown in solid red), and one with opposite signs (shown
in dashed red). The three presented plots in Figure 6b thus
highlight two important points. First, the phase difference and
amplitude ratio show different functional forms. Therefore, the
information contained in both are complementary and not
degenerate. In consequence, while the depth information can
clearly be extracted from either observable for the case where the
response can be described simply by a single depth-related
parameter, e.g. an exponential decay function, for more complex
systems that involve multiple depth-dependent contributions,
one observable is generally insufficient. In this context, it is
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Figure 6. Amplitude and phase variations of the observed SFG signal
due to depth. (a) Plots of the amplitude scaling and propagation phase
shift for two different coherence lengths that are typical for SFG studies
of aqueous interfaces. While the amplitude prefactor is only shown for
two wavevector mismatches, as it independent of sign, the propagation
phase is presented with Ak (2) taking either a positive or negative value,
indicated by the two labels Ak,(2+) and Ak,(2—). (b) Resulting
amplitude ratios and phase differences between the observed signals
with these coherence lengths, showing the different cases for equal and
opposite signs for the two Ak, values, i.e, ¢(1) — ¢(2+) and (1) —
¢(2—), respectively, for the phase differences (with the amplitude ratio
being independent of sign). Further details on these plots can be found
in the Supporting Information.

important to note that most systems of interest, e.g. charged
interfaces, multiple contributions are present. Therefore,
combining both pieces of information allows for a more
accurate characterization of the depth-dependent 22 (2), for
example, the unambiguous identification of any bulk signals with
quadrupolar origin.”* The second important point highlighted
by Figure 6b is associated with the vastly contrasting phase
difference plots for the equal and opposite sign wavevector
mismatches. This shows that having opposite signs yields overall
much higher depth sensitivity in the phase difference, gives
sensitivity to both small and large depths, and importantly
presents a monotonic function which yields a clear 1-to-1
relationship to the anisotropic depth. Nevertheless, while having
opposite signs for Ak, is clearly favorable, this is not generally
the case for techniques exploiting the coherence length
modulation, as discussed below.

4.1. Transmission/Reflection SFG. Modulation of the
coherence length was first highlighted by Shen et al, who
discussed the principle of measuring the SFG intensity in both
reflection and transmission to determine the isotropic
quadru?olar contributions that arise throughout the entire
bulk.'” As the output SEG wavevector has opposite signs for the

z-components in reflection and transmission, such measure-
ments represent a substantial modulation of the coherence
length of typically 3 orders of magnitude (but Ak, stays generally
positive). This hence leads to a large amplitude modulation in
the spectra for any bulk contributions, which allowed the authors
to completely disentangle them from the surface SFG signal of
the benzene-air interface. Clearly, this approach can be very
powerful for separating interfacial and bulk contributions (e.g.,
dipolar vs quadrupolar) and, although it has not been
demonstrated yet, also has significant potential for obtaining
depth-dependent structural information from the interface.
Equally, while it has only been performed using intensity
measurements (i.e., only using the amplitude information),
extracting the phase information would also lead to greater
structural insight, as mentioned above. Recording both the
reflection and transmission responses has, however, not become
a widely adopted experimental approach due to its associated
significant experimental challenges, particularly with obtaining
accurate phase information from both signals. Additionally, the
large coherence length obtained for the transmission signal leads
to the necessity to account for additional effects such as pump
beam depletion which makes the data analysis more complex.

4.2.Variable-Angle SFG. While the principle of modulating
the coherence length for obtaining depth-dependent structural
information at charged interfaces was first mentioned by Shen
and Tian, " its was not until recently that it was experimentally
demonstrated. Three alternative approaches have been
presented, with each being used to study the depth-dependent
structure at aqueous interfaces. Hore and co-workers showed
the initial approach where the incident angle of the input beams
is altered, thus modulating the specific z-component of their
wavevectors.””'°>'” This can be done in full reflection
geometry and hence circumvents the challenge of detecting
the transmitted beam. Furthermore, by using an internal
reflection geometry that includes the critical angle, the authors
showed that the coherence length can be significantly
modulated, which is not the case for regular reflection
geometries. This hence allows for high depth accuracy,
especially as the variable-angle (VA-SFG) approach can
generate many unique data points. The authors demonstrated
this technique by successfully separating the CL and DL spectra
from such angular-dependent intensity measurements and
compared the water structure in the corresponding regions,
clearly highlighting the potential of this method. The challenges
associated with this technique are that it requires multiple
subsequent measurements rather than simply recording multiple
responses from a single experiment, and involves an elaborate
sample geometry. Additionally, the internal reflection approach
restricts the classes of interfaces that can be investigated, and
proximity to the critical angle means the output signals become
very sensitive to local field effects which must be correctly
accounted for. Finally, obtaining accurate phase information
with this technique would also be analytically challenging due to
the strong angular-dependence on the reflection phase of any
reference.

4.3. Frequency (Momentum)-Dependent SFG. As the
second approach, Hsiao et al. performed momentum-dependent
SFG (MD-SFG) whereby they modulated the frequency of the
visible upconversion beam, and thus the magnitude of its
wavevector.”” That way, the depth information also becomes
accessible, which was demonstrated by extracting the CL
spectrum from the overall water response at charged interfaces
using the combination of intensity and phase-resolved spectra.

https://doi.org/10.1021/acs.jpcc.4c06650
J. Phys. Chem. C 2024, 128, 20733—-20750


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06650?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06650?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06650?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c06650/suppl_file/jp4c06650_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06650?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c06650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
The distinct benefit of this approach is that it does not require a (a) [NaCIl]=10"M (b) [NaCI]=10*M
complex sample setup (like the variable-angle approach), and 3000 3200 3400 3600 3000 3200 3400 3600

4 - 1 :

also is not restricted to certain sample classes. Furthermore, just
as the variable-angle technique, it provides the opportunity to
record several unique data points to extract the depth
information. In principle, this approach could also include the
analysis of the phase changes due to depth to further increase the
analytical capabilities, although this has not been demonstrated.
Nevertheless, multiple separate measurements are again
required and, as this technique involves altering the frequencies,
it is subject to potential dispersion effects which can make the
spectral corrections and analysis more challenging. While for
relatively small changes in frequency these are minor effects, this
is counter to achieving large coherence length modulations,
meaning a compromise must be made. Finally, in contrast to the
other methods, MD-SFG cannot effectively separate interfacial
and bulk signals since the bulk quadrupolar response is highly
insensitive to upconversion frequency. >

4.4. Combining Sum- and Difference Frequency
Generation (SFG/DFG). The third approach for extracting
depth information from the modulation of the coherence length
is a recent development combining SFG measurements with
their corresponding DFG responses. 243637 Ror probing the
same resonant vibrational information, the SFG and DFG
responses not only have different magnitude wavevector
mismatches, but they also differ in sign. The different
magnitudes (SFG and DFG signals differ in frequency) is
analogous to the momentum-dependent approach, and there-
fore can obtain similar insight from the amplitude modulations.
Beyond this, however, the different signs of the two wavevector
mismatches is a unique feature of this approach and makes the
phase difference a far more sensitive parameter for depth-
dependent studies (as shown above). As a result, SFG/DFG can
obtain exceptional depth accuracy, with phase-resolved studies
having been shown to achieve sub-nanometer resolutlon on
model systems of self-assembled monolayers on quartz,*® as well
as being used to extract the first experimental measurement of
the anisotropic “healing depth” of the air—water interface.”* The
SFG/DFG method also benefits from the fact that both
responses are simultaneously generated, meaning the depth
information can be extracted from a single measurement, in
contrast to the two aforementioned techniques. Furthermore, as
bulk quadrupolar contributions have different amplitudes in
SEG and DFG pathways, the bulk signals can also be separated
from the interfacial response and their mechanistic origin
(dipolar/quadrupolar) identified.”* One particular additional
benefit of SFG/DFG that contrasts to the MD-SFG or VA-SFG,
is that other phase distortions to the spectra arising from
complex high frequency Fresnel factors can also be completely
removed as they too modulate the SFG and DFG responses
differently.’” While this may not be especially relevant to many
aqueous interfaces, it is crucial whenever they are in the presence
of media which absorb in the visible frequencies, such as metals.
This hence makes it particularly important for electrochemical
systems.

An example of the effectiveness of the SFG/DFG method is
shown in Figure 7 which presents both the real and imaginary
parts of the heterodyned SFG and DFG spectra in the O—H
stretching region for the air-H,O interface covered with a
negatively charged surfactant, dihexadecylphosphate (DHP).
This is shown for two subphase salt concentrations, 0.1 M
(Figure 7a) and 10~* M (Figure 7b), which have substantially
different Debye screening lengths, namely 1 and 30 nm,
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Figure 7. Heterodyned SFG and DFG spectra recorded in the SSP
polarization combination from the air—water interface covered with
negatively charged surfactants (DHP), showing both the real and
imaginary parts for a subphase NaCl salt concentration of (a) 107" M
and (b) 10~ M. Also shown are schematic Argand plots of the SFG and
DEFG phases at selected frequencies through the resonant line shape.

respectively. Since the SFG and DFG responses probe the same
susceptibility, they have the same intrinsic line-shapes, only that
they are phase-shifted in opposite directions owing to the
different signs of their wavevector mismatches. By representing
the responses schematically in phase diagrams (Argand plots) at
four different frequencies through the O—H stretching region,
Figure 7 demonstrates that the phase difference between SFG
and DFG is both maintained, and evidently scales with the
screening length, as expected. This clearly highlights that
important depth information about the interfacial region can be
separated and extracted from the two spectra, including the
separation of the CL and DL contributions, just as for MD-SFG
and VA-SFG.

While there are clearly many benefits for SFG/DEFG, it too
comes with challenges. First, and perhaps the most important of
which is that, in order to extract the full benefits of the technique
by measuring not only the amplitudes but also the phases of the
two nonlinear responses, exceptional accuracy in both the
absolute phase and exact frequencies of both responses is
required. This hence makes for an extraordinary experimental
challenge and means the technique cannot feasibly be
implemented into any standard SFG spectrometer, but instead
requires a more specialized setup. Beyond this, due to the
different output frequencies of SFG and DFG, it too (just like
the MD-SFG) is subject to potential dispersion effects. With the
given frequency differences between SFG and DFG, however,
these effects are usually negligible and, if not, can be effectively
removed by recording SFG and DFG with the same three
frequencies in separate measurements (although this procedure
loses the above-mentioned simultaneity benefit).”**”

4.5. Summary of Coherence Length Modulation
Techniques. While the four techniques presented above follow
the same principle (modulation of the coherence length/
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wavevector mismatch), the resulting spectral modulations in
phase and amplitude of the measured spectra can be distinctly
different. A general evaluation of their efficacy in extracting
depth information is not straightforward as the achieved
modulations highly dependent on both the specific properties
of the sample systems and realistic experimental limitations. To
give some comparative indication of their performance, we turn
to the example of charged aqueous interfaces due to their
widespread relevance in such studies. In Figure 8 we compare
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Figure 8. Comparison of the amplitude (black) and phase (red)
modulations of the different methods for accessing depth information
from modulating the coherence length. The values for the plots are
shown for two different anisotropic depths that are typical values for
charged interfaces, with Debye lengths of 10 and 100 nm which occur
for electrolyte concentrations of 1 mM and 10 uM, respectively. The
plots are based on calculations described in the Supporting Information
using values for the coherence lengths from the literature.”**”%* The
red striped bars indicate the potential phase differences using these
literature values; however such phase-resolved measurements having
not been demonstrated. T/R: transmission/reflection, VA: variable-
angle, MD: momentum (frequency)-dependent.

the percentage amplitude modulations and absolute phase
differences for the different techniques, using values for their
wavevector mismatches taken from the literature.”**”%* This
comparison is shown for diffuse layer contributions with two
different Debye screening lengths, Zp;, 10 and 100 nm. These
modulations are calculated based on the differences in
amplitudes and phases of the two measured responses for an
interface with the specified depth i.e., the difference in amplitude
and phase between the transmitted and reflected SFG responses
from such an interface, or the differences between SFG for two
different incidence angles, etc. (see Supporting Information for
more details). The striped red boxes represent the theoretical
phase differences as they have not been reported due to the lack
of corresponding phase-resolved measurements for these
techniques.

From the plots in Figure 8, it becomes clear that for the
selected examples, two techniques particularly stand out, namely
the T/R-SFG and combined SFG/DFG methods. It is
important to mention again that these evaluations only refer
to the selected examples. For the typically more complex
systems, such analysis could lead to different weightings, so the
optimum technique for a specific investigation can only be

evaluated on a case-by-case basis, especially considering the
unique experimental challenges and restrictions associated with
each method.

4.6. Other Methods. Beside the coherence length
modulation methods, there have been alternative ways
presented of obtaining depth information. However, these
either include various degrees of theoretical simulations and
models, or only probe isolated aspects of the depth-dependent
structure.

Recently Nagata et al. showcased a technique exploiting
polarization-dependent measurements to distinguish between
resonances which source from different dielectric environ-
ments. %5197 Specifically, the z-dependence of the dielectric
function is contained within the Fresnel corrections for the ZZZ
contribution within the overall PPP polarization response.
Therefore, by measuring both PPP and SSP polarization
combinations, this contribution can in principle be isolated
and, by comparison to a depth-dependent model of the
dielectric environment at the interface, the depth origin of the
signal can be extracted. Given that this method utilizes the
variation in dielectric function across the interface, it is typically
only sensitive to depth changes across the first nanometer. Using
their method, the authors were therefore able to detect a height
shift of ~0.9 nm for formic acid monolayers upon increasing
surface concentration.'”® One challenge with this method,
however, is that it is clearly sensitive to the specific functional
form of the dielectric profile across the interface and therefore
replies on the accuracy of the theoretical predictions of this. As
this polarization-dependent method accesses an entirely differ-
ent range of structural properties at the interface, being sensitive
to Angstrom-scale depths rather than ~1—100 nm for
modulation of the coherence length, the two techniques could
nevertheless be used simultaneously to provide complementary
information about the depth-dependency of the susceptibility
and gain far greater elucidation of interfacial structure.

Another recent and compelling development combines SFG
with IR pump pulses, either in a traditional pump—probe
scheme to record the time-dependent vibrational relaxation of
the interface (TR-SFG), or in a two-dimensional spectroscopy
scheme (2D-SFG) to assess intermode couplings and energy
transfer mechanisms. While these techniques do not get the
same level of direct depth elucidation as those discussed above,
they do however gain access to enhanced structural insight
through the coupling and relaxation mechanisms of the different
structural motifs at the interface. By comparing these to known
quantities from the bulk, therefore, some indication about the
onset of bulk properties can be gained. For example, time-
resolved IR pump—SFG probe measurements were utilized by
the groups of Ye and Tahara to probe the T, vibrational
relaxation time of the O—H stretching modes.''*"* ! In doing so,
Tahara et al. showed that the hydrogen-bonded water at the air—
water interface showed strong similarities with bulk-like water,
suggesting a fast onset of bulk-like behavior. By contrast, Ye et al.
studied water at charged interfaces, where they used the
dependency of the relaxation time on number of accessible
intermolecular states to show that it can be used to assess the
thickness of the CL for varying salt concentrations and species
present at the interface. These indirect assessments of the depth
dependency thus provide a useful alternative way of assessing the
higher dimensionality of the interfacial water structure.

It is also worth noting that Benderskii et al. used an alternative
approach to assess the onset of bulk properties at the air—water
interface whereby they studied the vibrational coupling

https://doi.org/10.1021/acs.jpcc.4c06650
J. Phys. Chem. C 2024, 128, 20733—-20750


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c06650/suppl_file/jp4c06650_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06650?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06650?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06650?fig=fig8&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c06650/suppl_file/jp4c06650_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06650?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c06650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

mechanisms of the “free” OH stretch using isotopic dilution
SFG measurements.”’ In doing so, they showed that these
structural motifs that only exist very close to the interface are
coupled solely to the other OH group on the same water
molecules (intramolecular coupling). By then analyzing the
stretching frequency of this coupled mode, they also showed that
it displayed almost bulk-like properties. From this, just as Tahara
et al. did using pump—probe SFG measurements,''’ they
concluded that the onset of bulk-like properties is remarkably
fast.

5. FUTURE DIRECTIONS

Over the past four decades, since its initial demonstration,
vibrational SFG spectroscopy has proven to be an invaluable
tool for studying interfacial structure. Within this time frame,
there have been several important development steps which
have brought forward its possibilities and improved the analysis
of interfacial systems, but one key advancement which truly
slingshot the capabilities of SFG was the introduction of phase-
sensitive heterodyned detection. Because of its substantial
improvement in structural insight and the fact that the first
phase-resolved spectrometers have become commercially
available, we expect that phase-resolved measurements will
soon become the dominant SFG method.

Beyond this, the need of obtaining detailed depth information
as well as a more thorough characterization of the different SFG
signal contributions has become increasingly visible in the
scientific community and will certainly continue to be a crucial
topic in future studies. Therefore, with the techniques discussed
above precisely addressing these questions, it is once again clear
that a distinct and substantial improvement in the capabilities of
SEG has been made. Using these methods now allows us to not
only characterize the molecular constituents present at an
interface along with their orientations and intermolecular
connectivities, but also gain access to specific details about the
depth-dependent structural anisotropy. Given that depth is an
intrinsic and often important property of many interfaces, we
highly anticipate these approaches to represent another
significant milestone in the evolution of interfacial spectroscopy
studies.

While all of the recent developments obtain similar
information on depth, their sensitivities for individual aspects
of the interfacial structure differ, and they each have their
particular challenges, for example the applicability to only
certain sample classes, sensitivity to theoretical models, or
experimental complexity. While some of these challenges may
well be overcome by additional development steps in the future,
it is important to note that the greatest gain in insight likely lies
with certain combinations of them, e.g. polarization-dependent
measurements with coherence length modulation, or IR-pump-
SFG/DFG-probe measurements.

One particular research field where the above techniques will
be especially influential is the investigation of the molecular
structure at aqueous interfaces. In these sample systems,
nanoscale depth is often a significant and deterministic
parameter of the interfacial properties, e.g, for charged
interfaces where the existence of an electric double layer
(EDL) creates a substantial variation in properties with depth.
With these methodologies, the signals from aqueous interfaces
can be better understood in terms of the decay lengths of their
anisotropic signals, contributions from different electrostatic
regimes (e.g., separating CL and DL spectra), and even isolating
the purely interfacial signal from any isotropic quadrupolar

contributions. Overall, this will allow for comprehensive tests of
models such as the GCS model and potentially its development
into more sophisticated forms which directly account for, and
accurately describe the molecular response of the constituent
water. Finally, the ability of the SFG/DFG method to isolate the
purely resonant signals from the impact of both depth and added
phases from the complex Fresnel factors shows significant
promise for the study of electrochemical systems which have

thus far proven to be exceptionally challenging.
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