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The three-dimensional spatial distribution of molecules at soft matter interfaces is crucial for processes
ranging from membrane biophysics to atmospheric chemistry. While several techniques can access surface
composition, obtaining information on the depth distribution is challenging. We develop a noninvasive,
polarization-resolved, surface-specific sum-frequency generation spectroscopy providing quantitative
depth information. We demonstrate the technique on formic acid molecules at the air-water interface.
With increasing molar fraction from 2.5% to 10%, the formic acid molecules shift, on average, ∼0.9 Å into
the bulk. The consistency with the simulation data manifests that the technique allows for probing the
Ångstrom-scale depth profile.
DOI: 10.1103/PhysRevLett.128.226001

Depth information of molecules at interfaces is essential
for unveiling many physical, chemical, and biological
phenomena, such as the premelting layers of ice surface
[1–3] and the propensity of proteins at membrane interfaces
[4–6]. Several experimental techniques, including atomic
force microscope (AFM) [7], secondary ion mass spectrometry (SIMS) [8], and x-ray photo-electron spectroscopy [9],
have been used for capturing the depth profile of molecules
at interfaces. Notwithstanding the success of these methodologies, they do typically impose constraints on the studied
interfaces and/or can be somewhat invasive. The AFM tip
and ions used in SIMS can perturb the surface; optical
techniques such as ellipsometry are noninvasive, whereas its
probe resolution is usually >5 nm [10]. An all-optical
technique to noninvasively obtain molecular-scale interfacial depth information is highly desirable to unveil the
molecular structure at surfaces and (buried) interfaces.
Sum-frequency generation (SFG) spectroscopy is a noninvasive, interface-specific, and molecular-specific technique. SFG uses infrared (IR) and visible light to drive a
second-order optical process, typically occurring only at
interfaces, since second-order processes are prohibited in the
bulk of media with centrosymmetry. Thus, SFG spectroscopy possesses interface specificity and is noninvasive. An
SFG signal is enhanced when the IR frequency is resonant
with a vibrational mode, providing molecular specificity.
Thanks to its unique characteristics, SFG has been used for
probing the structure and dynamics of interfacial molecules

[11,12] and chemical and biological processes occurring at
the interface [13,14]. On the other hand, SFG has been
recognized as a tool that cannot access quantitative depth
information, although some attempts to qualitatively access
to the depth information via SFG have been made [15–17].
SFG would be much more powerful if it could be endowed
with depth resolution, in addition to its interface and
molecule specificity.
Here, we present a technique for obtaining depth information on vibrational chromophores at an Ångstrom-scale
by analyzing SFG spectra recorded at different polarization
combinations. Extending this polarization-dependent (PD)
technique to the heterodyne-detected SFG (HD-SFG) spectroscopy, we demonstrate that SFG signals can report on
depth information of the interfacial molecules. This approach
reveals the depth distribution of formic acid molecules at the
interface of an aqueous formic acid solution with air. Our
analysis shows that the C─H groups of formic acid molecules
reposition from the subsurface toward the bulk, with increasing molar fraction (xFA ). We discuss the possible mechanism
underlying the transposition of the formic acid molecules at
the interface.
ð2Þ
Measured PD-SFG (χ eff ) spectra at the ssp, sps, and
ppp polarization combinations, where abc polarization
represents the a-, b-, and c-polarized SFG, visible, and IR
beams, respectively, are connected with the second-order
nonlinear susceptibility (χ ð2Þ ) via
ð2Þ

χ eff;ssp ðωIR ; ε0 Þ
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ð2Þ

¼ Lyy ðωSFG ÞLyy ðωVis ÞLzz ðωIR ;ε0 Þ sinβIR χ yyz ðωIR Þ;

ð1Þ

ð2Þ

χ eff;sps ðωIR ; ε0 Þ
ð2Þ

¼ Lyy ðωSFG ÞLzz ðωVis ; ε0 ÞLyy ðωIR Þ sinβVis χ yzy ðωIR Þ; ð2Þ
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ð2Þ

χ eff;ppp ðωIR ; ε0 Þ ≈ −Lxx ðωSFG ÞLxx ðωVis ÞLzz ðωIR ; ε0 Þ
ð2Þ

× cos βSFG cos βVis sin βIR χ xxz ðωIR Þ
þ Lzz ðωSFG ; ε0 ÞLzz ðωVis ; ε0 ÞLzz ðωIR ; ε0 Þ
ð2Þ

× sin βSFG sin βVis sin βIR χ zzz ðωIR Þ; ð3Þ
where βj is the angle of beam j with the surface normal.
Lii ði ¼ x; y; zÞ is the Fresnel factor [18], and ε0 is the
interfacial dielectric constant. The xz plane forms the
incident plane of the beams, and the z axis is defined as
the surface normal. For the functional group with the
C∞v symmetry at an azimuthally isotropic interface, the
ð2Þ
ð2Þ
ð2Þ
peak amplitudes in the Imðχ xxz Þ ¼ Imðχ yyz Þ, Imðχ yzy Þ, and
ð2Þ
Imðχ zzz Þ spectra (denoted as Ayyz , Ayzy , and Azzz , respectively) are related via
Ayyz ∶Ayzy ∶Azzz
¼ ½ð1 þ RÞD − ð1 − RÞ∶ð1 − RÞðD − 1Þ∶2ðRD þ 1 − RÞ;
ð4Þ
where R represents the depolarization ratio for the target
vibrational mode and D is the parameter related with the
molecular orientation [19].
A closer inspection of Eqs. (1)–(4) suggests that the peak
ð2Þ
amplitude in the χ zzz spectrum, Azzz , can be obtained using
two fully independent approaches: (i) Using Eqs. (1) and (3),
ð2Þ
ð2Þ
one can obtain the χ zzz spectrum from the measured χ eff;ssp
ð2Þ

and χ eff;ppp spectra, providing Azzz . (ii) Using Eqs. (1) and
ð2Þ

ð2Þ

(2), one can obtain χ yyz and χ yzy spectra from the measured
ð2Þ
ð2Þ
χ eff;ssp and χ eff;sps spectra, providing Ayyz and Ayzy , respectively. By using Eq. (4), Azzz can be obtained from Ayyz and
Ayzy . The precise values of Azzz obtained from approaches (i)
and (ii) depend on the value of the interfacial dielectric
constant ε0 in Eqs. (1)–(3). In other words, through the
comparison of Azzz , one can access the interfacial dielectric
constant.
Because the interfacial dielectric constant is depth
dependent [20], SFG can provide information on the
average position of the vibrational chromophores, if ε0
can be linked with depth. We derive the relation of ε0 and
the position of the chromophore, z at the air-liquid interface
within the embedded model of a vibrational chromophore
[inset of Fig. 1(b)] [18,21]. The interfacial dielectric
constant ε0 at position z is given as [21]

ε0 ¼

8
ε
>
>
<

1þ13ð1−φπÞðε−1Þ
z 2
z
1−ε
1þð
6ε Þð1þrÞ ð2−rÞ
>

>
:

1

for z ≤ −r;
for − r < z ≤ r;
for z > r;

ð5Þ

FIG. 1. (a) Schematic for PD-SFG spectroscopy probing a
formic acid molecule at the air-water interface. ε and ε0 are the
bulk and interface dielectric constant of formic acid solution,
respectively. (b) Depth profile of ε0 at the air-water interface in the
optical limit (ε ¼ 1.72). The black line is obtained from Eq. (5),
while the red line represents the MD simulation result obtained
from Ref. [20]. Note that the impact of the surface roughness was
removed from the depth profile of ε0 through the deconvolution.
The inset schematic represents the vibrational chromophore (red
dot) at the interface. φ is the angle between the surface normal and
the vector pointing from the center of the sphere to the crossing
point of the dielectric interface and the surface of the sphere. r is
the radius of the vibrational chromophore. The origin point of
the z axis is the position where the chromophore experiences
ε0 ¼ εðε þ 5Þ=ð4ε þ 2Þ [21].

where φ is the angle between the surface normal and the
vector pointing from the center of the sphere to the crossing
point of the dielectric interface and the surface of the
sphere. r is the radius of the vibrational chromophore. z ¼
0 denotes the location where the chromophore experiences
ε0 ¼ εðε þ 5Þ=ð4ε þ 2Þ (φ ¼ π=2) [21]. Note that φ ¼ 0
and π=2 provide the interfacial dielectric constants within
the Lorentz and slab models, respectively [21–23].
Let us check whether Eq. (5) can reproduce the variation
of the dielectric profile as a function of depth which the
molecular dynamics (MD) simulation predicts at the airwater interface [20]. Here, we set ε ¼ 1.72 in the optical
limit and employed r ¼ 1.93 Å, where the value of r was
determined by the average volume of the water molecules
in the bulk. The resulting depth profile of ε0 displayed in
Fig. 1(b), together with results from the MD simulation
[20]. These data largely agree, indicating that Eq. (5)
provides a reliable description of the depth-dependent
dielectric function experienced by a vibrational chromophore at the air-water interface.
We examined whether our proposed PD-HD-SFG methodology can probe the depth position of the C─H stretch
chromophores of the formic acid molecule at the air-formic
acid solution interface. We measured the SFG spectra in
the C─H stretch mode of the SFG active formic acid
molecules at the air-formic acid solution interfaces at ssp,
sps, and ppp polarization combinations. Experimental
ð2Þ
ð2Þ
ð2Þ
Imχ eff;ssp , Imχ eff;sps , and Imχ eff;ppp spectra with various
xFA are displayed in Figs. 2(a)–2(c), respectively. First, we
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ð2Þ

ð2Þ

ð2Þ

FIG. 2. Experimental (a) Imχ eff;ssp , (b) Imχ eff;sps , and (c) Imχ eff;ppp spectra at the air-formic acid solution interface in the C─H stretch
mode region with various xFA .
ð2Þ

focus on the Imχ eff;ssp spectra. The spectra commonly show
the 2920 cm−1 negative peak and ∼2880 cm−1 negative
shoulder feature. The 2920 and 2880 cm−1 features can be
assigned to the C─H stretch mode of formic acid molecules’ trans and cis conformations, respectively [24–26].
Since the spectral contribution of the 2880 cm−1 feature is
much smaller than the 2920 cm−1 contribution, we did not
analyze the 2880 and 2920 cm−1 contributions separately.
ð2Þ
The negative signs of the Imχ eff;ssp peaks indicate that the
C → H group points up toward the vapor phase [27]. This
can be rationalized by the inability of the hydrophobic
C─H group to form a hydrogen bond with water.
ð2Þ
ð2Þ
Subsequently, we discuss the Imχ eff;sps and Imχ eff;ppp
ð2Þ

position of the C─H stretch vibrational chromophores. The
robustness of our approach is discussed in detail in
Supplemental Material [28].
Our analysis indicates that the SFG active C─H stretch
chromophores were located at the topmost layer at low
concentration xFA ¼ 0.025 (z ¼ −0.5 Å). Since the C─H
group of formic acid molecules are hydrophobic, locating
the formic acid molecules at the topmost layer minimizes
the system’s free energy [45,46]. When increasing xFA from
0.025 to 0.1, the average position of the C─H chromophores shifts toward the bulk by ∼0.9 Å [see Fig. 3(b)].

ð2Þ

spectra. The Imχ eff;sps spectra resemble the Imχ eff;ssp
ð2Þ

spectra, while the Imχ eff;ppp spectra show positive features
ð2Þ

ð2Þ

at ∼2930 cm−1 , unlike the Imχ eff;sps and Imχ eff;ssp spectra,
ð2Þ

ð2Þ

due to the slight frequency shift between the χ zzz and χ yyz
spectra; the frequency shift gives rise to the negative-positive
ð2Þ
ð2Þ
feature in the Imχ eff;ppp spectra, because the Imχ eff;ppp
ð2Þ

ð2Þ

spectra arise from the subtraction of the χ zzz from the χ yyz
contribution (see Supplemental Material [28]).
ð2Þ
ð2Þ
ð2Þ
From the Imχ eff;ssp , Imχ eff;sps , and Imχ eff;ppp spectra,
ð2Þ

ð2Þ

ð2Þ

one can obtain the Imχ yyz , Imχ yzy , and Imχ zzz spectra at
different averaged depth z. Here, we used the dielectric
constant of the formic acid-H2 O mixtures, with interfacial
formic acid concentrations inferred from the SFG spectra of
heavy water’s hydrogen bonded O─D band (see
Supplemental Material [28]). The peak amplitudes Ayyz ,
Ayzy , and Azzz for the C─H stretch mode were obtained by
ð2Þ

ð2Þ

ð2Þ

integrating the peak areas in the Imχ yyz , Imχ yzy , and Imχ zzz
spectra, respectively. Finally, we obtained Azzz via approach
(i) and approach (ii), where we used R ¼ 0.13 [26]. The
data using approach (i) are displayed as solid lines in
Fig. 3(a), while the data using approach (ii) are depicted as
dotted lines as a function of the depth z [see also Fig. 1(b)].
The crossing points of the solid and dotted lines marked
with an “×” in Fig. 3(a) represent the averaged depth

FIG. 3. (a) The amplitude Azzz as a function of the averaged
depth position of the chromophore. The solid lines and dotted
lines are obtained using approaches (i) and (ii), respectively. The
“×” marks denote the crossing points of the solid and dotted lines,
indicating the depth position of the C─H stretch vibrational
chromophore. (b) Comparison of the position shift of the C─H
stretch chromophore between experiment and simulation. The
lines serve to guide the eye. The error bars correspond to the
uncertainty based on the dielectric constant for the bulk and
surface concentrations (see Supplemental Material [28]). (c) Normalized simulated depth profile of the hN cos θi at different xFA .
(d) Schematics of formic acid absorption at the air-formic acid
solution interface at different xFA . Note that only SFG-active
formic acid molecules are depicted here.
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To confirm the observation that the position of the
C─H vibrational chromophore is shifted by ∼0.9 Å upon
increasing xFA from 0.025 to 0.10, we compared this
position shift with the MD simulation data at the air-formic
acid solution interfaces [46]. The depth positions z0 of the
C─H stretch vibrational chromophores of the formic acid
were computed based on the instantaneous liquid interface
description, where z0 ¼ 0 provides the position of the
instantaneous liquid interface [47] (see Supplemental
Material [28]). To highlight the SFG active formic acid
molecules, we computed the depth profiles of hN cos θi
instead of the profiles of formic acid density [46] (see
Supplemental Material [28]). Where N is the number of the
C─H bonds and θ represents the angle formed by the C →
H bond and the surface normal pointing to air, the
depth profiles of hN cos θi at different xFA are displayed
in Fig. 3(c). These profiles show that, with increasing xFA ,
the relative population in the second layer increases as well
as a slight shift in the peak position in the first layer,
lowering the averaged position of the SFG active stretch
chromophore (see Supplemental Material [28]).
To quantitatively compare the position of the C─H
chromophore between experiment and simulation, we
summarize the shift of its averaged position in Fig. 3(b).
Experiments and simulation agree very well, manifesting
that the PD-HD-SFG spectroscopy scheme can accurately
capture the change in the average position of the vibrational chromophores. Furthermore, this agreement leads to
the molecular picture that the position of the outermost
formic acid monolayer shifts toward the bulk with
increasing xFA , while the other mechanism is that accumulation of the formic acid molecules in the second and
third layers leads to the shift of the average position
[Fig. 3(d)].
In conclusion, we have developed a novel methodology
to obtain the Ångstrom-scale depth information using SFG
measurements at ssp, sps, and ppp polarization combinations. By using this methodology, SFG becomes an
interface-specific, molecular-specific, and depth-sensitive
technique. We demonstrated that the method allows us to
access to the depth information of the C─H stretch
chromophores of formic acid molecules at the air-formic
acid solution interface. Increasing the formic acid fraction
leads to a shift of the position of the chromophore from the
topmost interface to the bulk region. Furthermore, quantitative agreement between MD simulations and the polarization-dependent SFG experiments suggests that this shift
results from a combination of a shifting formic acid
monolayer at the topmost water layer into the bulk and
multilayer adsorption with increasing bulk concentration.
The proposed technique can be used to probe the depth
information on various molecules and materials, including
biomolecules and 2D materials [48–51].
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