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Abstract 

Many essential processes occur at soft interfaces, from chemical reactions on aqueous aerosols in 

the atmosphere to biochemical recognition and binding at the surface of cell membranes. The 

spatial arrangement of molecules specifically at these interfaces is crucial for many of such 

processes. The accurate determination of the interfacial molecular orientation has been challenging 

due to the low number of molecules at interfaces and the ambiguity of their orientational 

distribution. Here, we combine phase- and polarization-resolved sum-frequency generation 

spectroscopy to obtain the molecular orientation at the interface. We extend an exponentially 

decaying orientational distribution to multiple dimensions, which, in conjunction with multiple 

SFG data sets obtained from the different vibrational modes, allows us to determine molecular 

orientation. We apply this new approach to formic acid molecules at the air-water interface. The 

inferred orientation of formic acid agrees very well with ab initio molecular dynamics data. The 

phase-resolved SFG multimode analysis scheme using the multi-dimensional orientational 

distribution thus provides a universal approach for obtaining the interfacial molecular orientation. 
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I. INTRODUCTION 

The surfaces of soft matter and liquid systems are ubiquitous in nature and technology. Typically, 

a strong connection exists between the molecular-level structure at the interface or surface and the 

macroscopic properties. For instance, for foams, the nature and density of surfactants determine 

surface tension and foam stability;1 for liquid aerosols in the atmosphere, the aerosol surface 

composition determines the evolution of photochemical processes occurring on the surface.2 

Hence, knowledge of the composition and spatial arrangement of interfacial molecules is highly 

desirable. 

Sum-frequency generation (SFG) spectroscopy is a surface-specific second-order optical 

technique that provides molecular responses from interfaces.3–6 The SFG signal is generated by 

shining infrared (IR) and visible pulses onto the sample. The SFG signal is enhanced when the IR 

frequency is resonant with the molecular vibrations, providing molecular specificity. As such, SFG 

spectra can selectively probe the specific moiety of the molecules located at the interface. SFG 

signals recorded with different polarization combinations for the SFG, visible and infrared fields 

further contain the orientational information of interfacial molecular groups, accessible through 

their vibrations.7–17 For example, Shen and Wang groups explored the orientation of the free O-H 

groups of the interfacial water molecules.8–11,18,19 Tyrode, Johnson, and co-workers investigated 

the molecular orientation of several organic molecules at the air-water interface.20–23 Such analyses 

have previously also been applied to study the interfacial conformations of proteins.24–28  

Despite these applications of the orientational analysis through SFG, it remains challenging 

to accurately predict the interfacial molecular orientation,29 because extracting the molecular 

orientation from the SFG signals poses two major challenges. The first challenge arises from the 

difficulty in accurately determining the peak amplitudes in the absorptive ( Im𝜒(ଶ) ) spectra; 
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conventional SFG measurements provide the intensity (ห𝜒(ଶ)ห
ଶ
), which does not give unique access 

to Im𝜒(ଶ) spectra. Thanks to the recent development of the heterodyne-detected SFG (HD-SFG) 

measurement,30–32 one can unambiguously obtain the peak amplitude in the Im𝜒(ଶ) spectra.12,14,33 

The second challenge originates from the orientational distribution. To extract information on the 

molecular orientation from the SFG peak amplitude, one must assume an orientational distribution 

function of the molecular moiety at the interface. The choice of the orientational distribution 

function critically affects the inferred molecular orientation.29,34,35 Previous studies have used 

rectangular functions,19,28,33 Gaussian-shaped functions8,18 and the exponential decay functions35 

to describe the orientational distribution. For the free O-H groups sticking out from a water surface, 

a comparison of the simulation and experiment as indicated that the free O-H groups at the air-

water35,36 and air-ice interfaces37 have exponential decay-shaped distributions.  

Can such an exponential decay function be universally used for describing the orientational 

distributions of different interfacial molecules? Molecular dynamics (MD) simulations have 

shown that an exponential decay function seems not universally applicable.29,38–40 For example, 

we carried out an ab initio MD (AIMD) simulation of formic acid molecules at the air-water 

interface (Fig. 1(a)) and calculated the distributions of 𝜃େୌ and 𝜃େ୓, where 𝜃େୌ (𝜃େ୓) represents 

the angle formed by the C-H (C=O) group and the surface normal (Fig. 1(b)). Figs. 1(c) and (d) 

show the simulated 𝜃େୌ  and 𝜃େ୓  distributions of interfacial formic acid molecules. These 

distributions deviate from an exponential decay-shape. Here, a question is what causes the 

deviation of the distribution function from an exponential decay-shape and how we can construct 

the orientational distribution functions.  

Here, we hypothesized that the deviation of the distribution function from an exponential 

decay-shape arises from the fact that the C-H group and C=O group are not independent, because 
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the intramolecular H-C=O angle is fixed at ~120º. Based on this hypothesis, we develop a 

methodology to couple the individual orientational information obtained from the multimode SFG 

probes via the multi-dimensional orientational distribution. We show how our multimode SFG 

coupling scheme can predict the molecular orientations by targeting a formic acid molecule located 

at the air-water interface. We benchmark the experimental data against data obtained from AIMD 

simulations. 

 

    

FIG. 1. Conformation of formic acid molecules at the air-water interface predicted by AIMD 

simulation. (a) Snapshot of simulated air-formic acid solution interface. White, red, and grey 

spheres represent the hydrogen, oxygen, and carbon atoms of formic acid molecules, respectively, 
while water molecules are drawn as blue spheres. (b) Schematic of a formic acid molecule at the 
air-water interface. The blue arrow represents the surface normal. The black and green arrows 
represent the C→H and C→O vectors, respectively. The angle 𝜃େୌ (𝜃େ୓) is formed by the C→H 
(C→O) vector and the surface normal. (c,d) The orientational distributions of (c) 𝜃େୌ and (d) 𝜃େ୓ 
obtained from the AIMD simulation. 

II. THEORY FOR ACCESSING MOLECULAR ORIENTATION FROM MULTI-MODE 

SFG 
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The following four steps are required to access the angle 𝜃େୌ (𝜃େ୓) from the SFG spectra: (i) 

Measuring the complex 𝜒(ଶ)  spectra at the ssp and sps polarization combinations, where abc 

polarization represents the a-, b-, and c-polarizations of SFG, visible, and IR beams, respectively. 

(ii) Obtaining 𝜒௬௬௭
(ଶ)  and 𝜒௬௭௬

(ଶ)  spectra from 𝜒ୣ୤୤,௦௦௣
(ଶ)  and 𝜒ୣ୤୤,௦௣௦

(ଶ)  via; 

𝜒ୣ୤୤,௦௦௣
(ଶ)

(𝜔୍ୖ; 𝜔ୗ୊ୋ, 𝜔୚୧ୱ) = 𝐿௬௬(𝜔ୗ୊ୋ)𝐿௬௬(𝜔୚୧ୱ)𝐿௭௭(𝜔୍ୖ)sin𝛽୍ୖ𝜒௬௬௭
(ଶ)

(𝜔୍ୖ), 

(1) 

𝜒ୣ୤୤,௦௣௦
(ଶ)

(𝜔୍ୖ; 𝜔ୗ୊ୋ, 𝜔୚୧ୱ) = 𝐿௬௬(𝜔ୗ୊ୋ)𝐿௭௭(𝜔୚୧ୱ)𝐿௬௬(𝜔୍ୖ)sin𝛽୚୧ୱ𝜒௬௭௬
(ଶ)

(𝜔୍ୖ), 

(2) 

where 𝛽 is the incident angle of the light of frequency 𝜔 with respect to the surface normal and 

𝐿௜௜(𝑖 = 𝑥, 𝑦, 𝑧) is the Fresnel factor.41 The xz-plane forms the incident beam plane, and the z-axis 

forms the macroscopic surface normal. (iii) Obtaining ⟨cos𝜃⟩/⟨cosଷ𝜃⟩ from the peak amplitudes 

𝐴௬௭௬ and 𝐴௬௬௭ in the Im𝜒௬௭௬
(ଶ)  and Im𝜒௬௬௭

(ଶ)  spectra via;19 

𝐴௬௭௬

𝐴௬௬௭
∝

(1 − 𝑟)(⟨cos𝜃⟩ − ⟨cosଷ𝜃⟩)

(1 + 𝑟)⟨cos𝜃⟩ − (1 − 𝑟)⟨cosଷ𝜃⟩
,  

(3) 

where 𝑟  represents the depolarization ratio, and the values of 𝑟  were obtained from ab initio 

calculations (see Supplementary material). (iv) Obtaining any angle information, including 

average angle ⟨𝜃⟩ from ⟨cos𝜃⟩ ⟨cosଷ𝜃⟩⁄  value by assuming the orientational distribution function, 

𝑓(𝜃) . Note that the use of the sps configuration has the advantage over the use of the ppp 

configuration in this step, in that the amplitude ratio of 𝐴௬௭௬ 𝐴௬௬௭⁄  is much less sensitive to the 
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poorly defined interfacial dielectric constant in the Fresnel factor correction (appearing in the next 

step) than the ratio of 𝐴௬௬௭ 𝐴௭௭௭⁄ .42 

A key part of rendering the SFG data into the angular information is step (iv). When a 

single driving force generates a preferential interfacial orientation, the orientational distribution 

can often be well approximated by an exponentially decaying function.35–37 For instance, for an 

interfacial water molecule with the free O-H group, the other half O-H group is usually hydrogen-

bonded (H-bonded), which is the driving force for determining the orientation of the free O-H 

group.43,44 In contrast, when a complex molecule such as a biomolecule can have several 

energetically stable conformations, it possesses multiple driving forces to govern the molecular 

orientation. As a result, its orientational distribution cannot be described by one exponential decay 

function; rather, the different driving forces will each drive towards a different exponential 

function. To couple multiple orientation distribution for different moieties and include the 

geometrical constraint for the intramolecular conformation, we propose to couple multiple 

vibrational mode SFG data by introducing the multi-dimensional orientational distribution 

function. For formic acid, we consider the two-dimensional orientational distribution, 𝑓(𝜃େୌ, 𝜃େ୓). 

𝜃େୌ and 𝜃େ୓ cannot be determined independently, because they should satisfy the condition that 

the intramolecular H-C=O angle is ~120°. By taking this H-C=O angle constraint into account 

within the free rotation model (see Supplementary material), the orientational distribution function 

can be given as; 

𝑓(𝜃େୌ, 𝜃େ୓) = 𝑁ாexp൫−𝜃େୌ 𝜃୉,େୌ⁄ ൯exp൫−𝜃େ୓ 𝜃୉,େ୓⁄ ൯𝑔(𝜃େୌ, 𝜃େ୓), 

(4) 

based on the exponential decay distribution function,35 where 𝑁ா is the normalization factor, 𝜃୉ is 

a parameter determining the steepness/width of the exponential decay function, and 𝑔(𝜃େୌ, 𝜃େ୓) 



8 

 

represents the geometric constraint which 𝜃େୌ  and 𝜃େ୓  should satisfy, given that the 

intramolecular H-C=O angle is ~120°.  

 

III. EXPERIMENTAL and SIMULATION PROCEDURES 

A. HD-SFG Experiment 

For probing the C=O stretch mode, a visible pulse centered at ~800 nm and a tunable IR 

pulse were combined collinearly. They were first focused onto a  20 μm-y-cut quartz plate to 

generate the local oscillator (LO) signal. Subsequently, they passed through a  8 mm CaF2 plate 

for the phase modulation and were again focused onto the sample surface with their incident angles 

of 45°. The SFG signal from the sample interfered with the LO beam, generating the SFG 

interferogram. The SFG interferogram was decomposed into the frequency domain through a 

spectrometer (SpectraPro HRS-300, Princeton Instruments) and detected by a liquid N2-cooled 

CCD (PyLoN®, Princeton Instruments). To avoid the effect of water vapor absorption of IR, the 

optical path of SFG setup was purged with N2.  

For probing the C-H stretch mode, we used a visible pulse centered at ~800 nm and a 

tunable IR pulse with their incident angles of 64° and 50°, respectively. The IR and visible beam 

were firstly focused onto a 200 nm ZnO thin film deposited on a 1 mm CaF2 window to generate 

the LO signal. A 1.5 mm fused silica plate was inserted in the optical path of the LO beam. The 

IR, visible, and LO beams were then focused onto the sample interface. The SFG signal from the 

sample interfered with the LO signal, generating the SFG interferogram. The SFG interferogram 

was decomposed into the frequency domain through a spectrometer (Shamrock 303i, Andor 

Technology), and subsequently detected by an EMCCD camera (Newton, Andor Technology). 

The details can be found in the material. 
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B. MD Simulation 

The force field MD and AIMD simulations were performed using the CP2K package.45  

The simulation cell contained 5 formic acid and 195 water molecules. The system is set into a 

rectangular cell of 16.63 Å × 16.63 Å × 40.0 Å. We prepared all five cis-conformations of formic 

acid molecules as well as all five trans-conformations. We generated equilibrated 20 initial 

configurations for each conformation by using force field. These initial configurations were further 

equilibrated by AIMD for 10 ps. Subsequently, we ran 20 ps AIMD simulation. We then geterated 

the total 400 ps AIMD trajectories at the revPBE level level together with the Grimmes’ van der 

Waals correction.46 We integrated the equation of motion in the NVT ensemble with a time step 

of 0.5 fs. The target temperature was set to 300 K. The details can be found in the Supplementary 

material. 

 

 

III. RESULTS 

A. Polarization-Dependent Multi-Mode HD-SFG Spectra 

We examined how accurately this multimode coupling scheme can predict the molecular 

orientation of formic acid molecules at the air-water interface. Fig. 2(a) shows the Im𝜒ୣ୤୤,௦௦௣
(ଶ)  SFG 

response of the C-H stretch mode of a 2.5% molar fraction aqueous formic acid solution. The 

spectrum shows a 2920 cm-1 negative peak and a 2880 cm-1 negative shoulder peak. These peaks 

can be assigned to the C-H stretch mode of the trans- and cis-conformations of formic acid, 

respectively.20,38,47,48 Thus, our data indicates that both trans- and cis-conformations are present at 

the air-water interface. The presence of the trans- and cis-conformations is corroborated by the 



10 

 

Im𝜒ୣ୤୤,௦௦௣
(ଶ)  spectrum of the C=O stretch mode (Fig. 2(b)). The spectrum shows a 1710 cm-1 positive 

feature and a 1750 cm-1 negative feature which can be assigned to the trans- and cis-conformations 

of a formic acid molecule at the air-water interface, respectively.49  

The signs of the peaks in the Im𝜒ୣ୤୤,௦௦௣
(ଶ)  spectra provide information on the absolute 

orientation of the C→H and C→O groups. The negative C-H peaks indicate that the C→H groups 

of both trans- and cis-conformations point up towards the air.33 This can be explained by the 

inability of the hydrophobic C-H group to form a hydrogen bond with water. In the case of the 

C=O stretch mode, a positive (negative) sign indicates that the C→O group points down to the 

bulk water (up to the air).50 The 1710 cm-1 positive feature indicates that the C→O group of the 

trans-conformations points down at the air-water interface, while the 1750 cm-1 negative feature 

indicates that the C→O group of the cis-conformation points up. The trans- and cis-conformations 

of the formic acid have different orientations at the air-water interface. 
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FIG. 2. SFG spectra of formic acid at the air-water interface. Im𝜒ୣ୤୤,௦௦௣
(ଶ)  and Im𝜒ୣ୤୤,௦௣௦

(ଶ)  spectra 

in (a) the C-H stretch and (b) C=O stretch mode regions. Im𝜒௬௬௭
(ଶ)  and Im𝜒௬௭௬

(ଶ)  spectra in (c) the C-

H stretch and (d) C=O stretch mode regions. The dotted line represents Gaussian lineshapes 
obtained from the fit to the spectra, while the filled area represents the sum of the two Gaussians.  

 

To further understand the orientation of the molecules, we measured the Im𝜒ୣ୤୤,௦௣௦
(ଶ)  spectra 

of the C-H and C=O stretch modes. The data are plotted in Figs. 2(a) and (b), respectively. 

Subsequently, we obtained Im𝜒௬௬௭
(ଶ)  and Im𝜒௬௭௬

(ଶ)  spectra using Eqs. (1) and (2), which are displayed 

in Figs. 2(c) and 2(d), respectively. The Im𝜒௬௬௭
(ଶ)  and Im𝜒௬௭௬

(ଶ)  features are very similar to the 

Im𝜒ୣ୤୤,௦௦௣
(ଶ)  and Im𝜒ୣ୤୤,௦௣௦

(ଶ)  features, respectively. The comparison of the Im𝜒௬௬௭
(ଶ)  and Im𝜒௬௭௬

(ଶ)  

indicates that the amplitude of the spectra at different polarization differs significantly.  

 

 

 

 

B. C=O and C-H Orientation of Interfacial Formic Acid Molecule 

Here, we focus on the trans-conformation of the formic acid (1710 cm-1 positive C=O stretch and 

2920 cm-1 negative C-H stretch features). From the Im𝜒௬௬௭
(ଶ)  and Im𝜒௬௭௬

(ଶ)  spectra, we obtained the 

values of 𝐴௬௭௬ 𝐴௬௬௭⁄  of 0.60 ± 0.01 for the C-H stretch mode and of 0.36 ± 0.01 for the C=O 

stretch, which provides the left side of Eq. (3). The right side of Eq. (3) can be obtained using 

𝑓(𝜃஼ு, 𝜃஼ை), where the ensemble average of 𝐵 is given by; 

⟨𝐵⟩ = න 𝑑𝜃େ୓ න 𝑑𝜃େୌ𝐵𝑓(𝜃େୌ, 𝜃େ୓)sin𝜃େୌsin𝜃େ୓

గ

଴

గ

଴

. 

(5) 
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Here, we replaced 𝜃େ୓ by 180° − 𝜃େ୓ in Eq. (3) by knowing that the C→O group of the trans-

conformation points down to the bulk water. Eq. (3) will determine the values of parameters, 𝜃୉,େୌ 

and 𝜃୉,େ୓.  

Figs. 3(a) and (b) display the 𝐴௬௭௬ 𝐴௬௬௭⁄  values calculated for various 𝜃୉,େୌ and 𝜃୉,େ୓ via 

the right side of Eq. (3) (rainbow curves) and the experimentally determined 𝐴௬௭௬ 𝐴௬௬௭⁄  (grey 

planes). The crossing lines of the rainbow curves and grey planes in Figs. 3(a) and (b) represent 

the condition that 𝜃୉,େୌ and 𝜃୉,େ୓ should satisfy in the C-H and C=O stretch modes, respectively. 

By coupling these crossing curves, one can find a crossing point (Fig. 3(c)). As such, we obtained 

𝜃୉,େୌ = 36 ± 9° and 𝜃୉,େ୓ = 36 ± 10°.  

Fig. 3(d) shows the two-dimensional orientational distribution 𝑓(𝜃େୌ, 𝜃େ୓) for 𝜃୉,େୌ = 

36° and 𝜃୉,େ୓ = 36°. The orientational distribution obtained from the experimental data agrees 

with that obtained from the AIMD simulation data (Fig. 3(e)). This shows that our multimode 

coupling scheme can accurately predict the orientation of the formic acid molecules. The obtained 

distribution functions provide ⟨𝜃େୌ⟩ = 56 ± 5°  and ⟨𝜃େ୓⟩ =124 ± 5°. The difference in the angle 

between ⟨𝜃େୌ⟩  and ⟨𝜃େ୓⟩ being much smaller than the H-C=O angle of 120° indicates that the H-

C=O plane is strongly tilted away from the surface normal, tending toward being parallel to the 

surface. The summary of the trans-conformation of the interfacial formic acid molecule is shown 

in Fig. 3(f). 
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FIG. 3. C→H and C→O angle analysis based on exponential decay-shaped function. 
𝐴௬௭௬ 𝐴௬௬௭⁄  vs. 𝜃୉,େୌ and 𝜃୉,େ୓ for (a) the C-H stretch mode and (b) the C=O stretch mode. The 

rainbow 3D curves represent the numerical data based on Eq. (3), while the grey planes represent 
the experimental values. (c) The lines obtained from the crossing of rainbow 3D curves and grey 
planes in (a) and (b). The dotted lines represent the experimental error. (d) The 2D orientational 
distributions inferred from the crossing point of (c). (e) The 2D orientational distributions 
obtained from the AIMD simulation. (f) Schematic of the average orientation of a formic acid 
molecule at the air-water interface. The blue arrow represents the surface normal. The black and 
green arrows represent the C→H and C→O vectors, respectively.  

 

Above, we have hypothesized that the H-C=O angle constraint is essential to estimate the 

orientation of the formic acid molecules and can be modeled based on the exponentially decay-

shaped function. Here, we examine these assumptions in more detail. First, to explore the impact 

of the H-C=O angle constraint, we considered the distribution without the H-C=O angle constraint. 
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In this case, the 3D curve based on Eq. (3) does not cross the experimentally obtained 𝐴௬௭௬ 𝐴௬௬௭⁄  

value (see Supplementary material). This result clearly shows that the intuitive constraint of 

intramolecular geometry is essential to obtain the orientational distribution function.  

Second, to verify the appropriateness of the exponential decay-shaped distribution, rather 

than the rectangular function, we computed the distribution functions based on the rectangular 

function, including the H-C=O constraint.19 The obtained distribution function based on the 

rectangular function is displayed in Fig. 4(a). It differs substantially from those obtained from the 

AIMD simulation (Fig. 3(e)). The rectangular distribution provides ⟨𝜃େୌ⟩ =  44 ± 3 °   and 

⟨𝜃େ୓⟩ =137 ± 3° , quite different from the ⟨𝜃େୌ⟩ = 56°  and ⟨𝜃େ୓⟩ =124°  predicted using the 

exponential decay distribution. The smaller ⟨𝜃େୌ⟩ and larger ⟨𝜃େ୓⟩ predicted by the rectangular  

distribution function indicates that the H-C=O plane prediction is closer to the surface normal. As 

such, the predicted three-dimensional structure of formic acid with the rectangular distribution 

function differs that with the exponential decay function or simulated structure in the AIMD 

simulation. 
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FIG. 4. C→H and C→O angle analysis based on rectangular function. a The obtained 2D 
orientational distribution based on the rectangular function. b Schematic of the average 
orientation of a formic acid molecule at the air-water interface, assuming a rectangular 
distribution function. The blue arrow represents the surface normal. The black and green arrows 
represent the C→H and C→O vectors, respectively. 

 

 

 We estimate the interaction of the interfacial formic acid molecule with surrounding water 

from the conformation of the formic acid molecule. To do so, we calculated the angle (φ) formed 

by the normal to the H-C=O plane and the surface normal from ⟨𝜃େୌ⟩ and ⟨𝜃େ୓⟩. The exponential 

decay distribution provides 𝜑  = 40°. This 𝜑 -value indicates that the H-C=O plane is not so 

perpendicular to the surface; rather, the H-C=O plane lies down to the surface. This conformation 

allows a formic acid molecule to form a hydrogen bond between the O(-H) atom and the H atom 

of the surrounding water molecule, in addition to the hydrogen bonds of O(=C) atom and H(-O) 

atom of formic acid molecule (see Fig. 5). In fact, the hydrogen bond analysis51 using the AIMD 

trajectory indicates three major conformations of the hydrogen bond of the interfacial formic acid 

molecules: 2A-0A-1D conformation, i.e., the O(=C), O(-C), H(-O) atoms respectively accept two 

H-bonds, accept no H-bonds, and donate one H-bond with the surrounding water molecules, in the 
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same notation, 1A-0A-1D, and 1A-1A-1D conformations (Fig. 5). As such, the trans-conformation 

of the formic acid can have a variety of hydrogen bond conformation at the air-water interface.  

 

 

FIG. 5. Schematics of major hydrogen bond conformations of the interfacial formic acid 
molecule at the air-water interface. The blue arrow represents the surface normal. The green 
arrows represent the normal of the H-C=O plane. 𝜑 represents the angle formed by the normal of 
the H-C=O plane and the surface normal. The number in the parenthesis represents the fraction of 
the conformation obtained in the AIMD simulation. 

 

We comment on the cis-conformation of the formic acid. It is extremely challenging to 

obtain robust 𝐴௬௭௬ 𝐴௬௬௭⁄  values for both C-H and C=O stretch mode, because the signal of the cis-

conformation is one order magnitude smaller than that of the trans-conformation. Thus, we could 

not obtain reliable values for 𝜃஼ு and 𝜃஼ை of the cis-conformation. On the other hand, the signs of 

the C=O stretch peaks for the trans- and cis-conformations in the Im𝜒ୣ୤୤,௦௦௣
(ଶ)  spectra are opposite, 

reflecting that both the orientations of the C→O groups are different between the trans and cis-

conformations. This notion agrees with the AIMD data (⟨𝜃େ୓⟩ = 80° ), showing that our SFG data 

and AIMD data are consistent not only quantitatively for the trans-conformation but also at least 

qualitatively for the cis-conformation of the formic acid molecule at the air-water interface.  
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V. CONCLUSION 

We have developed the framework for determining the orientation of a molecule at the interface 

by coupling the angle information obtained from the multimode polarization-dependent HD-SFG 

spectroscopy. The distribution function can be generated based on the exponential decay function 

together with the intramolecular geometry constraint. We applied this SFG multimode coupling 

technique to obtain the molecular orientation of trans-conformation of formic acid molecules at 

the air-water interface. We identified ⟨𝜃େୌ⟩ = 56 ± 5°  and ⟨𝜃େ୓⟩ =124 ± 5°, in good agreement 

with the AIMD data. Our analysis indicates that the intramolecular geometry constraint is essential 

to determine the molecular orientation. Furthermore, we showed that the rectangular function for 

the orientational distribution function is inappropriate. We expected that this multimode 

polarization-dependent SFG technique can be applied to the biomolecules by probing the different 

moieties of the amino acid group or by using the isotope labeling for the C=O group of the amide 

backbone.25,52  
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