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Abstract 

Interfaces are instrumental in processes of biology, engineering, production, and environmental 

systems. The chemical and physical properties of heterogeneous interfaces are known to be different from 

those of their underlying bulk phases, and different again when considering the curved surface of submicron 

aerosol droplets. The recently-developed technique of vibrational sum-frequency scattering (VSFS) 

spectroscopy from airborne particles has emerged as an interface-specific method for the in-situ analysis of 

this unique system. While the technique has shown promise in debut works, a quantitative analysis of the 

VSFS system has not yet been performed. Here we provide a comprehensive analysis of a VSFS 

spectrometer with reference to the well-documented planar analog. We decompose the VSFS signal into 

coherent and incoherent as well as resonant and nonresonant components as a function of incident pulse 

delay time. We also quantify and compare resonant and nonresonant VSFS and VSFG experimental data 

using the same laser and detection systems. Using the air/water interface as a guide, we show that the 

resonant and nonresonant contributions to the SF responses are comparable for the two systems by 

extracting second-order susceptibilities and hyperpolarizabilities and using them to estimate single-particle 

susceptibilities. A quantitative analysis of the signal detection systems for the scattering and planar 

geometries is made, and conversion efficiencies for VSFG, VSFS, and other nonlinear scattering 

experiments are compared. Lastly, the possibility of a low-repetition (1 kHz) VSFS spectrometer is 

considered, determining that it may be possible with modern laser technology but is inevitably less efficient 

than a high-repetition (100 kHz) system. Though this multistep analysis we obtain a better understanding 

of the components of the VSFS signal from aerosol particles, further validate the feasibility of the 

experiments, and provide insight to those wishing to conduct similar experiments and how they may be 

improved.  

                                                                                                                                                                                                                          

Introduction 

 

Surfaces and interfaces are chemically and physically unique due to their inherent breakage of 

symmetry. The importance of interfaces to chemistry and physics cannot be understated, as they are the 

point of entry for any contact or interaction with a system or material. As such, the surfaces of small-volume 

systems such as nanodroplets and aerosol particles becomes increasingly important with decreased size due 

to their high surface area to volume ratio. With these unique surface properties, droplets and particle 

surfaces have been researched with focusses on catalysis, synthesis, and the atmospheric processes of 

aerosol particles. For example, the oxidation of alcohols using the two-phase system of microdroplets and 

a sheath gas has been demonstrated without the need for additional catalysts.1 Adjacently, humidified acid-

base microreactors have been used to synthesize lithium vanadate particles for battery applications.2 More 

recently, ribonucleotide synthesis was demonstrated in the system of aqueous reactants sprayed into the air, 

with the reaction likely proceeding near the micrometer-sized droplet surface.3 Small droplets and particles 

also have atmospheric relevance due to the ubiquity and abundance of aerosols.4, 5 In such systems, surface 

reactions directly contribute to the growth and multiplication of aerosol particles. These heterogenous 

surface reactions can lead to volatile products which desorb from the particle surface and can then undergo 

photochemical and gas phase reactions to form new aerosols.6-9 Meanwhile, less volatile products can be 

taken into the particle bulk where they affect the particle properties such as pH and refractive.10, 11 While in 

the interior of the particle, these compounds can undergo further reactions which may produce new surface-

active species and complete the cycle.12, 13 Due to their important and unique surface properties, analytical 

techniques witch surface specificity are ideal to study these systems. Nonlinear optical techniques like 
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second-harmonic and sum-frequency generation (SHG and SFG, respectively) spectroscopies are 

inherently sensitive to interfaces and surfaces, making them ideal high surface area systems.5, 14 

 

In SFG spectroscopy, two laser pulses, one visible and the other in the IR, are incident on a sample at 

the same point in time and space and produce a signal whose frequency is the sum of the two incident 

frequencies. In such a process, the IR pulse is resonant with a vibrational mode of the irradiated sample, 

resulting in VSFG. Like SFG, second-harmonic generation (SHG) occurs when the two incident pulses 

have the same frequency. VSFG spectroscopy is an interface-specific nonlinear optical spectroscopic 

technique that grew in popularity in the 1980’s.15, 16 In 1996, the Eisenthal group demonstrated second 

harmonic scattering (SHS) from the surface of micron-sized polystyrene spheres coated in an SH-active 

dye suspended in water.17 Only six years later, VSFS was shown to be applicable to an emulsion of 

hexadecane in water, and theoretical considerations allowed the calculation of molecular orientation of the 

droplet/water interface.18  Around the same time, diffuse reflectance SFG from powder surfaces, another 

breakthrough form of SFS.19 These two milestones in nonlinear optics led to fruitful applications of SHS20-

22 and SFS23-25 in fields from colloidal to biological systems. Recently, these SHS and SFS have been 

extended to aerosol systems, where their unique surface specificity is of paramount importance.26-32 While 

the importance of such nonlinear scattering results to aerosol and surface science has been discussed 

already,14 the technique—specifically VSFS—and its implementation is still in its infancy. In fact, the 

validity of the VSFS signal as it has been demonstrated from submicron aerosols with high dilution (~106 

cm-3) was called into question in 2023, suggesting that the observed signal was 107 more intense than what 

could be experimentally observed according to the current nonlinear scattering theories.33  Even through 

these concerns were shown to be inaccurate,34 a technical analysis from a tutorial perspective of VSFS has 

not yet been provided.  

 

In the implementation of VSFS from aerosol particles, the fundamental principles from the well-

established techniques of planar VSFG and VSFS from emulsions still apply. This leaves only experimental 

differences to be the root cause of the weak observed signal, i.e., the traditional systems of VSFG and VSFS 

are static and geometrically different from the emerging technique of VSFS from a flow of airborne particles. 

Herein, we provide a quantitative analysis of both nonresonant and resonant VSFS responses from streams 

of aerosol particles and use the planar liquid surface as a reference point by which to understand the VSFS 

signals, with the aim of finding a common ground on which to base our experiments. To do this, we analyze 

the VSFS signal at different time delays between the incident pulses to extract the relative resonant and 

nonresonant contributions to the signal. By comparing the resonant and nonresonant responses from VSFS 

and VSFG experiments using the same laser and detection systems, we quantitatively compare 

corresponding systems.  We then use the VSFG response from the air/liquid interface to extract second-

order susceptibilities and hyperpolarizabilities for resonant and nonresonant systems which are then used 

to estimate aerosol susceptibilities and compare them to the experimental results. Furthermore, a robust 

analysis of the presented VSFS and VSFG spectrometers is provided, along with quantitative comparison 

of detection efficiencies for planar and aerosol systems. Lastly, we discuss and provide our opinion on the 

possibility of conducting aerosol VSFS experiments using a commercially common 1 kHz 800 nm laser 

system.  

 

Experimental Section 

 

VSFS and VSFG Experiments 

Both VSFS and VSFG experiments at 100 kHz repetition rate used the same laser and detection systems, 

which were the same as those previously reported for VSFS.27-29, 34 The laser used was a Pharos femtosecond 

pulsed integrated laser/amplifier (Light Conversion) with an output of 10.0 W at 100 kHz and a central 

wavelength of 1030 nm. This was used to pump an optical parametric amplifier (OPA) which produced a 

tunable IR pulse from 1500 to 4500 nm (Orpheus-ONE, Light Conversion). The detector system used 

consisted of a spectrometer (Acton 300i, Princeton Instruments) with a 1200-blaze grating, fitted with a 
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liquid N2-cooled charge coupled device (CCD) detector (LN/CCD-1340/400, Princeton Instruments). 

Spectral data were then collected using WinSpec software (Princeton Instruments). For convenience, key 

experimental parameters for VSFS and VSFG experiments are summarized in Table S1. The details for 

VSFG experiments at 1 kHz and 100 kHz can be found in the SI.  

 

VSFS at 100 kHz. In the VSFS experiments, the residual 1030 nm pulse from the OPA was first directed to 

an air-spaced etalon (SLS Optics), followed by a halfwave plate (Thorlabs, WPH10M-1030), and a 

translation stage, which controlled the pulse duration, incident polarization, and temporal delay, 

respectively. The 1030 nm pulse was then directed and focused (f=25.0 cm) on the stream of aerosol 

particles, and its propagation direction defined the x-axis of the experimental geometry. The IR pulse passed 

through a halfwave plate (Thorlabs, WPLH05M-3500) after exiting the OPA and was then directed to and 

focused (f=10.0 cm) on the stream of aerosol particles with an incident angle of ~5 with respect to the x-

axis. Such a geometry results in an incident plane which is parallel to the optical table and lies within the 

xy-plane. The spot sizes of the 1030 and IR beams measured in the center of the aerosol streams are shown 

in Table S1, and their exact focal points were located slightly after the sample to further prevent SFG from 

optics surfaces. The focal points were located as near as possible to each other to maximize signal intensity.  

A 2”-diameter collecting lens (f=3.2 cm) was oriented 0 relative to x-axis, which collected a 60 portion 

of  the scattered SF signal from the aerosol particles. To prevent damage to the detection system, it was 

necessary to block the forward propagation of the 1030 nm pulse after the sample. This was achieved using 

a small screw suspended near the collection lens which blocked the focused laser as well as approximately 
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Figure 1. (A) 1030 nm and IR pulses incident on a spherical aerosol particle generating 

scattered SFS signal 0 relative to the incident 1030 nm pulse. (B) 2D pseudo-color plot of 

VSFS spectra of 6 M acetonitrile in 0.5 M NaCl at different time delays between the 1030 nm 

and IR Pulse (positive time defines 1030 nm pulse arriving after the IR pulse. (C) VSFS spectra 

extracted from 2D plot at -0.75 to 0.00 ps delays. (D) Time traces extracted from 2D plot 

highlighting resonant and nonresonant peaks. 
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5 of the VSFS signal. The signal was then directed through a thin-film analyzer (Thorlabs) before being 

focused by another lens onto the entrance slit of the spectrometer. The polarizations of the incident and 

detected lights in VSFS experiments are defined with respect to the optical table: H-polarization is 

horizontal and is parallel to the table, while V-polarization is vertically oriented and is perpendicular to the 

optical table. The polarization of the three beams is listed in order of increasing wavelength, as is 

conventional. All VSFS experiments were conducted using a forward-propagating geometry which 

provides a signal intensity ~7x stronger than the previously-published 90º collection experiments.14, 27-29, 34 

A quantitative analysis of the angle-dependent VSFS signal intensity from aerosols cannot currently be 

obtained due to the weak signal and the lack of a reference material, such as hyper-Rayleigh scattering used 

in liquid SFS experiments.35  

 

Aerosol Generation 

Aerosol particles were generated with a constant flow aerosol generator (3076, TSI) using 4.0 slpm N2 

gas and drawing from a stock solution of aqueous 0.5 M NaCl. This produced a stream of aerosol particles 

with a density, 𝑁𝑝, of 3.9 × 107 cm-3, with a lognormal size distribution and a mean particle diameter of 

100 nm, as shown in Figure S10 in the SI. The stream of aerosol particles passed through a 1-meter PTFE 

tube with 1/4" OD that was connected to the aerosol chamber. Aerosols were eluted into the overlapped 

1030 nm and IR beams using a glass tube with 4 mm ID. A catch vessel attached to a vacuum pump was 

used to extract aerosols from the chamber and optics were inspected routinely to ensure no accumulation 

of aerosols. NaCl was purchased from Fisher Chemical and baked at 600 C overnight before use. 

Acetonitrile (99.9%) was purchased from Fisher Chemical and used as received. Solutions of 6.0 M 

acetonitrile were prepared in 0.5 M NaCl, and the same solutions were used for all experiments.  

 

The detection efficiency of the planar VSFG experiments was normalized using a left-handed quartz 

crystal,36-38 and both VSFS and VSFG experiments used the same spectrometer and CCD. The antireflective 

coating on the lenses used in both experiments resulted in minimal signal intensity loss from reflections. 

The system of a stream aerosol particles in air has no background contributions from the sample nor from 

room light. The background-free system in combination with the selected CCD results in a system that is 

shot-noise limited due to the very low dark current noise afforded by the liquid N2-cooled detector.  

 

 

 

Figure 2. Nonresonant VSF spectra of (A) aerosol particles generated from 0.5 M NaCl solution 

under VVH polarization; and (B) planar surface under SSP polarization of 0.5 M NaCl solution 

at 100 kHz laser repetition. Counts per second refers to intensity counts after ADC by the 

detector, not photons per second.  
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Results 

 

When conducting VSF experiments, researchers have to deal with both resonant and nonresonant 

responses from the material, usually detuning the temporal overlap between the incident pulse to suppress 

the nonresonant background and easily extract the desired resonant information.39-42 We found that our 

VSFS experiments form aqueous droplets have very strong nonresonant background, as shown in the 

enveloping peak in Figures 1. Shown in the representative spectra in Figure 1(C), the system of 6.0 M 

CH3CN in aqueous 0.5 M NaCl results in a broad peak from about 2800 to 3100 cm-1 and a sharp peak at 

2940 cm-1. The sharp peak was attributed to the resonant VSFS from CH3CN,43, 44 while the broad feature 

is nonresonant VSFS. These assignments are further corroborated by the broad envelope decreasing faster 

with increased time delay that the CH3CN peak, which persists with the free inductive decay of the 

resonance,41, 42 shown explicitly in Figure 1(D). As discussed in detail in the SI, fitting the VSFS data to an 

incoherent SFG function shown in Figures S1 and S2 showed that the large nonresonant envelope was in 

fact incoherent sum-frequency scattering (iSFS), separate from the other nonresonant contributions. Such 

an iSFS signal reflects the shape of the incident IR pulse, as is seen from metal surfaces in planar VSFG 

experiments.  From this analysis we were able to find that without the iSFS response, the resonant-to-

nonresonant ration, |𝜒𝑅,𝑉𝑆𝐹𝑆
(2)

| : |𝜒𝑁𝑅,𝑉𝑆𝐹𝑆
(2)

|, is about 3.95:1. This is an important metric for quantitatively 

comparing VSFS and VSFG responses below. For comparison to the time-delay data from VSFS 

experiments shown in Figure 1, delay scanning experiments are shown for nonresonant VSFS and VSFG 

systems in Figures S3 and S4, respectively. Due to the large iSFS contribution, our resonant VSFS 

experiments were conducted with a delay of 400 fs while nonresonant VSFS experiments were conducted 

with a delay of 0.0 ps. Resonant and nonresonant planar VSFG experiments were conducted with a delay 

of 0.0 ps due to minimal nonresonant contribution and to retain maximum signal intensity. 

 

Our analysis of the VSFS response continues by comparing the nonresonant SF responses from 

aerosol particles and planar surfaces for the same solution of 0.5 M NaCl solution.  The nonresonant VSFS 

and VSFG responses from the 0.5 M aqueous NaCl solution are shown in Figures 2 (A) and (B). These 

VSF results are nonresonant, meaning that none of the involved beams, SF, 1, or 2, are resonant with a 

vibrational or electronic mode of the system. Such nonresonant spectra result in broad, gaussian-like peaks 

centered at SF. For the VSFS spectrum in Figure 2 (A), an acquisition time of 60 s with 2x hardware 

binning were used and have been accounted for in the displayed spectrum whose y-axis is in counts per 

second (CPS) for ease of comparison. Here, the observed counts per second are not to be confused with 

photons, as this is after the analog-to-digital conversion (ADC).  Here, we see that the nonresonant response 

from the aerosol droplets was about 0.5 CPS. On the other hand, the nonresonant VSFG spectrum in Figure 

2 (B) resulted in an intensity of about 4 CPS, suggesting that the signal from the aerosols is about 8-times 

weaker. These two spectra are displayed in the correlated VVH and SSP polarization combinations because 

it gives the most intense response from the planar surface. VSFS spectra in VHV, HVV, and HHH 

polarization combinations are shown in Figure S3. For this nonresonant experiment, the most intense VSFS 

response was obtained under the HHH polarization combination, followed by the VHV, HVV, and VVH 

polarizations. The time delay data for nonresonant VSFS from aqueous droplets can also tell us about the 

origins of the response. As shown in Figure S3 (D), the time traces at the nonresonant wavenumbers from 

CH3CN and aqueous systems are very similar after intensity normalization. As this feature in the resonant 
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case described above was attributed to iSFS, we further assert that the VSFS spectrum in Figure 2(A) is 

largely dominated by incoherent contributions.   

 

Resonant spectra were also collected from three VSF systems to better understand the relationship 

between the resonant and non-resonant scattered vibrational SF signals from aerosol particles. To do this, 

high-repetition VSFS and VSFG spectra as well as low-repetition VSFG spectra were collected using 6.0 

M acetonitrile in 0.5 M NaCl. All three spectra shown in Figure 3 show one clear peak at 2937 cm-1, which 

is denoted as the -CH3 symmetric stretching mode.43 These three spectra have also been modified to display 

intensity in terms of CPS. The VSFS spectrum of acetonitrile-containing aerosols shown in Figure 3 (A) 

resulted in a peak intensity of about 2.0 CPS, using an acquisition of 60 s with 2x hardware binning. On the 

other hand, the VSFG spectrum from the surface of the same solution, shown in Figure 3 (B), resulted in a 

peak intensity of nearly 120 CPS using just 30 s of acquisition with no binning, 60x more intense than its 

aerosol counterpart. A VSFG spectrum of the acetonitrile solution surface was also collected using a 1 kHz 

repetition rate laser system, as shown in Figure 3 (C). This resulted in a peak intensity of only 1.6 CPS, 

even weaker than that observed from the aerosol surface. As with the nonresonant spectra, these spectra are 

displayed in the SSP (VVH) polarization combination, as it gives the most intense response from the planar 

solution surface. We found yet again that the HHH polarization combination gives the most intense 

response for the VSFS experiments, as shown in Figure S4. For the resonant VSFS experiments, the other 

polarization gave a weaker response in the following order: VHV, VVH, and HVV. 

 

Figure 3. Resonant VSF spectra of (A) aerosol particles generated from 6.0 M acetonitrile in 

0.5 M NaCl solution (B) planar surface of 6.0 M acetonitrile in 0.5 M NaCl solution at 100 kHz 

laser repetition, and (C) planar surface of 6.0 M acetonitrile in 0.5 M NaCl solution at 1 kHz 

laser repetition. Counts per second refers to intensity counts after ADC by the detector, not 

photons per second. 
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Discussion 

 

Sum-frequency spectroscopies provide characterization of molecules at surfaces and interfaces by a 

second-order nonlinear optical process where the SF signal, SF, whose frequency is the sum of the two 

incident frequencies: SF = 1 + 2. In SFG experiments, the response of the material is given by its 

second order susceptibility, (2), which is a function of the molecular system’s hyperpolarizability, (2)
.14, 

15, 45-47 This direct relationship between the observed response and the interfacial molecular system allows 

for the normalization of experimental data to account for experimental differences such as laser properties, 

experimental geometry, etc. This is often done using reference materials such as quartz and gold.36, 38, 48, 49 

However, no such standard materials have been implemented in airborne SFS experiments. For this reason, 

we built custom SFG and SFS spectrometers which use the same incident laser and signal collection systems 

to quantitatively compare the two experiments and to search for a general reference for SFS systems. 

Specifically, we will use the SFG responses from the air/liquid interface, normalized by a z-cut -quartz 

crystal, to quantify the associated (2) and (2)
 values, and use this hyperpolarizability to determine the 

(2) from an airborne droplet of a given size to better understand the origins of our observed SFS signals.  

 

Extraction of Hyperpolarizabilities of Resonant -CH3 and Nonresonant H2O from VSFG 

Measurements of the Planar Air/Water Interface 

 

The observed signal intensity from SFG experiments, 𝛾SF(), can be described as follows:45, 50, 51  

 

𝛾SF() =
42SF sec2 

ℏ𝜖0𝑐3𝑛(SF)𝑛(vis)𝑛(IR)
|

𝑒𝑓𝑓,𝑖

(2)
|

2
𝐼(vis)𝐼(IR)𝐴(IR)𝑖𝑅𝐷         Eq. 1 

 

where 𝑖 (s
-1) are the frequencies of the generated and incident lights,  is the angle of incidence, ℏ (J s)is 

the reduced Planck’s constant, 𝜀0 (C m-1V-1) is the permittivity of free space, 𝑐 (m s-1) is the speed of light, 

𝑛(𝑖) are the refractive indices of the individual beams at the interface, and 
𝑒𝑓𝑓

(2)
 (m2 V-1) is the effective 

second-order susceptibility of the material. 𝐼(𝑖)  (W m-2)= 𝐸(𝑖) 𝜏𝑖𝐴(𝑖)⁄  are the intensities of the 

incident beams where 𝐸(𝑖) (J) is the energy, 𝜏𝑖 (s) is the pulse duration, 𝐴(𝑖) (m2) is the area of the focal 

spot on the sample, and 𝑅 (s-1) is the laser repetition rate. Lastly, 𝐷 is a normalization factor which accounts 

for the efficiency of the detection system. For the reader’s convenience, a detailed discussion of the 

efficiency of nonlinear optical spectrometers can be found in the SI.  The susceptibility term describes the 

macroscopic response of a material which contributes to the surface-specific SF signal and is a known value 

for various materials; nonlinear and otherwise.  

 

The effective second-order susceptibility for left-handed quartz crystals, 
𝑞
(2) of  8.0 × 10−13 m V−1  

was adopted for an experimental standard in our case.36, 37 The SSP polarized 
𝑒𝑓𝑓,Q

(2)
 can then be determined 

using the following relationships:37 

 

|
𝑒𝑓𝑓,𝑄

(2)
| = 𝑔𝑐𝑜𝑠 

IR
𝐿𝑦𝑦,SF𝐿𝑦𝑦,Vis𝐿𝑥𝑥,IR𝑞

(2)𝑙𝑐 = 1.65 × 10−20  
m2

V
             Eq. 2 

 

where 𝑔 is a proportionality constant, 
𝑖
 is the incident angle of the IR pulse with respect to the surface 

normal, and 𝐿𝑖,𝑗 are the Fresnel factors associated with the incident and generated beams (see SI, Eqs. S3 

and Table S3), and 𝑙𝑐 is the coherence length of the SF signal in a given medium.37 In our experiments, 𝑙𝑐 

values of 53.7 nm and 60.9 nm were calculated using Eq. S2 for the z-cut left-handed -quartz and aqueous 

surfaces, respectively. Once the polarization-dependent 
𝑒𝑓𝑓,Q

(2)
 values are known, the following expression 

was used to determine the effective susceptibility for a given experimental system:  
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|
𝑒𝑓𝑓,𝑖

(2)
| = √

(
𝐼VSFG,𝑖
𝐽VSFG,𝑖

)

(
𝐼VSFG,Q

𝐽VSFG,Q
)

|
𝑒𝑓𝑓,Q

(2)
|

2
 .                     Eq. 3 

 

In this expression, 𝐽VSFG,𝑖 = 𝐼(vis)𝐼(IR)𝐴(IR)𝑇 𝑅 , where 𝑇  is the experimental acquisition time. 

𝐼VSFG,𝑖 are the experimental resonant and nonresonant VSFG spectra in Figures 2(B) and 3(B). 𝐼VSFG,Q is 

the experimental SFG intensity of the z-cut -quartz shown in Figure S7. The resultant normalized |
𝑒𝑓𝑓,𝑖

(2)
| 

spectra are shown in figures S8 and S9 for the susceptibilities of the nonresonant response of the 0.5 M 

NaCl surface and the resonant response of the 6.0 M CH3CN surface, respectively. It is shown that the 

|
𝑒𝑓𝑓,H2O

(2)
|, the response of the aqueous 0.5 M NaCl surface, is nearly constant with a value around 

3.22 × 10−22 m2V−1 at 2937 cm-1. The nonresonant susceptibility is constant because the nonresonant 

peaks from quartz and the 0.5 M NaCl surface both represent the shape of the incident IR pulse intensity. 

As shown in Figure S9, |
𝑒𝑓𝑓,−CH3

(2)
| retains the peak shape from the experiments and can be fitted using the 

following equation:  

 

|
𝑒𝑓𝑓,−CH3

(2)
| = |

𝑁𝑅

(2)
+

𝐴𝑒𝑓𝑓,−CH3

(2)

2𝜋𝑐(−−CH3
+𝑖Γ−CH3)

|.        Eq. 4 

 

Here, 𝐴𝑖
(2)

 (m2V−1s−1) is the strength factor, 𝑖  (cm−1) is the central frequency of the ith vibrational 

mode, and Γ𝑖 (cm−1) is a damping constant, where a factor of 2𝜋𝑐 from the original unit of cm−1 results 

in the final units of the strength factor. Curve fitting of the |
𝑒𝑓𝑓,−CH3

(2)
| spectrum in Figure S9 results in a 

value of Γ−CH3
=6.21 ± 0.44 cm-1. At the peak intensity at 2937.0 cm-1, the resonant contribution to 

|
𝑒𝑓𝑓,   𝑅,−CH3

(2)
| = |𝐴𝑒𝑓𝑓,−CH3

(2)
2𝜋𝑐Γ−CH3

⁄ | =  1.03 × 10−21 m2 V−1.  Here we find that the ratio of the 

resonant and nonresonant effective susceptibilities is about 3.2:1. Additionally, these spectral fitting 

parameters can be found in Table S4 in the Supporting Information. Similarly, for the nonresonant response 

from the air/water interface, there is no resonant contribution, but it can still be expressed in the form  

 

|
𝑒𝑓𝑓,H2O

(2)
| = |

𝑒𝑓𝑓,H2O,𝑁𝑅

(2)
| = |

𝐴𝑒𝑓𝑓,H2O,𝑁𝑅
(2)

2𝜋𝑐(−H2O+𝑖ΓH2O)
|.       Eq. 5 

 

Here, ΓH2O = 0, because there is no resonance with water molecules at the probed frequency. The nearest 

resonance of water is assumed to be near 3400 cm-1,52 so we get that Δ = | − H2O| = 450 cm−1 and 

can simply state that |
𝑒𝑓𝑓,H2O,𝑁𝑅

(2)
| = |𝐴𝑒𝑓𝑓,H2O,𝑁𝑅

(2)
2𝑐Δ⁄ | = 3.22 × 10-22 m2V-1 at 2937 cm-1.  

 

 Next, we must consider that due to the large size of the IR spot size on the sample compared to the 

molecules, not all irradiated molecules will oscillate coherently but in many discrete coherent domains. As 

such, the SF intensity is directly proportional to the number of coherent domains being irradiated, 𝑁𝑐𝑜ℎ. 

Coherent domains are irradiated zones in which the oscillations that generate the SF signal are in phase 

with each other. For both resonant and nonresonant SF responses, the coherent domains do not propagate 

with very long distance. For our calculations, they were assumed to have a diameter equal to 𝑙𝑐. Accordingly, 

|
𝑒𝑓𝑓,𝑖

(2)
| = |

𝑒𝑓𝑓,𝑖,𝑐𝑜ℎ

(2)
| √𝑁𝑐𝑜ℎ  with 𝑁𝑐𝑜ℎ = 2.24 × 106 . This consideration then gives that 

|
𝑒𝑓𝑓,   𝑅,−CH3,𝑐𝑜ℎ

(2)
| = 6.91 × 10−25 m2V−1. Likewise,  |

𝑒𝑓𝑓,𝑁𝑅,H2O,𝑐𝑜ℎ

(2)
| = 2.15 × 10−25 m2V−1. 
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To obtain hyperpolarizabilities for −CH3 and H2O, we must account for local field factors to determine 

|
𝑅,−CH3,𝑐𝑜ℎ

(2)
| from |

𝑒𝑓𝑓,𝑅,−CH3,𝑐𝑜ℎ

(2)
| and |

𝑁𝑅,H2O,𝑐𝑜ℎ

(2)
| from |

𝑒𝑓𝑓,𝑁𝑅,H2O,𝑐𝑜ℎ

(2)
|. Since our SFG signal comes 

primarily from the monolayer at the air/liquid interface, we modify Eq. 2 to the form of  

 

|
 𝑖,𝑐𝑜ℎ

(2)
|  =

|
𝑒𝑓𝑓,𝑖,𝑐𝑜ℎ
(2)

|

𝑐𝑜𝑠 IR𝐿𝑦𝑦,SF𝐿𝑦𝑦,Vis𝐿𝑧𝑧,IR
 ,             Eq. 6 

 

resulting in |
𝑅,−CH3,𝑐𝑜ℎ

(2)
|  = 4.86 × 10−24 m2V−1 and |

𝑁𝑅,H2O,𝑐𝑜ℎ

(2)
| = 1.51 × 10−24 m2V−1.   

 

 Ultimately, the macroscopic response of the material is the sum of all the molecular-level responses 

and can be expressed as  

 


𝑖 ,𝑐𝑜ℎ

(2)
= 𝑛𝑖, 𝑐𝑜ℎ〈

𝑖
(2)〉,              Eq. 7  

 

where 𝑛𝑖, 𝑐𝑜ℎ (m−2) is the number density of i molecules within each coherent domain. Assuming a very 

narrow orientational distribution of interfacial molecules, Eq. 7 gives that 𝛽𝑅,−CH3

(2)
= 2.18 × 10−27m4V−1 

(or 1.86 × 10−39 m4V−1s−1  with Γ = 6.21 cm−1 ). Along these lines we determined that 
𝑁𝑅,H2O
(2) =

1.28 × 10−28m4V−1 (or 1.51 × 10−42 m4V−1s−1  with  = 450 cm−1 ). Here we used 𝑛−CH3, 𝑐𝑜ℎ =

2.23 × 103m−2 and 𝑛H2O,, 𝑐𝑜ℎ = 1.18 × 104 m−2. 

 

It is noted that our hyperpolarizability result for resonant VSFG is much lower (1012) than that in the 

literature when using the same units.53 This is due to the consideration of coherent domains discussed above. 

With the molecular hyperpolarizabilities for the resonant and nonresonant systems now known, we can 

consider the differences in experimental geometries for SFG and SFS systems using a common factor. That 

is, since the hyperpolarizability is a molecular property, we can then combine it with the number of 

molecules present and the appropriate geometry to quantitatively compare planar and aerosol systems. 

 

As described above, our SFS experiments from airborne droplet exchange the planar air/liquid interface 

for the surfaces of submicron aerosol droplets in nitrogen. Along these lines, instead of an irradiated area 

on a planar surface, our SFS experiments result in a volume of irradiated particles within the aerosol stream. 

Specifically, the focused and overlapped 1030 nm and IR beams at the sample form a volume with the 

shape of two truncated cones with length equal to the Rayleigh length of the IR beam, 𝑙𝑅, forming the so-

called Rayleigh volume, 1.61 × 10−11 m3(See SI). For our particle density of 3.9 × 1013 m−3 (Figure 

S10), this results in 627 droplets being irradiated in the volume. Theoretically, particles that are sufficiently 

small and dilute such that their surface area is less that 2 and the interparticle distance is much larger than 

their diameter, the surface of each droplet can be considered as an individual coherent domain. Our aerosol 

size and density fits these constrains, and the linear proportionality of our SFS signal to the aerosol density 

corroborate that each droplet can be considered as its own coherent domain.17, 27, 54 In other words,  𝑁𝑐𝑜ℎ =
𝑁𝑃. To assess the relationship between the resonant and nonresonant responses in the SFS geometry, we 

should be able to simply perform the above steps in reverse.  

 

Knowing the values of 𝛽𝑅,−CH3

(2)
 and 

𝑁𝑅,H2O
(2)

 as determined from the planar surface above, we can 

determine susceptibilities of a single aerosol particle. With an average particle diameter of 100 nm, we 

calculated second-order susceptibilities for both resonant and nonresonant systems for a single particle: 


𝑖,𝑠𝑝

(2)
= 𝑛𝑖, 𝑆𝑃〈

𝑖
(2)〉, with |

𝑅,−𝐶𝐻3,𝑆𝑃

(2)
| = 5.15 × 10−23 m2 V−1 and |𝜒𝑁𝑅,H2O,𝑆𝑃

(2)
| = 1.60 × 10−23 m2 V−1. 
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Following the same procedure for the planar system, we used values of 𝑛−𝐶𝐻3, 𝑆𝑃 = 2.36 × 104 m−2 and 

𝑛H2O, 𝑆𝑃 = 1.25 × 105 m−2. Since the local field factors are of relatively small consequence and are the 

same for the resonant and nonresonant systems, we do not include them in the determination of the effective 

susceptibility of a single particle, as we are only concerned with the values relative to each other. Thus, we 

obtained that |
𝑒𝑓𝑓,𝑖,𝑆𝑃

(2)
| = |

𝑖,𝑆𝑃

(2)
| .  We then obtain |

𝑒𝑓𝑓,−𝐶𝐻3,𝑅,𝑆𝑃

(2)
| = 5.15 × 10−23 m2 V−1 and  

|𝜒𝑒𝑓𝑓,𝑁𝑅,H2O,𝑆𝑃
(2)

| = 1.60 × 10−23 m2 V−1. Thus, we have used 
𝑖
(2)

 from the planar solution to obtain a 

|
𝑒𝑓𝑓,−𝐶𝐻3,𝑆𝑃

(2)
| : |𝜒𝑒𝑓𝑓,H2O,𝑆𝑃

(2)
| ratio of 3.2:1, which follows the same ratio for |

𝑒𝑓𝑓,   𝑅,−CH3

(2)
| : |

𝑒𝑓𝑓,H2O,𝑁𝑅

(2)
| 

determined from the VSFG experiments above. Most importantly, this is comparable to 

|𝜒𝑅,𝑉𝑆𝐹𝑆
(2)

| : |𝜒𝑁𝑅,𝑉𝑆𝐹𝑆
(2)

| = 3.95: 1 determined from the VSFS delay data, a difference of less than 25%.  

 

Since the VSFS signal from individual aerosols is additive, it is proportional to the number of particles, 

𝑁𝑝, as discussed above. Thus, we can estimate the total susceptibility for all irradiated particles such that 

|
𝑒𝑓𝑓,−𝐶𝐻3,𝑅,𝑆𝐹𝑆

(2)
| = √𝑁𝑝 |

𝑒𝑓𝑓,−𝐶𝐻3,𝑅,𝑆𝑃

(2)
| = 1.29 × 10−21 m2 V−1  and |𝜒𝑒𝑓𝑓,𝑁𝑅,H2O,𝑆𝐹𝑆

(2)
| =

√𝑁𝑝 |𝜒𝑒𝑓𝑓,𝑁𝑅,H2O,𝑆𝑃
(2)

| = 4.02 × 10−22 m2 V−1 . It is noted that while these values are larger than 

|
𝑒𝑓𝑓,   𝑅,−CH3

(2)
| and |

𝑒𝑓𝑓,H2O,𝑁𝑅

(2)
|, respectively, but this does not necessarily mean that the observed signal 

from aerosol particles will be greater than the planar analog. First, the geometric difference between the 

planar coherent areas and aerosol particle surfaces results in over 10-times more molecules being excited 

in the case of airborne droplets. Another fundamental difference between the systems is the scattered nature 

of the SFS intensity resulting in an omnidirectional scattering pattern, whereas Eq. 1 represents a reflection 

geometry SFG experiment in which nearly all the generated signal is collected. However, the SF scattering 

pattern from airborne droplets has not yet been mapped experimentally. By these metrics, we believe that 

this analysis is appropriate.  

 

 

Can low-repetition VSFS be performed? 

 

Table 1. Experimental parameters for the consideration of low-repetition VSFS.  

 

 R  

(kHz) 
 (nm) 

P 

(mW) 

E  

(J) 

  
(fs) 

D  

(𝝁m) 

I  

(GW cm-2) 
Np  

Integrated 

Counts 

This work 

VSFSCH3CN 
100 

1026.2 600 6.00 2360 93 37.4 
627 6100 

3388 230 2.30 141 74 297 

Marchioro 

et al. 2022 
1 

800 10 10 1226 340 2.25 
57200 31 

3400 10 10 120 340 27.5 

Modern 

1 kHz 
1 

800 20 20 2000 200 31.8 5420 

 
970 

3400 20 20 100 200 637 

 
 

Based on Eq. 2, a lower repetition rate VSF will decrease the observable signal. In this section, we will 

discuss the possibility of conducting VSFS experiments using an often-used and commercially available 1 

kHz, 800 nm fundamental laser. In our recent response34 to claims that our observed VSFS signal was 

impossible,33 we used the point of low repetition rate and low incident fluence to show that the comparison 

of the two systems was invalid. In this work, an 800 nm 1 kHz pulse  was used as an example. In this section 

we will substitute these experimental parameters into our analysis of the SFS signal, as well as parameters 
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from a modern 1 kHz laser system with higher power, to quantify their feasibility for conducting low-

repetition VSFS experiments form airborne droplets. All parameters for this comparison as well as those 

used in the 100 kHz experiments are shown in Table 1.  

 

The collected SF intensity is proportional to the product of the incident intensities, the number of 

irradiated particles, the repetition rate, and spectral collection time. Assuming all other values in Eq. 1 are 

the same across the 3 systems discussed here, we obtain that  

 

𝐼SF() ∝ 𝐼(vis)𝐼(IR)𝑁𝑝(IR)𝑅𝑇.             Eq. 8 

 

Using the 100 kHz conditions described above, we obtained an integrated VSFS intensity of about 6100 

counts in 60 s, as shown in Figure 3(A). However, using the parameters from Table S9 with 60 s acquisition, 

the estimated intensity is nearly 50-times weaker for the previous 1 kHz system and about 6-times weaker 

for the modern 1 kHz system. The 1 kHz system from the literature has much lower incident intensities 

given the combination of low pulse energy and large spot size. While the increased spot size lets the user 

irradiate more particles at a time, it reduces incident intensity and makes it more difficult to focus the signal 

into the slit of a spectrometer and maintain spectral resolution without blocking the signal. On the other 

hand, the modern system has a more reasonable intensity, which can likely be overcome by increasing 

spectral acquisition time to 5-10 minutes. Additionally, other parameters could be optimized to enhance the 

possibility of observing the signal from airborne particles, such as reduced IR spot size and increased 

incident IR energy from simplifying the optical path. Higher incident 800 nm energy can also be used if the 

spot size is increased. It is important to note that a time delay between the two incident pulses will be 

required to remove the nonresonant/incoherent background resonant signals, which will also reduce the 

spectral intensity. Furthermore, the VSFS signal under the HHH polarization is nearly 20x stronger than 

the VVH polarization (Figure 2(A) and Figure S3(C)). Using this polarization combination may also assist 

others in observing VSFS signals from aerosol particles. Altogether, we believe that with modern 

instrumentation and care, VSFS can be powered by a 1 kHz, 800 nm laser system.  

 

Summary and Outlook 

 

We have provided a comprehensive analysis of the recently developed aerosol VSFS spectrometer. Through 

this process we have broken down the VSFS signal into coherent and incoherent as well as resonant and 

nonresonant components as a function of incident pulse delay time, providing valuable insights into 

conducting these nuanced experiments efficiently. Both VSFS and VSFG experiments were quantitatively 

compared using the same laser and detection systems. We extracted second-order susceptibilities and 

hyperpolarizabilities from resonant and nonresonant VSFG experiments and used them to determine sing-

particle susceptibilities which align with the resonant/nonresonant data determined by studying the VSFS 

time profile. A quantitative analysis of the planar and scattering detection systems was performed, which 

allowed us to calculate conversion efficiencies for our VSFG, VSFS, and other nonlinear scattering 

experiments. Additionally, the system of aerosol VSFS does not yet have a well-understood reference 

material, but the incoherent SFS signal from water droplets may be a convenient and viable option after 

further characterization. Lastly, the potential of a 1 kHz VSFS system was discussed where it was 

considered plausible but ultimately less efficient than a 100 kHz system. Altogether, VSFS from airborne 

droplets has been shown to follow the same fundamental guidelines of VSFG from the air/liquid interface 

and through this work has been made more accessible to other researchers who with unique and interesting 

horizons. 

 

Future works in VSFS and nonlinear optical scattering techniques hinge on robust theories and 

experiments which are well-aligned. However, crucial experiments outlining size- and angle-dependent 

scattering patterns have yet to be conducted for airborne droplets due to the weak signal intensity. Currently, 

the experimental configuration only collects a 60 section of the scattered light. Attempts to conduct angle-
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resolved experiments result in drastically reduced SFS intensities to obtain meaningful angular resolution, 

notably worsened by separating the horizontal and vertical scattering axes. An option to increase this signal 

level is to increase the slit width on the spectrometer, but this sacrifices spectral resolution. While the 

present work solidifies the possibility of SFS from airborne submicron droplets, their size distribution is 

very broad and does not contribute significantly to the study of size-dependent SFS. To conduct size-

dependent SFS experiments, droplets or particles of a narrow size range must be selected to study their 

nonlinear optical properties. However, instruments to complete this size classification have very low 

throughput efficiencies rendering the SFS intensity too weak to measure. Therefore, to conduct well-

planned size- and angle- resolved experiments, innovative methods for increasing the SFS intensity must 

be pursued beyond increasing incident power and detection efficiency.  

 

Supporting Information 

 

Additional experimental details, time delay sum-frequency data, polarized VSFS data, additional 

calculations for normalization and signal estimation, aerosol particle size and accompanying calculations, 

experimental efficiencies, incoherent SFS as a standard, and feasibility of VSFS at 1 kHz, I. 
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