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Abstract

Surface properties of nano-droplets and micro-droplets are intertwined with their immense
applicability in biology, medicine, production, catalysis, the environment, and the atmosphere.
However, many means for analyzing droplets and their surfaces are destructive, non-interface
specific, not conducted under ambient conditions, require sample substrates, conducted ex situ, or
a combination thereof. For these reasons, a technique for surface-selective in situ analyses under
any conditions is necessary. This feature article presents recent developments in second-order
nonlinear optical scattering techniques for in situ interfacial analysis of aerosol droplets in the air.
First, we describe the abundant utilization of such droplets across industries and how their unique
surface properties lend to their ubiquitous usage. Then, we describe the fundamental properties of
droplets and their surfaces followed by common methods for their study. We next describe the
fundamental principles of sum-frequency generation (SFG) spectroscopy and the Langmuir
adsorption model, and how they are used together to describe adsorption processes at liquid and
droplet surfaces. We also discuss the history of developments of second-order scattering from
droplets suspended in dispersive media and introduce second-harmonic scattering (SHS) and sum-
frequency scattering (SFS) spectroscopies. We then go on to outline the developments of SHS,
electronic sum-frequency scattering (ESFS), and vibrational sum-frequency scattering (VSFS)
from droplets in the air and discuss the fundamental insights about droplet surfaces that the
techniques have provided. Lastly, we describe some of the areas of nonlinear scattering from
airborne droplets which need improvement, as well as potential future directions and utilizations
of SHS, ESFS, and VSFS throughout environmental systems, interfacial chemistry, and
fundamental physics. The goal of this article is to spread knowledge about droplets and their unique
surface properties as well as introduce second-order nonlinear scatterings to a broad audience who
may be unaware of recent progresses and advancements in their applicability.
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Introduction

Nano- and micro-droplets and particles are of ubiquitous importance across the sciences from
biology to catalysis, and atmospheric and environmental sciences owing largely to their surface
characteristics.! Considering the size range of tens of nanometers to a few micrometers in diameter,
these sub-femtoliter systems have properties which are distinct from their macroscopic
counterparts, and their surface properties are unique compared to their underlying bulk. Here, we
define the surface (and surface properties) to only include the outer few monolayers of a material.
For this reason, such droplet species cannot be approximated by macroscopic systems and surface
properties cannot be approximated by bulk properties. The unique properties of nano-
droplets/micro-droplets and their surfaces not only have led to their use in biomarkers, imaging,
drug delivery, synthesis, and catalysis, but also impact the environment and animal well-being by
way of aerosol particles and the exceptional surface/interfacial physical and chemical properties
which govern their atmospheric activity. The terms “surface” and “interface” may be used
interchangeably throughout this article.

Surfaces of nano- and micro-droplets have shown promise in biological and medical
applications made possible by their surfactant-rich surfaces. Demonstrating utility in biology and
medicine, ultrasonic phase-shifting nano-droplets can provide precise drug delivery and imaging
contrast agents. These droplets are composed of a semi-solid surface, made from lipids, proteins,
or polymers, and a liquid perfluorocarbon-based interior that can be loaded with chemicals specific
to the droplet’s desired task which will vaporize under ultrasonic radiation. The size of the droplets,
tens of nanometers to a few micrometers, allows precise spatial targeting and accumulation, while
the ultrasonic radiation provides enhanced drug delivery through both vaporization of the droplet
and inducing pore formation in membranes.” Based on the same concept of controlled vaporization
in hard-to-reach areas, droplet occlusion may hold promise for producing bubbles which block
blood flow to tumors.! These employments of droplets in ultrasonic imaging and therapeutics are
made possible by their surfaces which are made of surfactants. The surfactant shell stabilizes the
perfluorocarbon droplet within, allows the formation of a stable emulsion by increasing the surface
tension between the core and surrounding aqueous medium, and provides the appropriately sized
droplets.® This stabilizing surface allows for easy passage of the droplet through the vascular
system and can then be disposed of by the body after the droplet has ruptured. The introduction of
droplets into ultrasound systems has further increased its efficiency and usefulness by facilitating
intravascular ablation with pinpoint accuracy.* Droplets with a surfactant surface and vaporizable
liquid core have revolutionized ultrasonic imaging and targeted drug delivery in medicine, which
would not be possible without unique surface characteristics holding it all together.

Surfaces of nano- and micro-droplets also hold merit in catalysis and synthesis. Chemical
reactions in droplets and at their surfaces have been shown to proceed at rates that are orders of
magnitude higher than in bulk solution, owing to easier concentration of reagents and fast
diffusion. °For instance, the reactive production of Hz nano-bubbles at the surface of submicron to
several micron-sized micro-droplets demonstrated an accelerated production rate over the bulk
solution with an inverse relationship between droplet diameter and reaction rate.® Many types of
chemical reactions have shown acceleration under droplet conditions, from additions,
eliminations, and substitution reactions to synthesis steps and redox processes.’ Causes for such
increased reactivity are multifaceted. Partial solvation at droplet surfaces is thought to be an
enthalpic intermediate between gas and liquid bulk phase reactions, partially explaining
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Figure 1. Illustrations of (A) droplet surface properties: the process of interfacial uptake and
presence of interfacial monolayers; (B) droplet bulk properties: particle bulk can contain
different phase states, bulk reactions and constituents can impact particle surface charge and
overall refractive index (phenolate molecules are given as an example); and (C) aerosol surface
reactions can result in volatile species which can form new aerosols and nonvolatile species that
can contribute to particle growth.

accelerated rates.® Additionally, decreasing the size of the droplet and increasing its diffusion
coefficient can enhance reaction rates over the bulk solution.” Entropic effects can also accelerate
or facilitate reactions in small droplet systems which are otherwise thermodynamically forbidden
in bulk solutions. At the surface of droplets, molecular ordering decreases entropy and thereby
enhances free energy, overcoming this thermodynamic barrier.” Especially important for droplets
in air like atmospheric aerosols or those generated in spray analysis techniques, are reaction
enhancements caused by particle concentration from evaporation.!” This effect can be increased
further for smaller droplets for which diffusion and relative evaporation rates increase. The
utilization of droplets in synthesis and catalysis processes has provided fundamental insight to both
interfacial chemical mechanisms and the physical properties of droplet surfaces alike, many of
which with implications in aerosol chemistry in the atmosphere.



Nano- and micro-droplet surfaces are fundamentally intertwined with atmospheric chemistry
through aerosols which govern heterogeneous atmospheric chemical reactions and cloud
nucleation, directly impacting climate and environmental health.!! Some of the unique properties
of aerosol droplets are illustrated in Figure 1. The surface of aerosol droplets facilitates important
processes of evaporation and condensation, which can affect solute concentration and surface
tension of the droplet.!? The droplet surfaces also host amphiphilic species like fatty acids from
organic processes that can form monolayers which encapsulate the droplet and restrict transport
through the gas/aerosol droplet interface.!* Similarly, surface-active molecules can facilitate
heterogenous reactions at the gas/aerosol droplet interface (see Figure 1(A)). The underlying bulk
of aerosol droplets also impacts its overall physical properties such as refractive index and other
optical properties.!* The aerosol bulk can host in-particle reactions, result in surface charge
localization, and can be multiphase in nature with a solid or semisolid organic core!” (see Figure
1(B)). With the complex nature and properties of aerosol processes, they have been studied
extensively.

Atmospheric aerosols of organic origins fall into two overarching categories: primary organic
aerosols that are directly emitted into the atmosphere through natural and anthropogenic emissions,
and secondary organic aerosols (SOA) which are formed through heterogeneous and multiphase
oxidations and condensations of primary organic aerosols.'® Such secondary species affect climate
chemistry by influencing relative humidity and atmospheric pH, scattering and absorbing solar
radiation, and altering ice crystal and cloud nucleation.!” Reactions of SOAs contribute to the
overall growth and multiplication of aerosols via heterogeneous oxidation at the gas/particle
interface, and through reactions in the dry or aqueous bulk phase of the particle’s core.
Photocatalytic or radical heterogeneous oxidation of organics present at the surface of an aqueous
aerosol particle may result in soluble products which are taken into the particle bulk while less
soluble gas-phase products are lost to the atmosphere through the gas/droplet interface and are
available to form new SOAs. Further radical and oligomerization reactions in the aqueous bulk
phase may then yield products which migrate to the gas/particle interface to continue the growth
cycle.!® This process of particle growth and multiplication is illustrated in Figure 1(C). In addition
to their effects on the atmosphere and human health, aerosol droplets and particles are fascinating
due to their surface properties which can differ considerably from their bulk, including viscosity,
partitioning rates, surface tension, pH, and charging which invoke interesting atmospheric
implications.! Viscosity and partitioning rates mitigate overall chemical mobility within the
particle and at its interface, directly affecting its properties of pH, uptake rates, and charge
distribution. The charged surfaces of aerosol particles due to increased ionic activity facilitates
adsorption and further solute activity at the interface.!” ° An important parameter when
considering aerosol droplet properties is the size, which can affect many properties of the droplets
stemming from the effects of size on surface tension and therefore interfacial activity as well as
the surface area to volume ratio giving rise to mass-limitations.

Some of the unique surface and bulk properties of aerosol droplets are directly caused by their
minute scale. A rough calculation shows us that for droplets with diameters of 10 nm, 100 nm, and
1 um, a single droplet contains on the order of 1.7 X 10%, 1.7 X 107, and 1.7 X 101° water
molecules, respectively. This relationship is intuitive, however, such a change in size contributes
to rapid change in the surface area to volume ratio, which becomes important when considering
surface coverage of a solute for a droplet of mixed composition (see Figure 2). Now, let us consider



an aqueous droplet containing 0.5 M butyric acid, a simple carboxylic acid which is used in food
as flavoring additive to resemble butter or cheese. For a droplet with 1 um diameter, there are
enough butyric acid molecules within the 0.5 femtoliter droplet to form an interfacial monolayer
of coverage 25-times over, assuming a surface coverage of 2 X 10*cm™2.2! However, when the
droplet diameter is reduced to 100 nm, nearly half of the available molecules would be required to
form a surface monolayer. Moreover, a four-fold increase in concenration would be necessary to
provide surface monolayer coverage on a 10 nm diameter droplet. For these reasons, surface
sensitive studies of droplets with known size distributions are necessary. Additionally, the
diameter of liquid droplets can directly effect their surface tension.
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Figure 2. Schematic of aerosol droplets containing water, n-alcohol molecules, and sodium (purple)
and chloride (green) at their surfaces and within the underlying bulk for 10 nm(A), 100 nm (B), and
1000 nm (C) species. Depiction is not to scale.

The small nature of nano-droplets and particles not only has an impact on surface converages,
but the surface tension of small volume droplets is a factor which changes with droplet size. Based
on the original assessment by Gibbs, Tolman confirmed in 1949 that droplet surface tension
decreases with droplet radius,?> which has since been modeled extensively for systems smaller
than 10 nm in diameter.?® For systems of droplets in the air, ambient humidity is a key determining
factor in particle size. Given the preditions of Tolman and other groups, one may expect the
hygroscopic growth of aerosol droplets to lead to an increase in surface tension. In fact, this
phenomenon was demonstrated using atomic force microscopy (AFM) and spectroscopy for
droplets of differing compositions.>* It was found that while droplets containing sodium chloride
exhibit a decrease in surface tension with increasing relative humidity and hygroscopic growth,
the oposite was the case for droplets containing organic acids. In this case, the mixed composition
of the droplets results in solute dilution upon delequecence which also has its own affect on surface
tension. Although AFM provided surface tension measurements for the submicron droplets in
these experiments, the experiments require the droplets to reside on a substrate which can effect



their mophology and ability to uptake water. For these reasons, an in situ analysis of the effects of
ambient humidity on the surface properties of airborne droplets with different salt and organic
concentrations is desireable. However, both droplet size and surface tension have an impact on
interfacial adsorption and uptake.

Studies of Aerosol Droplet Surfaces.

Airborne droplets or particles, aerosols, are especially interesting from a surface perspective
as the surrounding medium has less effect on the surface properties if both phases are at
equilibrium. Early studies of aerosol droplets and particles were mostly concerned with overall
properties like size and concentration.’> However, we are concerned with aerosol surface
properties in this article. Methods for studying aerosol surfaces can be classified in to overarching
categories: ex situ observations which include all off-line measurements of collected stationary
particles, and in situ observations which probe droplet and particle properties as they float in air.
Before discussing in and ex situ surface measurements, we must first define the terms “surface
specific” or “surface selective.” For the purposes of this article, such terms are reserved for
techniques which inspect the outer few monolayers of a surface or interface. Such methods include,
but are not limited to, SHG and SFG which are forbidden from centrosymmetric bulk under the
dipole approximation,”® AFM,?’ surface enhanced Raman scattering (SERS),”® X- ray
reflectivity,?”: ** and X-ray photoemission which has a probe depth of several nanometers.*' Other
methods which depend on experimental conditions to be surface sensitive, such as laser
microprobe mass spectrometry (LAM-MS) with a probe depth of around 100 nm,** are considered
to be circumstantially surface sensitive for the purposes of this article.

Mass spectrometry (MS) was one of the first methods for studying impacted aerosol surfaces
by way of LAM-MS, which uses laser pulses to fragment molecules at the surface of aerosols
which have been collected on a substrate.*® Being an ex-situ technique, LAM-MS requires that the
samples be deposited, transported, and stored before analysis which can significantly affect the
surface properties of the aerosols through evaporation, reactions, and aging.?® This is an inherent
problem with ex-situ analyses. As noted above, AFM has been used to directly measure the surface
tension of impacted aerosol droplets.!? Surface enhanced Raman scattering (SERS) spectroscopy,
a surface-sensitive method, has been applied to identifying molecular species from a single aerosol
particle,*® but still requires the particles to be deposited on a substrate. Interesting
microscopy/spectroscopy solutions have been developed to probe aerosol surface and bulk
properties while simultaneously imaging submicron particles, overcoming the optical diffraction
limit. In such instruments, AFM or Raman scattering techniques were combined with photothermal
IR spectroscopy (AFM-PTIR and O-PTIR, respectively) and provide vibrational spectroscopic
features from the surface and bulk with impressive spatial resolution.>> However, these techniques
are not inherently surface sensitive and still require aerosols to be impacted on a substrate. High-
energy, surface-specific X-ray spectroscopies have also been used to probe the surface of aerosols
and their reactions.*® For example, X-ray photoemission combined with aerosol mass spectrometry
was used to study interfacial uptake and reduction of viscous aerosol particles.’’” Additionally, X-
ray microscopy was used to show that the surface of aerosols can focus incident radiation onto the
opposite surface and enhance photochemical reactions.'* Sum-frequency generation (SFG)
spectroscopy, which is inherently surface sensitive, has also been applied to the ex-situ analysis of
aerosol particles.*®3° These studies provided valuable information about aerosol surface properties
and compositions, and the technique was also extended to include size resolution.*® SFG has also
been used to study model aerosol systems at the air/liquid interface.*!** An exhaustive list of



applications of SFG to atmospheric systems is not given here as it is outside the scope of this article
due to the differences in experimental samples. Furthermore, SFG was combined with Raman
microscopy to provide a comprehensive view of impacted aerosol particles.** These ex-situ
methods of analyzing aerosol droplet and particle surfaces have contributed to our knowledge
about this unique system; however, they require that aerosols be collected onto a substrate which
can affect their properties such as available surface area for heterogenous processes and
deformation of morphology,* and not all such techniques are conducted under atmospherically
relevant conditions. Thus, the ideal method for studying aerosol surfaces is in-situ under ambient
conditions.

An early in-situ observation of aerosol surface properties used laser desorption ionization to
selectively ionize aerosols at variable depth.*® This method was similar to LAM-MS mentioned
above, but was conducted on laboratory generated particles in air. Even though this method has
some surface selectivity, it is not inherently surface-selective and therefore probes different
proportional depths depending on particle size. Electrospray ionization mass spectrometry (ESI-
MS) has also been used to study aerosol processes since the ionization source produces droplets
from the analyte/reactant solution before mass analysis.*’ For instance, this technique was used to
show that the aerosol surface resisted proton transfer compared to the bulk unless ionic species
were present.!” ESI-MS also demonstrated that common carboxylic acid species were more acidic
at the droplet surface than in the bulk. Time-of-flight mass spectrometry (ToF-MS) was used to
analyze the surface oxidation of organics on laboratory generated aerosol particles in real time and
showed accelerated oxidation rates on core-shell particles as opposed to pure particles. Even
though surface enhancement was observed, this technique is not surface-selective. These MS-
based techniques have provided much information about droplet systems as they exist in the air,
but their use has been cautioned, specifically ESI-MS, as the multiphase nature of the particle
generation process complicates reaction systems and may in itself contribute to chemical reaction
acceleration.*’ An adaptation of MS which allows pseudo-surface probing is easy ambient sonic-
spray ionization MS (EASI-MS), which has been shown to probe a certain depth at the surface of
solid core-shell aerosol particles. This method is not inherently surface-sensitive and instead must
be tuned to probe a certain interfacial depth. Nevertheless, these in-situ methods are not surface-
selective and can sometimes introduce new variables to complicate aerosol surface studies. Due to
information gaps caused by the lack of in situ analyses and interfacial specificity, we now shift our
focus to nonlinear optical spectroscopic techniques, which solve both of these problems.

With an introduction to nano-droplet and micro-droplet surface properties outlined, we believe
that it a summary of outstanding topics regarding the different applications for them is appropriate.
Although ultrasonic phase-shifting  nano-droplets have shown preliminary promise in
extravascular therapy and imaging applications, such treatments still hold safety concerns. For
instance, negative effects have been noted in animal studies due to the rapid changes in pressure
associated with the vaporizing droplet, and these treatments have not yet advanced to the stage of
clinical trials. Partial solvation at droplet surfaces has been proposed as a leading cause for
accelerated reaction rates in sprayed and suspended systems, along with reactant concentration
leading to concentration gradients.” Although the droplet surface is generally ascribed to cause
such accelerations, analyses into reaction mechanisms often infer mechanisms based on non-
surface selective methods. The surfaces of atmospheric aerosol droplets is continuously relevant
to atmospheric chemistry and climate science.!! However, modern developments in our
understanding of aerosol surface reactions and uptake stems from computations and studying



planar analogs. The models developed from these studies may also benefit from experiments which
can directly observe such processes with interfacial sensitivity. Due to information gaps caused by
the lack of in situ analyses and interfacial specificity, we now shift our focus to nonlinear optical
spectroscopic techniques, which may solve both of these problems.

Second-Order Nonlinear Optical Scattering

To understand the breadth of attempts and the difficulty of using nonlinear optical spectroscopy
to probe droplet surfaces in air, we think that it is necessary to start from its origin and outline the
progress made over the last several decades. After providing a brief background on second-
harmonic generation (SHG) and sum-frequency generation (SFG) spectroscopies from planar
surfaces, we will discuss the development of second-harmonic scattering (SHS) and vibrational
sum-frequency scattering (VSFS) experiments, as well as the theoretical works which laid the
foundation for the modern nonlinear optical scattering spectroscopy field. We will then give brief
background on the mechanism of SF spectroscopy, and for the adsorption of molecules to planar
and droplet surfaces from within and without.

SHG and SFG are second-order nonlinear optical techniques which are forbidden from bulk
systems with inversion symmetry which makes them sensitive to interfaces and surfaces.?®*® The
first experimental demonstration of the surface-specificity of SHG date back to the mid 1960’s.*"
30 After its success, the first interfacial vibrational spectrum from VSFG was reported by Shen et
al. in 1987.5! These developments opened up a world of possibilities for nonlinear optical
interfacial spectroscopies.’”>® Even though SHG and SFG have had an immense impact on
understanding the physical and chemical properties of diverse planar interfaces, we now consider
how the techniques can be and have been applied to curved droplet surfaces, such as those in

emulsions and aerosol droplets.

Nonlinear Optical Scattering in Dispersive Media

Wang et al first demonstrated interfacial SHS from a suspension of centrosymmetric
nanospheres in an aqueous medium.>’ It was found that for such a system, if the distance between
opposingly oriented molecules is on the order of the excitation wavelength, the signals from two
such species are not cancelled and the SHS signal can propagate, i.e., particle diameter ~A. This
breakthrough work used an aqueous malachite green (MG) solution, a nonlinear chromophore, and
polystyrene latex (PSL) nanospheres 1 um in diameter. The nonlinear dependence of the SH signal
on MG bulk concentration showed that the signal was in fact from molecules adsorbing onto the
surface of the spheres. The authors further defended that the observed signal was coherent SHS
through the linear dependence of signal intensity with particle density. This pioneering work
offered the vast toolbox of nonlinear optics to the very relevant fields of colloids, nano- and micro-
droplets, and aerosol particles. Shortly after demonstrating the capability of SHS, they extended
the method to sub-micron oil droplet surfaces in aqueous emulsions. They not only showed the
ability to extract surface adsorption densities and free energies,*® but also determine surface charge
densities and electrostatic potentials through SHS experiments. It did not take long before this
novel technique was adopted by other researchers to study the adsorption properties of molecules
onto surfaces in colloidal systems.>* ®® Using MG and 1 um diameter PSL microspheres, Dai et al
used a liquid-jet SHS setup and a digital titrator to monitor the adsorption of MG on PSL surfaces
in real time.®! A Langmuir adsorption model was used and allowed the authors to determine surface
coverage and adsorption free energy values for the system. By using this same titration method,




the authors observed the adsorption of surfactant molecules onto the PSL microspheres. As the
surfactant molecules displaced MG molecules, the SHS signal decreased accordingly, and
isotherms were conducted, allowing calculations of surface coverage and adsorption free energy
for the surfactant to be calculated as well. The use of a femtosecond pulse laser with high repetition
rate, commonplace for SHS experiments, results in low pulse energy and therefore minimal sample
damage. This feature allows SHS to be applied to fragile systems like liposomes. For example,
Eisenthal et al showed in 1998 that SHS could be used to measure the transport kinetics in situ of
MG across a liposome bilayer.®? Impressively, this property was later exploited to allow the use of
SHS to probe transport kinetics, label-free, in real time across cell membranes some years later,®
thoroughly planting a foothold for nonlinear optical scattering in biological sciences. More
recently, SHS was used to probe the orientation of water molecules at water droplet surface in an
emulsion.® This work observed the shifts in hydrogen bonding for water nano-droplets as micelles
formed around them with increasing surfactant concentration. Nevertheless, second-harmonic
generation only provides electronic molecular information, often requires the use of second-
harmonic active dyes, and cannot identify molecular functional groups at interfaces like VSFG
can.%

Sum-frequency scattering from a colloidal suspension was originally reported in 1998 by
Wang et al. who used two nondegenerate visible pulses to observe the interfacial signal at the sum
frequency.>® The next step was to apply the process with a vibrationally resonant IR pulse and a
visible upconverting pulse, as was done by Bonn et al. in 2003.%° This report displayed VSFS
spectra at four polarization combinations, drew orientational information from spectral features,
mapped the measured radial scattering pattern from the experiments, and applied the Rayleigh-
Gans-Debye (RGD) scattering theory to the results. This novel demonstration introduced
molecular identification at particle surfaces to the fields of physics, chemistry, engineering,
biology, and many others. Using submicron hexadecane droplets in an aqueous emulsion, Roke et
al used VSFS to show that the effect on surface tension by the surfactant SDS is drastically reduced
for nano-droplet systems versus planar systems.®” Another interesting application of VSFS was its
use to monitor phase changes of both oil and water species in freezing emulsions.®® The Richmond
group has made significant strides in sum frequency generation spectroscopy and has more
recently used the method to study colloidal systems. For example, they investigated the effects of
absorptive solvents in emulsion systems for isotopic water and the impact of the cuvette path length
on absorption of incident IR radiation. ° This work found that cuvettes with path lengths of no
more than 50 um should be employed and demonstrated that spectral corrections could be
performed on affected VSFS signals, even though decreased signal intensities were apparent. The
effects of the introduction of NaCl to the aqueous phase of oil-in-water emulsions have also been
investigated using VSFS, comparing the system to the planar oil/water interface.’”® It was found
that the addition of salt greatly increased the adsorption of nonlinear ionic surfactants to the droplet
surface and concluded that the effect of salt in the aqueous phase greatly depends on the structure
of the surfactant employed. This work provided valuable information because surfactants are often
used to stabilize emulsions in such cases. This group has also used VSFS to confirm that the
negative charge of pH-switchable surfactants increases droplet stabilization in oil-in-water
emulsions while the neutral species destabilizes the system. ’' VSFS has also been extended into
biologically motivated uses, where it was recently used to study proteins at the surface of nano-
droplets in an emulsion.”” Not only was VSFS used in this case to observe the orientation of the
proteins at the droplet surfaces, but it was found that the protein orientation therein was different



than at the flat surfaces. This finding could have major implications as nanoparticles and droplets
are finding more and more usefulness in biology and medicine. Recently, VSFS has demonstrated
ability to identify peptide species at nano-droplet surfaces as well as their orientations in situ under
ambient conditions.”? As can be expected with the experimental developments for second-
harmonic and sum-frequency scattering came theoretical models for the novel techniques.

Following the first experimental demonstration of SHS from micrometer-sized
centrosymmetric spherical surfaces, a theoretical model based on the excitation of nonlocal
electronic dipoles and local electronic quadrupoles with an emphasis on the spherical particles
being small compared to the incident wavelength was developed.” This work laid the footing for
the improvement of SHS experiments in the future in terms of both efficiency and what knowledge
might be gained. RGD scattering theory was applied to SHS experiments using micron-sized
particles suspended in liquid in 2001, and aligned experimental and theoretical findings in a
straightforward manner.”* These angle-dependent experiments revealed an anisotropic scattering
pattern for the SH light, distinct from that of linearly scattered light from the same system as well
as SH light generated in bulk media. RGD scattering theory was first applied to SFS data in 2003,
revealing the local second-order surface susceptibility as well as effective nonlinear susceptibility
per irradiated spherical particle.®® An extension of the SFS theory using a more general Mie
scattering theory was performed in 2009, wherein the application of index of refraction
mismatching resulted in new developments in the computed SF scattering pattern.”” The RGD
scattering theory was applied to SHS and SFS experiments again in 2010 for particles suspended
in water, demonstrating a method for determining the orientational angle of functional groups at
spherical surfaces.”® This work used the intensity ratios of scattered signals with different
polarization combinations to calculate molecular orientation at the spherical surface. Interestingly,
the polarization intensity ratios recently observed by Qian et al from VSFS experiments from
aerosol droplets in air were directly opposed to the proposed theoretical values. These differences
are outside of the scope of this article as this issue has not yet been fully resolved. We refer the
interested reader to the original works and following comments.””” A possible issue with the
proposed theory is that it does not account for Rayleigh-scattered (diameter < A) nonlinear signals
while also accounting for the differences in the refractive indices of the surrounding medium, the
medium/particle interface, and the suspended particle, as the inclusion of refractive indices
impacted scattering patterns previously.”

Basic Principle of SHS and SFS.

SFS is a process by which two incident photons, one higher energy upconverting pulse usually
in the visible or near-IR range (®; ), and the other in the near to mid IR which is resonant with an
electronic or vibrational mode of the analyte species (w,). The two incident photons are
annihilated to generate a third photon whose frequency is the sum of the two incident
frequencies(wsp):

Wsp = W1 + 5. (1)

SHS, for the purposes of this article, can be viewed as the special case of SFS where w1 = ®2 such
that ® = 21. For a SFS process, the intensity of o can be described by*°
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where I(@j) is the intensity of the j beam, E (wgg) is the electric field of I(wgg), and Zg‘)f is the

second-order nonlinear susceptibility which describes the macroscopic response of the irradiated

sample to the incident radiation. The susceptibility is related to the surface number density, N,
by80
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where ,Bi(,zj),k, is the molecular hyperpolarizability which describes the molecular second-order
characteristics, and R;x are the components for the transformation matrix from the molecular
coordinate system to the macroscopic laboratory coordinate system.3°

For a suspension of spherical particles with centrosymmetric bulk composition in an

arbitrary medium, the electric field of the sum-frequency signal, E (@), can be expressed as®!

K}eKar

E(wsp) = (R x Psr) x K, (4)
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where K; = /&, (wsp)K, & (wsp) is the dielectric constant of the scattered SF electric field in the
surrounding medium, K is the wavevector of the scattered SF electric field in vacuum, r is the
radius of the particle, and K is the direction of the scattered SF field. Additionally, the effective
SF polarization is proportional to the second-order nonlinear susceptibility:

= 2
Pots & Zogy- (5)

The polarization term contains both interfacial and bulk contributions to the signal, as well as ),
the third-order susceptibility, which is related to surface charge and electric field-induced SHS
discussed later.

Experimentally, the observed the radiated power per unit solid angle of the SF signal,
dP(wsg)/dQ, detected through an analyzer allowing polarization state € can be described by

aP(wsp) _ cr?y 81(wSF)|é'§(wSF)|2 (6)
27 ’

aqQ

where c is the speed of light in vacuum.

An important parameter which is relevant to SHS, ESFS, and VSFS is resonance between
the incident or generated light with an electrical or vibrational transition in a probe molecule. For
VSFS, the incident IR pulse is resonant with a vibrational mode of the analyte. However, for SHS
and ESFS, the generated signal is resonant with an electronic transition of the analyte. This is
important in experimental implementations because the electronic resonance enhances the
generated signal, and it is so called “resonance enhanced.” Resonance enhancement is
demonstrated below in SHS experiments where probe molecules were paired with incident
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wavelengths: DiA4 has an electronic transition at 475 nm and was thus paired with an 800 nm
incident light to give the resonance-enhanced SHS signal at 400 nm,’ and later with a 1030 nm
incident light to give the resonance-enhanced SHS signal at 515 nm.** Later SHS paired the 1030
nm incident light with crystal violet, which has an absorption maximum at 586 nm,** resulting in
the resonance-enhanced signal at 515 nm.** Lastly, the ESFS spectrum of malachite green was
observed at 613 nm, nearly coincident with the molecule’s absorption maximum at 618 nm.®* Such
resonances are essential when designing nonlinear scattering experiments to increase success.

Experimental Challenges in Second-Order Nonlinear Scattering

A fundamental difference between SHS and SFS in air versus in an emulsion or from a planar
surface comes from the lack of density in the sample. Consider, for example, a cloud of aerosol
droplets with a density of 10° cm™, with all the droplets having a diameter of 100 nm. For an
incident 3.5 um laser focused to a spot with 100 um diameter, about 18 of the particles will be
within the Rayleigh length, the contributing region, of the laser. Next, assume that each droplet
has a monolayer of coverage of an ideal molecule with a density of 2x10'* cm™.2! This then gives
about 6.3 x 10* molecules per particle and 1.1 X 10°molecules irradiated to produce the
scattering signal, assuming that all molecules on all irradiated particles contribute equally. Now,
let us consider the same laser conditions, but instead consider an emulsion in D>O of 100 nm
diameter particles with a density of 10'? cm™ in a sample cell with 1 mm length.” Such an
arrangement will give about 5 X 101! molecules irradiated to produce the scattering signal. This
does not consider the absorption of incident light by the medium which can be over a majority
depending on path length.® Lastly, let us consider the planar liquid surface with a monolayer of
coverage as before. For such a system, there are 1.6 X 101° molecules irradiated to produce the
second-order signal from the planar surface. Another key factor in the difficulties associated with
second-order scattering from droplets in the air is the amount of collected signal. Assuming that
little light is absorbed by the airborne droplets or the surrounding air, still only about 60° of the
assumed 360° scattered light is collected, whereas nearly all generated light can be collected for
the planar system. For scattering experiments in dispersive media, 5 X 10> more molecules are
available, and about10* more are available in planar experiments.

Further experimental difficulties and theoretical concerns arise in the real-world scenario of
nonlinear scattering from droplets in air: available aerosol generators for particles ~100 nm in
diameter produce a cloud of polydisperse droplets with lognormal size distribution and
concentrations limited to around 107 cm™. Such particle densities result in the weak signal from
aerosol droplets in scattering experiments, which can be improved by increased incident laser
energy and collection efficiency. The polydispersity of the aerosol cloud results in variable
available surface area for adsorption of analytes and nonlinear signal generation, as well as mixed
light scattering properties based on particle diameter. To simplify the extension of theory to these
experiments, both size-dependent and scattering angle-resolved experiments are required.
However, droplet and particle classifiers which filter particles based on size have very poor
efficiency which does not bode well for the already weak scattered signal. Furthermore, angle-
resolved experiments will dramatically reduce the amount of generated signal which enters the
detection system and likewise reduce the observable signal. Interactions between particles can also
complicate the explanations of experimental results. For the aerosol cloud described above, a
simple calculation gives that the distance between two particles is about 100 um. On the other
hand, an emulsion with 10° times greater density results in particle spacing of about 0.9 um. As
such, inter-particle interactions cannot be ignored in the case of an emulsion. Additionally, a
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system of polydisperse particles will complicate considerations of particle-particle interactions,
furthering the need for size-dependent nonlinear scattering experiments. Describing such
interactions is outside the scope of this article. We note that the rough calculations given here do
not consider the many intricacies associated with these experiments such as incident fluence,
hyperpolarizabilities, etc., but hope to give the reader some perspective on the troubles associated
with the task.

Figure 3. Adsorption and desorption of species at planar (A) and droplet (B) surfaces from
within the bulk and the gas phase.

Surface Adsorption of Droplets.

Adsorption of molecules to droplet surfaces can happen from within, bulk-to-surface, or from
the outside, gas-to-surface. Interfacial uptake is the process of gas phase species outside of a
droplet being taken into its bulk through the gas/droplet interface.® In this case we do not consider
chemical reactions occurring along the way. This process is crucial as it dictates bulk phase
reactions with external species and is governed by the gas/droplet interface. The first step involves
the adsorption of the gas phase species to the droplet surface, where it can either desorb back to
the gas or be taken into the bulk of the droplet.®® At the gas/droplet interface, the adsorbate is in a
thermodynamic well, where it will either need to overcome an energy barrier for desorption back
to the gas phase or a higher barrier to be taken into the bulk. To complete the uptake process, the
adsorbate must overcome the barrier to be taken into the bulk via solvation at the interface: a
critical cluster size (dependent on the adsorbate) necessarily solvates the adsorbate molecule and
completes the uptake process. Uptake processes, reactive or otherwise, can have a significant
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impact on aerosol properties including lifetime, hygroscopicity, organic reactivity, and optical
properties.’” Although uptake is a cornerstone of aerosol chemistry, it is not in the scope of this
feature. The remainder of this article focusses specifically on the process of interfacial adsorption
for both gas-to-surface and bulk-to-surface processes.

When studying matters of surface coverage and adorption, either the planar surface of a bulk
solution or the tightly curved surface of a droplet, the Langmuir adsorption model is important to
consider. Even though we are primarily concerned with adsorption at the gas/aerosol droplet
interface, we must first consider the simplest and original cases. The original Langmuir adsorption
model described the kinetics of an ideal gas adsorbing onto a solid surface with a finite number of
identiccal adsorption sites. Specifically, the process considered both adsorption and desorption of
the adsorbate in question and was described as follows: First, the rate of adsorption of an incident
gas species, 7uds, 1S proportional to the pressure of the gas at a constant temperature. Second, 7aq4s
depends on both the probability of adsorption, pads, (instead of reflection) when the gas impacts an
empty adsorption site. Lastly, the rate of desorption is equal to the rate of desorption at maximum
surface coverage, 7desmax, multiplied by the fraction of occupied adsorption sites, 8.5 Assuming
that adsorbates do not interact with each other in bulk or adsorbed states, the process of adsorbates
(M) filling empty sites (ES) to give filled sites (FS) is described by the equilibrium

ky
M+ES = FS, (7
k_q

where ki and k., are the adsorption and desorption rate constants, resepctively, and *8

0 = TadsPads — KpP — Ng (8)
TdesmaxtTadsPads 1+KP Nmax’

where K is the Langmuir constant, Ns is the number of adsorbed species (FS), and Ny is the
number of possible adsorbtion sites (ES +FS), both per unit volume. This model was based on
previous indirect observations of gases adsorbing onto the inside of a glass lightbulb, but was later
quantified with the adsorption of nitrogen gas on muscovite which aligned well with the simple
model above. Over the last century, as experimental techniques and physical understandings grew,
this model has been expanded to more complex adsorption systems, such as surfaces with
continuously different adsorption affinities and multi-layer adsorption models.®® However, only
the considerations from the simplest model are necessary in this article, as we now shift our focus
to liquid surfaces and the air/water interface.

For an aqueous system, the change in solute species adsorbed to the air/water interface over
time is given by ¥

dN; c
= = *1755 Wimax = Ns) — k1N, ©)
where C is the molar concentration of M in the solution and 55.5 is the molar concentration of
water. This will be referred to as the Langmuir model from now on. Now, if we consider when the
system is at equilibrium: dN;/dt = 0, and Eq. 9 can take the form of %
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Ny c

Nmax - C"‘_a, (10)
where

k_1 AGgds
a=55.5b,andb=k—=e RT (11)

1

This shows the direct relationship between the fractional surface concentration and the free energy
of adsorption, AGu4s. Although this was by no means of the first application of Langmuir’s
adsorption theory to solute adsorption to the solution surface, this specific use of the model was
used to explain experimental trends in SHG experiments. Early applications of this model sought
to form a linear relationship with experimental data and the adsorption process. It was found, in
fact, that N; is proportional to the SH electric field, Esy, and that 1/N; is proportional to 1/C. This
relationship provided a slope-intercept type relationship of

1 a 1 1

(12)

NS Nmax c Nmax.

This formulation provides determination of AG from experimental data, where it is part of the
slope of the line made by Eq. 12. Working instead with Ns, we can achieve®

CNmax
ST Cran (13)

This method of relating the SHG/SFG electric field to the surface number density does, however,
seem unnecessarily convoluted. Starting with Eq. 9, Equilibrium gives that dN;/dt = 0, and by
setting K as kq/k_;, we get the simpler relation data % %

N KC
E, X —— = 14
SH.SF = N0 KC+55.5 (14)

which can be used for both second-harmonic and sum-frequency experiments and has shown good
fitments to experimental data. The models described thus far have been shown to be efficient for
descriptions of solute activity at the air/water interface as well as adsorbing gas therein. However,
this model may not be well suited for systems with significantly more surface area like droplets.
For more details which consider dynamic and kinetic models of adsorption and desorption in more
complex systems, we refer the reader to more pointed literature. %

Shifting the focus of adsorption at a planar surface to that at a spherical surface should not
require much adaptation; after all, the central difference is geometry. However, this simplification
likely will depend on the details of the system containing curved surfaces. A simplification occurs
when deriving the rate equation in the Langmuir system, namely, the assumption that Ny << C,
without which would result in Equation 6 taking the form of >

— . CNs
dt 1555

(Nmax - Ns) - k—le- (15)
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This simplification is reasonable when considering a bulk system with a single, planar surface
which is much smaller than its total volume. However, if we consider an oil in water emulsion, a
suspension of particles in an aqueous solution, or airborne droplets, it is easy to imagine a system
in which over half of the total volume lacks the solute. In this case, the surfaces of these spheres
provide significant interfacial area, much greater than the surface of a bulk solution. With the
simplification no longer holding, the fractional surface coverage now becomes

N5 (C+Npax+55.5/K)—y/(C+Npqx+55.5/K)2—4CNpmax

(16)

Nmax ZNmax

With the consideration of increased surface area to volume ratio for emulsions and particle
suspensions, this model was shown to fit well to experimental adsorption data for these systems.
This model also allows the quantification of Ny, not just AG, since Nyqx can now be extracted from
the isotherm fitting parameters. This formulation of the Langmuir adsorption might also be
applicable when considering adsorption to a droplet surface from within its bulk medium. As
discussed previously, the size of a droplet can significantly affect the availability of solute species
to adsorb to its surface. Now that we have covered sufficient history and principles relevant to
droplet systems, and the uniqueness of the droplet surface, we now describe the recent
developments in surface-specific observations of droplets in the air from nonlinear scattering.
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Figure 4. A schematic of second-order scatterings techniques for laboratory-generated droplets
in air, including SHS (A), ESFS (B), and VSFS (C).

Second-Order Nonlinear Optical Scattering from Droplets in Air

Experimental Conditions for Second-Order Scattering from Droplets in Air.
This section outlines the experiments for SHS,%% 83:° ESFS,% and VSFS””-7%-°! from droplets
in the air, as well as the difficulty of the experiments which arises from using droplets in air instead

of in an emulsion or a planar surface. Additional details can be found in the literature.”’- 7% 82.83.85,
90

Generation of Aerosol Droplets. In the examples of SHS, ESFS, and VSFS from aerosol droplet
surfaces, an aerosol generator was used. Using N> gas, the aerosol generator drew from a stock
solution of NaCl for its environmental relevance. Different concentrations of salt in the stock
solution can affect the size distribution of the generated droplets. For example, solutions of 0.5
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and 1.0 M NaCl, the average droplet diameters were 40 and 100 nm, respectively, with a density
of 10%-107 cm™.7® 82 The stream of aerosol droplets was directed to the plane of incidence for
nonlinear scattering experiments and was collected by a catch vessel connected to a vacuum pump.

Second-Harmonic Scattering. Two example SHS setups have been reported for aerosol surfaces:
one using an 800 nm femtosecond (fs) laser 32 and the other using a 1030 nm fs laser °°. The
800 nm system operated at a repetition rate of 80 MHz with a peak power of 10.6 GW cm™ at the
aerosol sample. The 1030 nm system had a tunable repetition rate up to 1 MHz with peak energy
of 65 GW cm™ at the sample. For both setups, the generated SHS signals were collected in the
forward (0°) propagation direction and focused into spectrometers fitted with either a
photomultiplier tube (PMT) and single photon counter (SPC), or a charge coupled device (CCD)
detector; both of which are sufficient. The 1030 nm system presented meaningful advantages over
the original 800 nm SHS system: it offered complete tunability of repetition rate to maximize
collection efficiency. Tunability of repetition rate can increase the SHS signal since its intensity is
proportional to both incident energy and power (which increases with repetition rate). The
implementation of the CCD detector in the later system dramatically increased experimental
collection efficiency by collecting the entire emission spectrum at once instead of relying on tuning
a spectrometer to produce a spectrum using the PMT on the earlier SHS system. These differences
and improvements on the SHS experimental setup are discussed in a later section.

Electronic Sum-Frequency Scattering. The same 1030 nm fs laser from later SHS experiments was
also used as the powerhouse for ESFS experiments. An optical parametric amplifier (OPA) was
used to generate a tunable fs shortwave IR (SWIR) pulse, while the fs 1030 nm pulse was converted
to ps using a pulse shaper. Operating at 100 kHz, the 1030 nm and SWIR pulses had peak powers
of 79.5 and 397 GW cm™ at the sample, respectively. The temporal overlap of the two incident
pulses was regulated, as were the polarizations of incident and signal beams. Lastly, the ESFS
signal was collected in the forward direction with a total collection angle of 60° before being
focused into a spectrometer fitted with a CCD detector.®®

Vibrational Sum-Frequency Scattering. The same 1030 nm fs laser-amplifier system was used as
the light source for VSFS as well. In this case, an OPA was used to generate the fs mid-IR pulse
and the picosecond (ps) 1030 nm pulse was achieved with an etalon. Upon overlap at the aerosol
stream, the 1030 nm and IR pulses had peak power values of 106 and 224 GW cm, respectively.
Again, the polarizations of the incident and generated signals were tunable. The generated VSFS
signals were collected at 90° relative to the propagation of the incident 1030 nm beam. After its
previous success in SHS and ESFS, a spectrometer fitted with a CCD was used to collect the VSFS
spectral signals.”” "8

Recent Progress in Second-Order Scattering from Droplets in Air.

In situ surface specific observations of droplets in air may fill in the gaps left by ex-situ,
destructive, or non-interface specific methods. One of the most relevant applications of such a
technique is to atmospheric science and chemistry, as the chemical and physical properties of the
aerosol surface are crucial to atmospheric processes and cannot be approximated effectively.® '
36.92.93 The very small radius of curvature of aerosol surfaces makes their analogy to the planar
air/liquid interface convoluted. Furthermore, replacing the surrounding medium with a liquid in
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which particles or droplets are suspended results in extensive particle/medium interactions,
inefficient transmitted signal collection and different scattering patterns. In this section, we discuss
the development and recent progressions in second-order scattering techniques for droplet surfaces
in air.
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Figure 5. Two-photon emission spectra from droplet (red circle, left axis) and bulk solution
(blue triangle, right axis) samples from the same stock solution of DiA-4 in 1.0 M NaCl under
800 nm excitation.
Reprinted with permission from Ref. 82. Copyright 2016 American Chemical Society.

Second-harmonic scattering (SHS) from droplet surfaces in air.

SHS from droplet surfaces in air was first demonstrated in 2016.%? This observation of organics
at droplet surfaces was achieved using an aerosol generator which drew from a seed solution of
1.0 M NaCl containing 20 uM trans-4- [4-(dibutylamino)styryl]-1-methylpyridinium iodide
(DiA4), an SHG-active nonlinear chromophore, using a constant stream of N> gas to produce
droplets with a density of ca. 10’ cm™ and an average diameter of 100 nm. The droplets flowed
into a sealed chamber which was maintained at 100% relative humidity to ensure that they stayed
aqueous and did not crystallize. Using a high repetition rate femtosecond laser with a central
wavelength of 800 nm, a strong peak was observed at 400 nm: resonance-enhanced SHS, which
was not observed when using droplets produced form the NaCl solution only. DiA4 was used in
this experiment due to its high hyperpolarizability. Many SHG-active chromophores were tested
using this system before DiA4, none of which provided an observable signal. For this system, the
SH signal form DiA4 was resonance-enhanced due to the absorption peak of the molecule at 475
nm from the S, = §; transition. To provide evidence that the SHS signal was mainly from the
droplet surfaces, an equimolar amount of the surfactant CTAB was added to the stock solution and
the peak at 400 nm decreased by over half as the highly surface-active CTAB displaced the DiA4
molecules. The SHS signal was not the only observable process near the second-harmonic of the
incident 800 nm probe; in fact, it was not the only process that has an emission at 400 nm. For the
bulk solution of 20 uM DiA4, the emission spectrum showed two peaks: hyper-Rayleigh scattering
(HRS) at 400 nm and two-photon fluorescence near 550 nm, as shown in Figure 5 (blue triangles).
HRS is an incoherent process which gives a signal at the second-harmonic of an incident laser and
TPF is molecular fluorescence which is induced by two-photon excitation. Both processes are
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Figure 6. (A) Two-photon emission spectra from aerosol droplet samples containing DiA-4
under 40% (red) and 90% (blue) relative humidities. (B) SHS electric field versus stock DiA-4
concentration for stock salt concentrations of 0.1 (red circle), 0.5 (blue triangle), and 1.0 M
(green square).

Reprinted with permission from Ref. 90. Copyright 2019 American Chemical Society.

bulk-dominated systems but their potential effect on the SHS signal had to be investigated.
Accordingly, the emission spectra of both the bulk solution and aerosol particles generated from
the same solution when irradiated with 800 nm light are compared in Figure 5. The 400 nm peak
from the bulk solution was not SHG because the random orientation in the bulk results in the
cancellation of such coherent photons. On the other hand, DiA4 molecules on the particle surfaces
have a similar orientation, resulting in the additive increase of the SHS signal. Both TPF and HRS
signals are highly dependent on bulk DiA4 concentration and are expected to retain the same
intensity ratios. The emission spectrum from the aerosol sample (red circles) displays an intense
peak at 400 nm and a much weaker one near 550 nm: SHS and TPF, respectively. The TPF signal
from the aerosols containing DiA4 was much weaker due to much fewer molecules being
illuminated at once in the sample. As such, the HRS contributions to the signal at 400 were deemed
to be negligible, again due to the much smaller sample volume. Finally, this report compares the
two-photon emission intensities of the SHS and HRS signals at 400 nm for both droplet and bulk
samples from the same stock solution for DiA-4 concentrations from 0 to 25 M. As an incoherent
bulk process, the HRS intensity for the liquid sample obeys Beer’s law and increases linearly with
DiA4 concentration. On the other hand, the SHS signal increases with a nonlinear Langmuir type
trend with increasing DiA4 concentration as SHS is a coherent surface specific process. This
pioneering work demonstrated that nonlinear optical scattering was possible form particles
suspended in air, breaking through a wall that was hit by the nonlinear optical community after
over a decade. Now that SHS from droplet surfaces had been demonstrated, it was necessary to
optimize the system to increase experimental efficiency to make the novel technique more
accessible.

The next step in the development of second-order scattering from droplet surfaces was to
uncover and employ an optimal experimental system.®* A 1030 nm fs laser system with either 10
W at single shot to 1 MHz repetition rate, or 1 W at 80 MHz was used as the light source for the
experiments. Spectral collection was completed by a spectrometer fitted with both a CCD and
PMT/SPC for efficiency comparisons. The same aerosol generation method as used in Wu et al
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2016 was applied, with 1.0 M NaCl seed solution and 20 uM crystal violet (CV). Although CV a
smaller hyperpolarizability than DiA4%? which would decrease its SHS signal, CV has an
absorption maximum at 586 nm,3* producing the resonance-enhanced SHS signal at 515 nm. The
two-photon emission spectra were compared for both droplet and bulk samples of the same
solution of 20 uM CV in 1.0 M NaCl. The spectrum for the bulk sample showed a weak peak at
515 nm, incoherent HRS, and an intense band at 670 nm attributed to TPF that was five times more
intense than the corresponding HRS. For the droplet sample, the peak at 515 nm, SHS, was 21
times stronger than its TPF, and the TPF produced a spectrum with peaks at 620, 725, and 830 nm,
suggesting that the droplet environment was localized and produced little spectral broadening.
Again, the TPF is much smaller than the SHS due to the low sample volume in the droplets and
therefore fewer CV molecules being probed. With the peak intensity ratios remaining constant for
HRS and TPF, the SHS signal would be over 100 times stronger than the HRS contributions,
rendering them negligible. Comparing the intensities for the SHS and TPF signals from the droplet
sample at different CV concentrations showed a Langmuir-type signal increase for SHS and a
linear increase for TPF with increasing CV concentration, confirming that the SHS signal came
from the nano-droplet surface and the TPF was from the underlying bulk. The next steps in this
report analysand ways in which SHS experiments could be made easier and more efficient. Since
the SHS signal intensity is proportional to the incident pulse energy and average power, one might
conclude that a higher-powered laser system would increase the SHS intensity. However, it was
found that pulse energies exceeding 1 pJ resulted in white light generation from the droplet sample,
making the SH signal undetectable. The authors concluded that although they achieved the best
results with 1 puJ at 1 MHz. This is because the SHS signal intensity is proportional to both incident
energy and power. Since higher energy incident pulses induced higher-order nonlinear responses,
the increase in repetition rate over 100 kHz also increased the SHS signal. It was also noted that
others may find success with different settings due to the inevitable tradeoff between pulse energy,
average power, and repetition rate for laser systems. It was also found that the CCD detector and
PMT/SPC gave similar signal-to-noise ratios (SNR) at different laser repetition rates, and both
have excellent quantum efficiencies. However, a CCD is the better choice for nonlinear scattering
techniques as there is no need for time-consuming changing of the spectrometer to collect a full
spectrum. Lastly the authors discuss the detection sensitivity of the SHS signal and outlooks for
the topic as they stood then. They showed that due to the high-performance nature of their SHS
system, such signals would be readily detectable from a single droplet suspended in the air under
the correct conditions. It was also determined that by using a fs IR pulse with 2.0 pJ energy and a
ps visible pulse at 10pJ and 50 kHz, VSFS could be measured with their current setup. With the
experimental setup for SHS from aerosol surfaces now optimized, the next steps were to study the
ways that atmospherically relevant conditions effected the droplet surface properties.
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Figure 7. (A) Parametric emission spectra from aerosol droplet (blue) and bulk solution (red)
samples containing Malachite Green in 1.0 M NaCl under excitation from 1030 nm SWIR
pulses. (B) PPP (blue) and SSP (red) polarized ESFS electric fields versus concentration of MG
in the bulk solution.

Adapted with permission from Ref. 85. Copyright 2020 American Chemical Society.

Since aerosol droplets exist in a variable environment and naturally contain different salt
concentrations, it is important to understand the ways that these variables impact droplet surfaces.
Efforts were conducted in 2019 to use SHS to understand the effects of surrounding relative
humidity and salt concentration on organic species at droplet surfaces in air.”® Using the previously
optimized experimental setup, spectra were collected from nano-droplet and bulk samples of DiA4
in 1.0 M NacCl using the same stock solution. The spectrum from the droplet sample showed a
strong peak at 2w, coherent SHS, and a comparatively weak TPF peak near 620 nm. The bulk
spectrum also shows two peaks: one at 2m and the other 620 nm, with the former being from
incoherent HRS and weaker than the latter from TPF. To investigate the effects of relative humidity
on droplet surfaces, emission spectra were collected using droplets from the same solution
surrounded by humidified N> either above (90%, blue trace) or below (40%, red trace) the
deliquescence point of NaCl, as shown in Figure 6(A). Both spectra show sharp peaks at 2w for
SHS and broad signals at 620 nm for TPF. The spectrum collected at 90% RH gives the 2® peak
being much stronger than the TPF, while at 40% the proportions are reversed. Furthermore, the
SHS peak at 40% is weaker than that at 90% and the TPF peak at 90% is less than that at 40%,
confirming that surrounding humidity can dramatically affect both the surface and bulk of the
particles. To assess the effects of salt concentration on the interfacial adsorption affinity of DiA4,
SHS intensities were measured at 0.1, 0.5, and 1.0 M NaCl and increasing Di1A4 concentrations. It
is shown in Figure 6(B) that the isotherms are nearly collinear with increasing concentrations,
suggesting that the interfacial adsorption constants are similar at different salt concentrations. As
demonstrated previously with SHS from particles in dispersive media, the free energy of interfacial
adsorption can be readily calculated from SHS isotherm data.®! Rao et al used this Langmuir
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adsorption model to show that the calculated adsorption coefficients for DiA4 at droplet surfaces
increased with increasing RH. However, after calculating free energies of adsorption from these
data, there was no significant effect in interfacial affinity for DiA4. The SHS experiments also
offer valuable information in terms of the number of interfacial adsorption sites, which were shown
to increase with relative humidity. The results from this work further demonstrated the utility of
SHS from both spectroscopic and chemical viewpoints. However, SHS still cannot identify
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Figure 8. (A) VSFS (red, top) and hyper-Raman (blue, bottom) spectra from aerosol droplets
from a stock solution of 4.0 M propionic acid in 0.5 M NaCl. (B) VSFS (red, left axis) and
hyper-Raman (blue, right axis) intensities from the asymmetric methyl stretch at different
concentrations of propionic acid.

Reprinted in part with permission from{Qian, Y., Brown, J.B., Huang-Fu, ZC., Zhang, T.,
Wang, H., Wang, SY., Dadap, J.I., Rao, Y. In situ analysis of the bulk and surface chemical
compositions of organic aerosol particles. Commun. Chem. 2022, 5, 58.}. Copyright {2022}
The Author(s). This is an open access article distributed under the terms of the Creative
Commons CC BY license, https://www.nature.com/articles/s42004-022-00674-8#citeas

interfacial species, describe molecular orientation at the surface, and is restricted in its applicable
systems since resonance enhanced SHS depends on both incident frequency as well as molecular
electronic properties.

The development of SHS from droplets in air should not be viewed as a necessary milestone
to further the fields of nonlinear optics and surface chemistry, but a development of an analytical
technique with its own merits and application potentials. For instance, SHS was shown early on to
be capable of determining surface charge densities and surface electrostatic potentials. A variation
of SHS, electric field-induced SHG has been shown to use the third-order susceptibility, ), to
observe charges at interfaces.’® This method may also be extended to droplets in air to study the
charged nature of aerosol surfaces. SHS experiments conducted on droplets in the air have also
demonstrated the most intense signal out of the three techniques discussed in this article. For this
reason, SHS is the ideal method for studying dynamic electrical processes at droplet surfaces with
fast time resolution. Additionally, the high-performance nature of the optimized SHS system for
droplets in air has the potential to observe scattering signals from just one droplet suspended in

air.®

Electronic sum-frequency scattering (ESFS) from droplet surfaces in air.
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While second-harmonic spectroscopies have been employed extensively over the past few
decades, a shortcoming of the technique is that it can only provide spectral information by tuning
the laser wavelength point by point.”* However, this problem was remedied nearly twenty years
ago with the introduction of electronic sum-frequency generation (ESFG), when Yamaguchi and
Tahara mixed white light continuum with their 800 nm pulse to produce broadband SF signals in
the visible range, effectively extending the applicability of SHG to more chromophore systems.’>
This method has since been thoroughly developed and applied to extract electronic information
from diverse systems. *%°

After the development of SHS from airborne droplets, the natural evolution to ESFS proceeded
in order to extract more information about nanodroplet surfaces. ESFS from droplets surfaces was
achieved by mixing a ps 1030 nm near-IR pulse with a tunable fs SWIR pulse from 1415 to 1670
nm.*> When using droplets generated from a solution of 1.0 M NaCl with 200 M malachite green
(MGQG), Rao et al were able to observe the parametric emission spectrum of MG at ®esrs = ®1030 nm
+ oswir in the bulk phase and at the droplet surface as shown in Figure 7(A). Comparing the
droplet surface and solution bulk emission spectra from 600 to 710 nm showed that the ESFS
signal from the droplets was in fact the coherent signal from their surface, based off peak ratios of
TPF and incoherent ESFS. One of the most useful properties of sum-frequency spectroscopy is the
utilization of polarization combinations to uncover orientational information.®’ Comparing the ppp
and ssp polarization combination ESFS spectra for MG at droplet surfaces showed that the ppp
peak was over 3x stronger than the corresponding ssp peak. This difference in intensity and lack
of peak position change suggest that the MG molecules exist at droplet surfaces in an ordered
fashion: interfacial MG molecules at the droplet surface all have a qualitatively similar orientation
relative to the surface normal. Furthermore, comparing the ESFS spectrum from the droplet sample
with the UV-vis absorption spectrum from the bulk shows a 5 = 1 nm shift in the peak location,
which indicates that the solvation energy at the droplet surfaces is greater than in the bulk. This
suggests that the droplet surfaces are less polar, i.e., more hydrophobic, than the bulk solution,
which can influence chemical activity at these curved surfaces. Comparing the electric field
intensities for ESFS spectra collected at ppp and ssp polarization combinations at increasing MG
stock concentrations produced the two Langmuir-type adsorption isotherms shown in Figure 7(B).
For all MG concentrations, the ppp was greater than the ssp, with the two being nearly collinear
after normalization. This suggests that there was no considerable orientational change for MG at
the droplet surfaces for concentrations less than 16 mM. Additionally, fitting of the isotherms to
the Langmuir adsorption model allowed the calculation of the free energy of adsorption to the
droplet surface, which is lower than that for the planar surface,'”’ and was attributed to the highly
curved droplet surface. While the development of ESFS was a significant step for nonlinear optical
spectroscopy, it proved to be a time-consuming process, requiring tuning of the IR pulse to form
a spectrum, and still not providing in situ chemical identification for droplets in air.

Electronic SFS has advantages over SHS in that it broadens the range of usable chromophores
by introducing a tunable broadband short-wave IR beam. Furthermore, the addition of the third
beam to the system allows the use of multiple polarization combinations to extract more
information about the electronic properties of droplet surfaces. ESFS also has a more intense signal
from droplet surfaces than its vibrational counterpart which improves experimental efficiency. As
it was with other interfaces, ESFS may also be a candidate for the introduction of time resolution
and spectral resolution which can provide ultrafast time resolution of interfacial processes as well
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as direct observations of the complex nature of the SFG signal.!®!: 12 Since ESFS is inherently
sensitive to interfaces, an interesting application would be its use to observe charge transfer and
relaxation processes at buried interfaces, such as that in semiconducting nanoparticles with core-
shell construction; combined with trapping techniques to observe the system unencumbered by
solvents or substrates.” 102
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Figure 9. (A) VSFS (red, left) and VSFG (blue, right) electric fields versus concentration of
propionic acid in 0.5 M NaCl. (B) VSFS electric field versus concentration of acid in 0.5 M
NaCl stock solution for propionic acid (red, left) and butanoic acid (black, right).

Reprinted with permission from {Qian, Y., Brown, J.B., Huang-Fu, ZC., Zhang, T., Wang,
H., Wang, SY., Dadap, J.I.,, Rao, Y. In situ analysis of the bulk and surface chemical
compositions of organic aerosol particles. Commun. Chem. 2022, 5, 58.}. Copyright {2022}
The Author(s). This is an open access article distributed under the terms of the Creative
Commons CC BY license, https://www.nature.com/articles/s42004-022-00674-8%#citeas

Vibrational sum-frequency scattering (VSFS) from droplet surfaces in air.

The decades-long goal of vibrational sum-frequency scattering from droplets in air was
achieved in 2022 by Rao et al.”” Using a ps 1030 nm pulse and an OPA to generate a tunable fs IR
pulse from 2500 to 4500 nm, the authors collected the interfacial vibrational spectrum of propionic
acid molecules at the surface of droplets generated from a solution of 0.5 M NaCl and 4.0 M
propionic acid. By collecting the generated signals in both forward and perpendicular propagating
directions, the VSFS from the droplet surface at 90° and hyper-Raman from the droplet bulk at 0°
were observed. These interfacial and bulk spectra are shown in the top and bottom panels of Figure
8(A), respectively. The VSFS spectrum showed three distinct vibrational modes which aligned
with the selection rules from planar VSFG experiments.'® The hyper-Raman spectrum from the
same sample also showed three distinct modes with the same vibrational assignments. To confirm
that the VSFS signal was from the droplet surface and the hyper-Raman signal was from the droplet
bulk, spectra were collected at increasing propionic acid concentrations. Their intensities at
increasing propionic acid concentrations are shown in Figure 8(B). The hyper-Raman intensity
(blue, right axis) increases linearly with propionic acid concentration while the VSFS (red, left
axis) follows a Langmuir-type trend, supporting their respective bulk and surface labels.
Polarization-resolved VSFS spectra were also collected for these propionic acid containing
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droplets to investigate interfacial orientation. Comparing the HHH, HVV, VHV, and VVH
polarization combinations (H: horizontal, V: vertical, in increasing wavelength order), revealed a
qualitative agreement with previous VSFS theories—only HHH and VVH produced a signal, HVV
and VHV produced no spectra—however, after relating the experimental and theoretical
hyperpolarizabilities, there was a fundamental disagreement. Nevertheless, the apparent spectra
from HHH and VVH polarizations and the lack thereof for other combinations suggests that the
acid molecules exist at the droplet surfaces in an ordered manner. As it has been done previously
for SHS and ESFS, and since it can provide valuable information from experiments of scattering
in dispersive media, adsorption isotherms were conducted for propionic acid at droplet surfaces
using VSFS and at the bulk solution surface using VSFG. The comparison of VSFS and VSFG
isotherms of propionic acid are shown in Figure 9(A). By fittings to the Langmuir adsorption
model, adsorption free energies were calculated, with the AG being lower at droplet surfaces versus
the planar analog, echoing the ESFS results. Further confirmation that the adsorption of organics
to the curved droplet surfaces is restricted relative to the bulk planar surfaces suggests that the two
systems should not be used interchangeably. Using VSFS, an isotherm was also conducted for
butanoic acid under the same experimental conditions, as shown in Figure 9(B). The butanoic acid
VSFS isotherm produced a AG value higher than that for propionic acid, enforcing that larger,
more hydrophobic molecules have an increased surface affinity for both droplets and bulk systems.
The development of VSFS from droplet surfaces in the air with simultaneous detection of hyper-
Raman spectra from the underlying bulk marked a very significant milestone in both nonlinear
optics and surface chemistry.
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Figure 10. (A) VSFS (red, top) and hyper-Raman (blue, bottom) spectra from aerosol
droplets generated from 10 M ethanol in 0.5 M NaCl stock solution. (B) VSFS (red, left) and
VSFG (blue, right) electric field versus concentration of ethanol in 0.5 M NaCl stock
solution.

Adapted with permission from Ref. 78. Copyright 2022 American Chemical Society.

As an essential trait of the technique, the ability of VSFS to identify molecular species at
droplet surfaces in air must be explored. Shortly after its development, VSFS was used to
investigate the behaviors of n-alcohols (C = 1 to 4) at droplet surfaces.”® To begin, the dual utility
of the method was demonstrated using droplets generated from a stock solution of 10 M ethanol
in 0.5 M NacCl, showing VSFS and hyper-Raman spectra from the droplet surface and underlying
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bulk, respectively, as shown in Figure 10(A). Using a stock solution of 0.5 M NaCl for VSFS
instead of 1.0 M NaCl as previously used produced droplets with a diameter centered around 40
nm, a lognormal distribution from 10 to 300 nm, and a density of 3.8 X 10° cm™. This HHH
polarized VSFS spectrum exhibited three peaks at 2879.7, 2932.8, and 2981.3 cm !, labeled
according to VSFG selection rules as the methyl and ethyl symmetric stretching combination, the
methyl Fermi resonance, and the methyl asymmetric/ethyl Fermi resonance combination, with the
Fermi peak being the most intense. The hyper-Raman spectrum obtained from the same sample
contained peaks for the symmetric methyl stretch, methyl Fermi resonance, and asymmetric
methyl stretching modes at 2887.9, 2930.1, 2977.7, respectively, with the asymmetric peak being
more intense than the other two. The relative differences in peak intensities between the VSFS and
hyper-Raman spectra may be a result of molecular ordering differences: random within the droplet
and more ordered at its surface. Considering the other three polarizations of VSFS spectra, the
HVV spectrum contains a very weak asymmetric methyl stretching peak, the VHV spectrum
contains no discernable features, and the VVH spectrum shows the symmetric methyl stretching
mode and a stronger methyl Fermi resonance peak. Since the theory for molecular orientation at
the tightly curved submicron droplet surface is not yet complete, only a qualitative conclusion may
be drawn from these results: the ethanol molecules exist at the droplet surfaces in an ordered state.
Using the VVH polarization combination, it was shown that VSFS spectra can clearly discern
between methanol, ethanol, 1-propanol, and 1-butanol at droplet surfaces, and that the spectral
selection rules developed for the planar surface can be extended to droplets in the air. Lastly,
concentration isotherms were conducted for samples of ethanol in 0.5 M NaCl at droplet and planar
solution surfaces, using VSFS and VSFG, respectively. While both followed a Langmuir-type
trend the VSFS isotherm increased gradually while it reached a maximum early on for VSFG.
Fittings of these curves to the Langmuir adsorption model gave adsorption constant values from
which AG of adsorption values were calculated. The value for the planar surface was twice that of
the droplet surface. The results in this report solidified VSFS as an analytical technique for
studying chemistry at droplet surfaces in the air, from the identification of organics to their
interfacial affinity. However, essential physical understandings of the technique are still missing
such as detection limit, conversion efficiency, scattering patterns, and quantification of molecular
orientation. Current efforts are underway by our group to fill the gaps by understanding nonlinear
optical scattering from droplets from the ground up, as well as to assess the experimental efficacy
of our VSFS system to improve it and guide others in the field.

The hallmark advantage of VSFS over SHS and ESFS is its ability to observe vibrational
modes of molecules at droplet surfaces, thereby offering species identification and/or
characterization. With this ability, VSFS is well suited for the observation of chemical reactions
and dynamic processes at droplet surfaces, like it has done at the planar surface repetitiously.>> 3%
65 For this reason, there are numerous pathways for potential uses of VSFS to investigate chemical
reactions at droplet and particle surfaces in situ. For example, organic peroxides, common
atmospheric reaction products which store and transport reactive radical species with active
particle partitioning, may be fit to be studied by VSFS.!™ Due to their affinity for particle
partitioning, VSFS may provide valuable insights into interfacial processes of organic peroxides
which govern their environmental impacts. Gas uptake processes are essential to atmospheric
chemistry. This processes which necessarily involves the gas/aerosol particle interface, leads to
interfacial and bulk chemical processes with environmental impacts. The combination of VSFS
for the droplet surface and hyper-Raman scattering for the particle bulk may be useful in
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complimenting other observations of reactive uptake, such as that of ozone for reactions with small
multifunctional acids and long-chained fatty acids, which have not been observed in situ from
both bulk and interfacial perspectives. Current efforts are underway to use VSFS to observe gas-
phase uptake to droplet surfaces with goals of introducing reaction processes, humidity, salt
concentration, and particle size variables to form a more robust understanding of these relevant
atmospheric and environmental processes.

Outlook

The demonstrations in this feature article of nonlinear optical scattering from droplets through
SHS, ESFS, and VSFS have marked significant milestones in both nonlinear optics and surface
chemistry. However, there is still room for improvement to the techniques. Due to weak signals

from low density aerosol particles, new strategies are required to improve detection sensitivity.

Further improvements for Second-Order Scattering.

Improvements to SHS. SHS from aerosols has two main advantages over SFS that will lend to
using SHS to develop a more fundamental understanding of second-order scattering: 1)
experimental simplicity with only one incident beam; 2) the most intense scattered signal from
aerosol surfaces. It should however be noted that there is still room for improvement in the
detection efficiency of the SHS experiments. Such improvements could come from modernizing
the detection system and optimizing the collection optics. The advantages of the SHS method make
it the perfect technique for performing surface-specific, size-resolved, scattering angle
experiments. Such experiments would lay the groundwork for developing a general theoretical
model for second-order scattering from droplets in air. The high signal intensity and relative ease
of experiments would allow for the use of lower concentration monodisperse aerosols in the
scattering experiments for mapping scattering patters with high angular resolution. Such
experiments would also allow the determination of an expression for the expected SH signal from
different aerosol systems, as was done with planar SHG,® to guide others to employ the method
in new and innovative ways.

Improvements to ESFS. ESFS holds an advantage over SHS in that the SWIR pulse allows for
more diverse applications with resonance enhancement. The largest current hurdle with ESFS is
that when using a narrowband SWIR pulse, the OPA must be tuned point-by-point to collect an
entire spectrum which significantly impacts experimental efficiency.®® As a remedy, a broadband-
OPA might be used as has been in previous ESFG experiments from planar interfaces.”’% 192 With
such an improvement, ESFS could likely be used for size-dependent angle-resolved scattering
experiments like SHS but with the added variable of polarization. Such angle-resolved experiments
may bridge the gap between SHS and VSFS theory and guide the community to a more robust
understanding of these processes.

Improvements to VSF'S. Having the weakest collected signal intensity from aerosol surfaces out of
the three techniques, there is plenty of room for improvement to VSFS. The simplest improvement
to the VSFS experiments would be to increase the incident pulse power and thereby increase the
signal intensity with a higher-powered laser. Improvements can also be made to the detection
system of our current VSFS setup. A state-of-the-art CCD detector and spectrometer would likely
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improve experimental efficiency. Even with these improvements, size-dependent angle-resolved
VSFS experiments would still be difficult. In addition, often-used heterodyne detection in planar
surfaces could be adopted to speed up VSFS detection.!*>''% It is our hope that these efforts would
allow the technique to observe interfacial reactions in the near future.

Angle-dependent Second-Order Scattering Experiments.

Aside from quantifying orientation across all particle and droplet surfaces, other fundamental
considerations must be addressed to advance the second-order scattering field into maturity. For
instance, light scattering profiles have not been mapped for scattered light form droplets or
particles in the air. So called “angle-dependent” scattering measurements allow cross-referencing
of experimental findings and theoretical models. Just as considering refractive index miss-
matching affected the scattering pattern for experiments in dispersive media previously,” it would
be naive to assume that a difference in refractive indices between dispersive media and air would
not also affect scattering patterns. Additionally, the fundamental differences in scattering process
due to particle size, i.e., Mie scattering vs. Rayleigh scattering, must needs be considered through
size-dependent mapping of scattering patters. To complete this task, and to develop a robust
understanding of the second-order nonlinear scattering process, our group is devoting efforts to
conducting angle-dependent SHS and SFS experiments. Since SHS is the simplest of the three
techniques in execution and theory, we feel that this is the optimal starting ground. Such efforts
will be extended step-by-step to the more complex systems of ESFS and VSFS as our
understanding and experimental technologies continue to advance.

Size-Dependent Second-Order Scattering Studies.

Size-dependent surface-specific studies of droplets are essential in understanding the effects
of droplet size on chemical processes and physical properties therein. An extreme experimental
difficulty arises for size dependent nonlinear scattering: to obtain nearly monodisperse droplets for
analysis, one must use a classifier-type filter which can have output efficiencies as low as 1%.
Using SHS as a starting ground because of its high signal intensity, we plan to use narrow size
distributions of aqueous droplets to study both the SHS scattering pattern as well as the effects of
droplet size on molecular adsorption processes at droplet surfaces. By using several narrow size
distributions, we will be able to understand the effects of droplet size on its surface properties in a
robust and complete manner. This would, however, only provide information about surface
adsorption from the particle bulk to its surface. By using the high performance VSFS and
simultaneous hyper-Raman combination, we would be able to develop a size-dependent
understanding of droplet chemical processes, both at the surface and within the droplet.
Additionally, our preliminary results show promise in observations of gas phase adsorption of
organics to unoccupied particle surfaces using VSFS. An interesting prospect for these
experiments would be to investigate the dependence of organic uptake on relative humidity and
salt concentrations, as both can affect droplet size and surface tension. The combination of narrow
size distribution with VSFS would provide robust analyses of surface adsorption, from within or
without, including adsorption/desorption isotherms, reaction kinetics and dynamics analyses,
molecular orientation, size dependence, and even competitive adsorption in mixed systems.

Chemical Reactions at Droplet surfaces.
As an interface-specific vibrational spectroscopy, VSFS could be used to monitor chemical
reactions at droplet surfaces. In a simple reaction, VSFS could be used to study acid/base chemistry
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at droplet surfaces by observing deprotonation of gas phase acids at the surface of droplets whose
bulk pH is controlled. in another example, using an oleate salt in the aerosols which would migrate
to the droplet surface and a separate flow containing ozone, VSFS could possibly be used to
observe the oxidation of the long carbon chain at the droplet surface. Similar to ozonolysis studies,
VSEFS could also be used to observe heterogeneous hydroxyl radical reactions at aerosol surfaces.
18 To observe such heterogenous reactions at droplet surfaces, VSFS must first be extended beyond
observing the methyl stretching mode as it has currently been reported.””> ® This can increase
experimental difficulty as increasing the output wavelength from an OPA also results in lower
pulse energy. Additionally, a modified flow system would need to be implemented to introduce
the gas phase and aerosol species to each other in a controlled manner. If constructed with plans
in mind for studying reaction kinetics and dynamics, this flow system should be able to control the
interaction time between the two phases. Additionally, all of these potential experiments would be
prime for investigating the effects of relative humidity and salt concentration, as it was
demonstrated with SHS.”

Summary

In this feature article, we focused on second-order nonlinear optical techniques recently
extended to study the unique surface properties of small droplets in the air. We first discussed the
basic process of surface adsorption to droplet surfaces and described the development of nonlinear
scattering from droplets in solution. The development of SHS from aerosol droplets was then
discussed and important observations were made about the impact of ambient humidity on
interfacial solute adsorption for droplets in air. ESFS from droplets in air was shown to uncover
solvation information at droplet surfaces and extend the applicability of SHS. Next, the
development of VSFS for chemical identification was described and it was shown that the
technique uncovered restricted solute adsorption to the droplet surface relative to the bulk surface.
The advantages and pitfalls of the SHS, ESFS, and VSFS techniques were discussed as well as
potential improvements. Lastly, our visions for the future directions of nonlinear scattering from
droplets in the air were discussed, including single particle, size-resolved, and angle-resolved
measurements, as well as in-situ monitoring of reactions and how they may be achieved. These
state-of-the-art surface-specific techniques have many applications in studying small droplet
systems and could be an indispensable tool for researchers from biology to catalysis and synthesis
to atmospheric chemistry. We hope that this entry has educated a broad audience on the importance
and ubiquity of nano-droplet and micro-droplet surfaces as well as the current standing of second-
order nonlinear scattering techniques.
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